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The International Baccalaureate Diploma programme, a 
pre-university course for 16- to 19-year-olds, is designed 
to develop not only a breadth of knowledge, skills and 
understanding, but well-rounded individuals and engaged 
world citizens. One of the Diploma’s key requirements 
is concurrent study in six academic areas, at least one 
of which is an experimental science. Of this chemistry, 
whether taken at Standard or Higher Level, is the choice of 
many students. This book is designed to serve them.

Within the IB Diploma programme, the theory content 
for chemistry is organized into compulsory core topics and 
options. The organization of this book exactly follows that 
syllabus sequence:

  Section 1 is the common core material for Standard and 
Higher Level students: Chapters 1–11

  Section 2 is the additional higher level material for 
Higher Level students: Chapters 12–20

  Section 3 consists of the seven options: A to G, covered 
in Chapters 21–27. All the options are available to both 
Standard and Higher Level students.

The syllabus is presented as topics and options, each of 
which is the subject of a single chapter in Chemistry for the 
IB Diploma. The topic chapters are provided in the printed 
book, and the options chapters on the accompanying CD-
ROM.

Special features of the chapters of Chemistry for the IB 
Diploma are described below.

  Each chapter begins with ‘Starting points’ that 
summarize the essential concepts on which the chapter 
is based.

  The text is written in straightforward language, 
uncluttered by phrases or idioms that might confuse 
students for whom English is a second language. The 
depth of treatment of topics carefully reflects the 
objectives and command terms in which the syllabus 
assessment statements are phrased. 

  Photographs and full-colour illustrations are linked to 
support the relevant text, with annotations included to 
elaborate the context, function, language or applications 
of chemistry. 

  Throughout the text the IB Diploma chemistry syllabus 
subtopic assessment statement being addressed is clearly 
shown, so links between the text and the IB Diploma 
chemistry syllabus are self-evident.

  The bar at the foot of each page is colour coded to 
show whether the text is for Standard Level (pink bar), 
Higher Level (dark red bar), or for both (striped bar).

  Processes of science (science methods) and the history 
of chemical developments are introduced selectively to 
aid appreciation of the possibilities and limitations of 
science.

  At the end of each chapter, typical examination 
questions, of all types, are given. Full worked answers are 
provided on the CD-ROM.

  Links to the interdisciplinary Theory of Knowledge 
(TOK Link) element of the IB course are made at 
appropriate points in most chapters.

  A comprehensive glossary of words and terms is included 
both in the printed book and on the CD-ROM.

  The CD-ROM also includes Chapter 28, which provides 
an introduction to IB Diploma chemistry for students 
and teachers new to the programme, and Chapter 29, 
which provides detailed chemistry-specific guidance and 
advice relating to the extended essay (in chemistry).

Using this book
The sequence of chapters in Chemistry for the IB Diploma 
follows the sequence of the syllabus contents. However, the 
IB Diploma chemistry syllabus is not designed as a teaching 
syllabus, and the order in which the syllabus content is 
presented is not necessarily the order in which it should 
taught. Different schools and colleges need to design a 
course delivery model based on individual circumstances.
In addition to the study of theory issues on which this book 
focuses, IB science students are also involved in practical 
investigations and the Group 4 Project. Investigations 
are ultimately presented for the internal assessment, 
based on given internal assessment criteria. How all these 
components are integrated is also the subject of Chapter 
28. This has been written by guest author Gary Seston, an 
experienced and enthusiastic teacher of the IB Diploma 
who, importantly, also has examiner experience. Prior to 
his present post at the United World College of South 
East Asia in Singapore, Gary also taught at Sotogrande 
International School, Cadiz. This chapter is an excellent 
guide of interest to both teachers (especially those new to 
the IB Diploma) and students. 
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STARTING POINTS	 n Atoms and molecules have energy levels. Energy levels have certain values.
n Molecules have vibrational, rotational and nuclear spin energy levels.
n Atoms have nuclear spin levels.
n The energy gaps between the electron energy levels are the largest and those between 

the nuclear spin levels are the smallest.
n Electronic, vibrational, rotational and nuclear spin transitions give rise to absorptions 

or emissions in the ultraviolet, visible, infrared and radio frequency regions of the 
electromagnetic spectrum.

n An atom or molecule may be induced to move from a lower to a higher energy level by 
absorption of electromagnetic radiation.

n An atom or molecule will emit electromagnetic radiation when it moves from a higher to 
a lower energy level.

n Spectroscopy is the study of how electromagnetic radiation and matter interact.
n The electromagnetic spectrum consists of radio waves (lowest frequency), microwaves, 

infrared, visible, ultraviolet, X-rays and gamma rays (highest frequency).
n Electromagnetic waves are characterized by their frequency or wavelength.
n The energy of electromagnetic waves is proportional to frequency.
n A mass spectrometer is an instrument in which atoms or molecules are ionized and then 

accelerated. The ions are separated according to their mass-to-charge ratio.
n Transition metal complex ions are usually coloured because of d–d transitions.
n The use of colorimetry allows the concentration of substances to be calculated.

	 n  Chromatographic techniques are used to separate complex mixtures that contain only 
very small quantities of different substances.

 21.1 Analytical techniques
A.1.1 State the reasons for using analytical techniques.

Analytical chemistry involves the use of a range of techniques and instruments to obtain 
information about chemical substances. Qualitative analysis is the identification of elements 
or compounds present in a sample. Quantitative analysis is the determination of the amounts 
of elements or compounds present in a sample. It is also often used to ensure that levels of 
contaminants are below specified levels. Structural analysis involves determining the structure of 
molecules and materials and the identification of functional groups.

Analytical techniques used in qualitative analysis include flame tests (Chapter 2), and 
precipitation reactions (Chapters 3 and 13). Analytical techniques used in quantitative analysis 
include titrations (Chapter 1), atomic absorption spectroscopy (AAS), ultraviolet, visible and 
infrared spectroscopy, and various chromatographic techniques. Analytical techniques used in 
structural analysis include nuclear magnetic resonance (NMR), infrared spectroscopy (IR), mass 
spectrometry (Chapter 2) and visible–ultraviolet spectroscopy. Important areas that employ 
analytical techniques include:

Monitoring and control of pollutants: 	n The presence of heavy metals (for example, lead, 
cadmium and mercury) and organic chemicals (for example, polychlorinated biphenyls 
(PCBs)) and vehicle exhaust gas emissions (polyaromatic hydrocarbons (PAHs)) (Chapter 25), 
are all health hazards that need to be monitored by accurate methods of analysis. Atmospheric 
pollutants also need to be monitored.
Clinical and biological studies: 	n The levels of important nutrients and minerals, such as sodium 
and potassium ions, naturally produced molecules, for example cholesterol, and drugs in the 
body fluids of patients need to be measured and monitored.

Option A

21 Modern analytical chemistry
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Geological studies: 	n The commercial value of ores and minerals (Chapter 23) is determined by 
the levels of particular metals or metal compounds.
Drug discovery: 	n The structures of newly synthesized drugs (Chapter 24) will be confirmed 
using a variety of spectroscopic and other techniques.
Food purity: 	n Samples of foods are regularly tested for the presence of pollutants, harmful 
pathogens or toxins. Food samples may also be analysed to ensure that legal levels of food 
additives (Chapter 26) are not exceeded and that they are free of pesticides.

A.1.2 State that the structure of a compound can be determined by using information from a variety of 
analytical techniques singularly or in combination.

For complex molecules it is often necessary to use several analytical techniques, either alone 
or in combination. For organic molecules, infrared spectroscopy can only identify the presence 
(or probable absence) of functional groups; nuclear magnetic resonance and mass spectrometry 
(Figure 21.1) are needed to establish the structure.

Several analytical techniques are often combined together in a simultaneous approach where 
a sample is analysed by an instrument designed to perform more than one type of measurement 
at the same time. Examples of this approach include: gas chromatography–mass spectrometry 
(GC–MS), gas chromatography–infrared spectroscopy (GC–IR) and liquid chromatography–mass 
spectrometry (LC–MS). 

The combined or simultaneous approach provides more information than could be obtained 
by using the individual techniques alone. This approach also saves time because two or more 
analyses can be run at the same time, since the instrument combines the features of both 
techniques. Sample preparation time is also reduced.

 21.2 Principles of spectroscopy
A.2.1 Describe the electromagnetic spectrum.

The electromagnetic spectrum
Electromagnetic waves are transverse waves, consisting of electric and magnetic fields that 
oscillate at right angles to each other and to the direction in which the wave is travelling (Figure 
21.2). Electromagnetic waves show all the properties common to waves: they can undergo 
reflection, refraction and diffraction. Because they are transverse waves, they can be polarized 
(Chapter 20). In a vacuum all electromagnetic waves travel at the same speed (c), 3 × 108 m s−1.

Figure 21.1 Mass 
spectrometer
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magnetic field

electric field

direction of travel

Language of Chemistry
The ultraviolet region (Figure 21.3) of the electromagnetic 
spectrum (Figure 21.4) is divided into the near ultraviolet and far 
ultraviolet. The far ultraviolet region is sometimes called the 
vacuum ultraviolet region, because experiments using it have to be 
performed in a vacuum. The name infrared (Figure 21.5) means 
‘below red’ (from the Latin infra, ‘below’), red being the colour of 
visible light with the longest wavelength. n

The wavelength (λ) and frequency (f) are inversely related by the 
following relationship:

λf = c

Worked example Calculate the frequency (in hertz) of a radio wave with a wavelength of 1515 metres. The velocity 
of light (in a vacuum) is 2.998 × 108 m s−1. (The hertz is a unit of frequency equal to one cycle 
(complete wave) per second.)

c = fλ;   f = 
2.998 × 108 m s–1

1515 m  = 197 800 Hz

Note that the shorter the wavelength, the higher the frequency of the radiation. The 
electromagnetic spectrum is divided into different regions according to the frequency and 
wavelength of the radiation (Figure 21.4), but note that there are no clear boundaries between 
the regions.

radio waves

AM FM TV radar lasers medical diagnosis medical

microwaves infrared ultra-
violet

visible X-ray gamma-ray

Frequency/Hz

Wavelength/m

Name

Application

105104 106 107 108 109 1010 1011 1012 1013 1014 1015 1016

103 102 10 1 10–1 10–2 10–3 10–4 10–5 10–6 10–7 10–8

1017 1018

10–9 10–10

1019 1020 1021 1022 1023 1024

10–1110–1210–1310–1410–1510–16104

Figure 21.4 The electromagnetic spectrum

According to quantum theory, a beam of electromagnetic radiation of frequency, f, consists of a 
stream of photons, each of which has energy E:

E = hf

where h represents Planck’s constant (6.6 × 10−34 J s).
Hence, a photon of high frequency electromagnetic radiation has more energy than one of low 

frequency.

Figure 21.2 An 
electromagnetic wave

Figure 21.3 Ultraviolet lamp
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Worked example Calculate the energy of one photon of electromagnetic 
radiation with a frequency of 4.6 × 109 Hz. Calculate the energy 
of a mole of these photons. (Planck’s constant is 6.6 × 10−34 J s 
and the Avogadro constant is 6.0 × 1023 mol−1.)

Ephoton = 6.6 × 10−34 J s × 4.6 × 109  s−1 = 3.0 × 10−24 J

Emole = 6.0 × 1023 mol−1 × 3.0 × 10−24 J = 1.8 J mol−1

Figure 21.5 Infrared-based remote controls

n Extension: Quantum theory
The energy associated with electromagnetic radiation is said 
to be quantized. This means it is absorbed or emitted only 
in fixed ‘packets’ known as quanta. You can visualize this by 
imagining that the electromagnetic wave is cut up into equal 
sized waves, each of which has a fixed energy (Figure 21.6). It is 
the quantum nature of electromagnetic radiation that makes it 
so useful in investigating atomic and molecular structure.

TOK Link
Communication systems (Figure 21.7) require a transmitter and a receiver. The communication of 
speech or other information and data, for example pictures, can be achieved, in principle, by using 
any of the waves present in the electromagnetic spectrum. For example, radio waves can be used 
to carry music. Communication systems using electromagnetic waves use a process of modulation 
(Figure 21.8). A high-frequency wave, known as a carrier wave, is transmitted. This high-frequency 
wave has either its amplitude varied (AM) or its frequency varied (FM) so as to carry information. 
High-frequency waves are used since they require less power for transmission over long distances. 
The shorter the wavelength, the less information can be carried. Hence, X-rays are not used for 
communication because they are difficult to modulate.

Figure 21.7 A pair of mobile phones (frequency  
range 800 MHz to 1900 MHz)
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Figure 21.8 Amplitude modulation (AM) and frequency modulation (FM) of a carrier wave

Figure 21.6 Imaginary waves (known 
as de Broglie pilot waves) that carry a 
fixed and identical amount of energy
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n Extension: Photoelectric emission
Photoelectric emission (Figure 21.9) is the release of electrons from the surface of a metal by 
electromagnetic radiation. Investigations reveal that photoemission only occurs if the frequency 
of the incident radiation is above a certain minimum value called the threshold frequency (with 
energy equal to the work function). For a given frequency, the rate of emission of photoelectrons 
is proportional to the intensity of the light, but only above the threshold frequency.

negatively 
charged
zinc plate

a

gold-leaf
electroscope

gold leaf

initial position
of gold leaf

–
–

–
–

–

– – – – – – – –

–
–
–
–
–
–

–
–
–

cap
b

leaf falls when
ultraviolet radiation

is incident

ultraviolet
radiation

–

–

–

–

–
– – – –

–
–

–

–

 
Figure 21.9 Demonstration of photoelectric emission. When light falls on the zinc plate on the electroscope, 

electrons are emitted by the zinc into the atmosphere. Electrons from the gold leaf flow up to replace them, so 
the charge on the gold leaf is reduced and it falls.

According to the classical theory 
of light as a wave, photoemission is 
predicted to occur with any frequency 
of light, provided it is intense 
enough. However, this behaviour is 
not observed (Figure 21.10) and can 
only be accounted for by quantum 
theory which views light (and other 
electromagnetic waves) as a stream of 
particles called photons.

Figure 21.10 Graph of maximum kinetic energy  
of photoelectrons against frequency  

of electromagnetic radiation

Emission and absorption spectroscopy

A.2.2 Distinguish between absorption and emission spectra and how each is produced.

In emission spectroscopy, a molecule or atom undergoes a transition from a state of high energy 
(E2) to a state of lower energy (E1) and emits the energy difference as a photon. In absorption 
spectroscopy, a molecule or atom undergoes a transition from a state of low energy (E1) to a state 
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of higher energy (E2) by absorption of a photon (Figure 21.11). The absorption of electromagnetic 
radiation (of a single frequency) is monitored over a range of frequencies.

electrons emit radiation
as they drop to lower
energy levels

E3

E2

E1

a

electrons absorb radiation at the same 
wavelengths as they are promoted to
higher energy levels

E3

E2

E1

b

The energy, hf, of the photon emitted or absorbed, and therefore the frequency, f, of the 
electromagnetic radiation emitted or absorbed, is given by the following relationship:

hf = E2 − E1

Absorption spectroscopy is more widely used than emission spectroscopy. Nuclear magnetic 
resonance (NMR), infrared (IR), ultraviolet and visible spectroscopy are all forms of absorption 
spectroscopy.

n Extension: Raman spectroscopy
In Raman spectroscopy an intense laser beam is 
directed onto the sample under investigation. Some of 
the photons from the laser collide with the molecules 
in the sample, giving up some of their energy or 
gaining energy from the molecule, and scatter with 
a different frequency. This is known as the Raman 
effect (Figure 21.12). A spectroscope is placed at right 
angles to the beam and used to analyse the frequencies 
of the scattered light. As well as the original 
frequency of the laser beam, there are additional lines 
whose frequencies differ from that of the laser beam by 
amounts that characterize the sample.

Figure 21.12 An example of the Raman  
effect: the photon loses energy to  
the molecule following scattering

History of Chemistry 
Chandrasekhara Venkata Raman (1888–1970) was an Indian physicist who was awarded 
the 1930 Nobel Prize in Physics for his work on the scattering of light by molecules and for 
the discovery of the effect which bears his name. India celebrates National Science Day on 
the 28 February of every year to commemorate Raman’s discovery in 1928.

Figure 21.11 The 
relationship between a 

emission and b absorption 
for the same transitions 
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Applications of Chemistry
The frequencies of Raman scattered radiation are unique to  
each molecule. Analysis of the scattered spectrum, especially 
the vibrational spectrum obtained by a Raman spectrometer, 
provides an excellent non-destructive approach to the 
identification of tiny grains of any material, for example, 
manuscript pigments, paintings or mosaics (Figure 21.13). The 
identification of pigments on medieval manuscripts gives 
detailed insights into the development of civilizations and can 
establish the nature of pigments traded and the first dates of 
such trade. It can also be used to identify and prove forgeries.

Figure 21.13 Raman spectroscopy can be used to identify the 
pigments used in mosaics, such as the gold and lapis lazuli (a 
blue mineral-based pigment) used in this12th-century Deësis 

mosaic in the Hagia Sophia in Istanbul

The interaction of radiation with matter

A.2.3 Describe the atomic and molecular processes in which absorption of energy takes place.

When electromagnetic radiation interacts with simple covalent substances, energy is transferred 
to the molecules. The molecules absorb energy, and the absorbed energy can cause a variety of 
changes to occur. The changes that occur depend on the chemical substance and the amount of 
electromagnetic energy involved. A molecule has energy associated with several different aspects 
of its behaviour including:

energy associated with translation (the molecule moving from one position to another)	n

energy associated with rotation (of the molecule as a whole) or specific bonds within the 	n

molecule
energy associated with vibration of the covalent bonds	n

potential energy associated with electrons in energy levels (Chapter 2).	n

These different types of energy and energy changes involve different amounts of energy. For 
example, making the bonds in a molecule vibrate generally involves more energy than making the 
molecule as a whole rotate. The energy needed increases in the general order shown in Figure 21.14.
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HCl

HCl
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HCl
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Figure 21.14 The 
different types of 

energy associated with 
a hydrogen chloride 

molecule



595Principles of spectroscopy

The potential energy possessed by 
electrons in atoms and molecules, the 
vibrational and rotational energy of 
molecules and the kinetic energy of 
moving molecules are all quantized. This 
means the energies can only be of certain 
definite values. There are separate energy 
levels for all these types of energy, with 
fixed energy gaps or differences between 
these energy levels (Figure 21.15).

If an atom or molecule is in its 
ground state (lowest energy state) and 
gains energy equivalent to the difference 
between two energy levels (electronic, 
vibrational or rotational) then it is 
promoted to a higher energy level. The 
atom or molecule is then said to be in an 
excited state. Spectroscopy is the branch 
of chemistry that studies the absorption 
and emission of energy by atoms and 
molecules. The changes in energy can 
reveal valuable information about 
the electronic and atomic structure of 
molecules.

n Extension: Microwaves
Some molecules absorb in the microwave region of the electromagnetic spectrum. These 
absorptions are due to changes in the rotational energy of the molecules (Figure 21.16). Water 
has a series of strong absorptions at a frequency near 3 GHz (wavelength 10 cm). This absorption 
is made use of in a microwave oven (Figure 21.17). The microwaves are absorbed by the water 
molecules, whose increased rotational energy is converted into translational kinetic energy, so 
the temperature rises. The containers used to hold the food to be microwaved must be made of 
plastic, glass or ceramic (which do not absorb microwaves), but must not be made of metals 
(which absorb microwaves strongly).

Microwaves are also absorbed 
by radicals, which are chemical 
species (molecules, atoms or 
ions) with unpaired electrons. 
The absorption of microwaves by 
unpaired electrons is known as 
electron spin resonance (ESR). 
This technique can be used to 
identify an unpaired electron in a 
molecule. A number of inorganic, 
biochemical and organic reactions 
proceed via the formation of free 
radical intermediates (Chapters 10 
and 26).

Figure 21.15 The electronic, vibrational and rotational energy levels in a molecule
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Figure 21.16 A water 
molecule can rotate 

about its axis of 
symmetry

Figure 21.17 Microwave oven



596 Modern analytical cheMistry

n Extension: Excitation of molecules
When a molecule absorbs a photon of electromagnetic radiation, an electron is excited into 
an orbital of higher energy. For the chlorine molecule, blue light is needed to bring about this 
excitation. The electronic excitation produces an excited chlorine molecule, denoted as Cl2*. 
An asterisk is commonly used in chemistry to indicate an atom or molecule that is excited, that 
is, has more potential energy than in the ground state. This species contains a weak bond that is 
easily broken (Figure 21.18).

Distance between the nuclei

Cl*• + Cl*•

excited state

ground state

A

B

vibrational energy levelsbond energy
of Cl–Cl

bond length of Cl–Cl

Cl• + Cl•

P
ot

en
tia

l e
ne

rg
y

Figure 21.18 Potential energy–distance curves for the ground and excited states of a chlorine molecule

A chlorine molecule that has the potential energy and distance between the two atomic nuclei 
shown at point A on the upper curve will emit radiation and return to the ground state. But at 
point B the additional energy will cause the covalent bond in the excited chlorine molecule to 
break, producing two highly reactive chlorine atoms or radicals. These species are responsible 
for the substitution reactions of alkanes in the presence of sunlight (Chapter 10) and the 
destruction of the ozone layer by chlorofluorocarbons (CFCs) (Chapter 25).

The production of chlorine atoms is a two-step process, involving the formation of an excited 
molecule followed by dissociation. This is simplified in organic reaction mechanisms to the 
direct formation of atoms from molecules.

Cl2 → Cl2*;   Cl2* → 2Cl*•
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 21.3 Infrared (IR) spectroscopy
Infrared radiation is not energetic enough to cause the promotion of electrons, but can bring 
about an increase in the vibrational energy of the bonds in molecules. The bonds connecting 
the atoms behave like tiny springs and may be considered to vibrate at characteristic frequencies 
(Figure 21.19). The frequency of vibrations is determined by the strength of the bond and the 
masses of the atoms. Infrared spectroscopy is used to identify functional groups present in a 
molecule, and to identify substances. This information is usually combined with that obtained from 
other techniques to identify the complete structure of the molecule. If the infrared spectrum of the 
molecule is already on record, it can be used to directly identify the molecule (see page 599).

symmetrical
stretching

ground state
vibration

vibration

vibration

rotation

asymmetrical
stretching bending

The infrared spectrometer

A.3.1 Describe the operating principles of a double-beam IR spectrometer.

An infrared spectrometer measures the extent to which infrared radiation is absorbed by a sample 
over a particular frequency range of infrared radiation. A schematic diagram of an infrared 
spectrometer is shown in Figure 21.20.

radiation
source

frequency
scanner

beam
splitter

sample

blank

detector display

Figure 21.20 Principle of a double-beam infrared spectrometer

The source produces infrared radiation over a particular frequency range. The beam of infrared 
radiation is then split and passed through a sample and a blank. The blank is identical to the 
sample except that the sample to be analysed is not present. The relative intensities of bands 
of the beam leaving the sample tube are then compared in the detector with those leaving the 
blank tube. The differences are caused by the sample absorbing infrared radiation. The results in 
the form of an infrared spectrum are then displayed on a screen or chart recorder or a computer 
screen.

Figure 21.19 Vibrational 
and rotational motion in a 

triatomic molecule
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Figure 21.21 is a schematic diagram showing the optics of a double-beam infrared spectrometer. 
A heated filament acts as a source of infrared radiation. The beam of infrared radiation is split 
into two parallel beams. One passes through the sample being studied, while the other is used as 
a reference beam. This ensures that allowance is made for any absorption by carbon dioxide and 
water vapour in the air. Mirrors direct the two beams of infrared radiation so that they follow 
parallel paths. A diffraction grating splits up the infrared radiation into separate frequencies. 
The grating is rotated to direct infrared radiation of a particular frequency to the detector. The 
infrared spectrum is obtained by rotating the grating so the detector scans individual frequencies 
and records their intensities on a chart recorder.

slit

sample

reference

rotating segmented
mirror allows information

from sample and
reference beam

through alternately

monochromator
grating

chart
recorderinfrared source

(heated filament)

transmittance (%)

wavenumber (cm–1)
4000 400

100

0

detector
(thermocouple)

Figure 21.21 The essential optics and components of a double-beam infrared spectrometer

However, it should be noted that  
modern infrared spectrometers (and other 
spectrometers) are Fourier transform 
spectrometers (Figure 21.22). They subject 
a sample to a broad pulse of 
electromagnetic radiation covering the 
whole of the required frequency range. 
The complex signal is then analysed using 
a mathematical approach known as 
Fourier transformation.

Figure 21.22 Fourier transform 
infrared spectrometer

n Extension: Preparation of samples for infrared spectroscopy
Liquid samples are often sandwiched between two discs made of compressed potassium chloride, 
KCl. A solid sample may be ground up with potassium bromide before being compressed. Gases 
may be enclosed in a sealed tube equipped with potassium bromide windows at each end. A 
quick and simple method that can be used for both solids and liquids is to mix the sample 
with a hydrocarbon oil called ‘nujol’. This produces a paste that can be sandwiched between 
two potassium bromide discs. The only disadvantage of this method is that the nujol shows 
absorption bands arising from the presence of carbon–carbon and carbon–hydrogen bonds.
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Applications of Chemistry
Infrared absorption bands can be used in quantitative analysis.  
The more intense the bands the greater the concentration of the 
chemical under analysis. The Intoximeter (Chapter 24) is an 
infrared spectrometer that measures blood alcohol concentration 
(BAC) (Figure 21.23). A similar instrument is used by brewers to 
measure the alcohol content of beer and wine. These techniques 
rely on the Beer–Lambert law (page 641).

Figure 21.23 A breath alcohol analyser

Infrared analysis is also used for quantitative analysis in the food industry (Chapter 26). For 
example, the fat, lactose and protein content of skimmed and whole milk can be determined. 
Other applications of infrared radiation include information about the secondary structure of 
proteins (Chapter 22) and monitoring pollutants in the atmosphere (Chapter 25).

Interpreting IR spectra

A.3.2 Describe how information from an IR spectrum can be used to identify bonds.

Certain bonds show characteristic absorption frequencies. The actual frequency does vary slightly 
between molecules, so the vibration bands are in a region of the infrared spectrum, rather than at 
a specific frequency. Some characteristic frequencies are given in Table 21.1.

Bond Organic molecules Wavenumber/cm−1

C−I Iodoalkanes 490−620

C−Br Bromoalkanes 500−600

C−Cl Chloroalkanes 600−800

C−F Fluoroalkanes 1000−1400

C−O Alcohols, esters, ethers 1050−1410

C=C Alkenes 1610−1680

C=O Aldehydes, ketones, acids, esters 1700−1750

C≡C Alkynes 2100−2260

O−H ‘Hydrogen bonded’ in acids 2500−3300

C−H Alkanes, alkenes, arenes 2850−3100

O−H ‘Hydrogen bonded’ in alcohols, phenols 3200−3600

N−H Primary amines 3300−3500

The same table may be found (Table 17) on page 23 of the IB Chemistry data booklet.
There are two main uses for infrared spectra:

To identify the functional groups present in an organic molecule.	n

To identify the molecule. Every molecule has a unique infrared spectrum.	n

Comparison of an infrared spectrum with those in databases enables chemists to identify a 
substance or to assess its purity.

The infrared spectrum of ethanol is shown in Figure 21.24. The vertical axis represents the 
percentage of infrared radiation that passes through the sample. Absorptions are recorded as 
dips, not peaks, in infrared spectra. 100% transmittance corresponds to no absorption and 0% 
transmittance corresponds to total absorption. The horizontal scale represents the wavenumber 

Table 21.1 Characteristic 
ranges for infrared 
absorption due to 

stretching vibrations in 
organic molecules
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(Figure 21.25) of the infrared radiation. The wavenumber is equal to the number of wavelengths 
per centimetre and the unit is referred to as the reciprocal centimetre, cm−1. Wavenumbers are 
used because infrared frequencies are very large and hence inconvenient to use.
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Figure 21.24 The infrared spectrum of ethanol
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Figure 21.25 The relationship between wavenumber, wavelength and frequency

Worked example A photon of infrared radiation has a frequency of 5.000 × 1013 Hz. Calculate its wavelength in 
wavenumbers. (Velocity of light in a vacuum = 2.998 × 108 m s−1.)

Wavenumber = 
5.000 × 1013 s−1

2.998 × 1010 cm s−1  = 1668 cm−1

The infrared spectrum of ethanol shows the stretching vibrations of the O−H and C−O bonds. 
The O−H bond absorption is broad (wide) because of hydrogen bonding. The C−O bond 
vibration occurs at 1050 cm−1 and the O−H bond vibration occurs at 3350 cm−1.

Figures 21.26 to 21.37 show the infrared spectra of selected organic compounds. All of them 
have a strong absorption at around 3000 cm−1 due to the carbon–hydrogen bond, C−H. Water and 
the alcohols have a broad absorption band between 3000 and 3500 cm−1 due to the presence of 
an oxygen–hydrogen bond, O−H. The strong absorptions at around 1700 cm−1 in carbon dioxide, 
propanone and ethyl ethanoate are due to the presence of a carbonyl functional group, >C=O.

General approach to analysing infrared spectra

Examine the spectrum from left to right starting at 4000 cm	n
−1.

Note which are the strongest absorptions and attempt to match them from Table 21.1.	n

Note absence of peaks in important areas.	n

Do not attempt to match all the peaks, especially in the fingerprint region (see Extension 	n

overleaf).
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n Extension: Fingerprint region
Although there are characteristic bond absorption bands below 1500 cm−1, these are less 
reliable indicators of specific bonds as this region also contains absorption bands that involve 
vibrations of the entire molecule or part of the molecule. This can be observed in the infrared 
spectra of hexane and cyclohexane, which are very similar above 1500 cm−1 but have significant 
differences at lower wavenumbers. The part of the spectrum below 1500 cm−1 is determined 
by the structure of the molecule, rather than by its bonds, and is referred to as the fingerprint 
region since it acts as a unique identifier.

Figure 21.26  
IR spectrum of hexane
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Figure 21.27  
IR spectrum of 

cyclohexane
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Figure 21.28  
IR spectrum of 

cyclohexene
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Figure 21.29 
IR spectrum of 

methylbenzene
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Figure 21.30  
IR spectrum of methanol
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Figure 21.31  
IR spectrum of 

propanone 
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Figure 21.32 
IR spectrum of 
ethoxyethane 
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Figure 21.33  
IR spectrum of ethyl 

ethanoate 
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Figure 21.34  
IR spectrum of carbon 

dioxide 
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Figure 21.35  
IR spectrum of water 
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Figure 21.36  
IR spectrum of methane
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Worked example Vitamin C contains carbon, hydrogen and oxygen atoms. What structural information can be 
deduced about its structure from the labelled absorption bands in Figure 21.37?
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Figure 21.37 IR spectrum of vitamin C

Using Table 21.1, absorption band C is characteristic of the carbonyl functional group, >C=O 
or the alkene functional group, >C=C<. Bands D, E and F could all be due to C−O vibrations, 
although C−C bonds might be responsible for E or F.

How IR radiation interacts with molecules

A3.3. Explain what occurs at a molecular level during the absorption of IR radiation by molecules.

There are two types of infrared excitation that can occur when a molecule absorbs infrared 
radiation: bond stretching and bond bending (Figure 21.38). Bond stretching requires more 
energy than bond bending and therefore bond stretching absorptions will require shorter wave 
radiation (higher frequency) than bond bending absorptions.

bond stretching

bond bending

However, not every molecular vibration gives rise to an infrared absorption. In order to be 
infrared active the molecule must undergo a change in dipole moment (Chapter 4), that is, the 
distribution of electric charge must alter.

Diatomic molecules of elements, such as hydrogen, oxygen and the halogens (Figure 21.39), do 
not experience a change in dipole moment during a vibration and therefore will not absorb in the 
infrared region of the electromagnetic spectrum.

Molecules such as the hydrogen halides (Figure 21.40) that are composed of two different atoms 
will have a permanent dipole because of a difference in electronegativity. The vibrations will alter 
the positions of the centres of positive and negative charge.

Triatomic molecules have various modes of vibration, some of which are infrared active and 
give rise to infrared absorption, while others may be infrared inactive. Only modes of vibration 
that result in a change in the overall dipole moment of the molecules will be infrared active.

Carbon dioxide is a linear molecule and has three possible vibration modes (Figure 21.41). In 
symmetric stretching both carbon–oxygen bonds lengthen at the same time. The dipole moments 
of each bond increase, but they act in opposite directions and so cancel out (vectorially). This 
can also be confirmed from the fact that the mid-point of the negative charge always coincides 

Figure 21.38 Bond 
stretching and bond 

bending (also known as 
wagging or rocking)

Figure 21.39 Bond 
stretching in the non-

polar chlorine molecule

Cl Cl

Figure 21.40 Bond 
stretching in the hydrogen 

chloride molecule

H Clδ+ δ–
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with the centre of positive charge on the carbon. There is no change in the overall dipole 
moment of the carbon dioxide molecule and so symmetric stretching is infrared inactive.

O OC δ+δ– Oδ–

symmetric stretch

C δ+δ– Oδ–

asymmetric stretch

O C δ+δ– Oδ–

bending

A water molecule (Figure 21.42) has modes of vibration similar to those shown for the carbon 
dioxide molecule. However, it is a V-shaped molecule rather than a linear molecule. All the 
vibration modes shown for the water molecule are infrared active. In a ‘bent’ molecule the 
changes in bond dipole for symmetric stretching are not in opposite directions. They do not, 
therefore, cancel out vectorially and, since there is a change in the overall dipole moment of the 
molecule, infrared absorption occurs.

H Hδ+ δ+

O
δ–

H Hδ+ δ+

O
δ–

H Hδ+ δ+

O
δ–

symmetric stretch asymmetric stretch bending

Figure 21.43 shows the vibrations in the sulfur dioxide molecule. Sulfur dioxide and carbon 
dioxide molecules have different shapes, and hence the vibrations causing changes in the dipole 
moment differ. The vibrational modes of sulfur dioxide are similar to those of water.

O O

S

O O

S

O O

S

symmetric stretch asymmetric stretch bending

Stretching and bending (rocking) are the main modes of vibration, but bending (rocking) 
can be subdivided into scissoring, wagging and twisting, as exemplified by the methylene group, 
−CH2− (Figure 21.44). Symmetric stretching and asymmetric stretching are the only infrared 
active modes; all the others are infrared inactive.
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Figure 21.41 Stretching 
and bending (rocking) 

vibrations in the carbon 
dioxide molecule

Figure 21.42 Stretching 
and bending (rocking) 
vibrations in the water 

molecule

Figure 21.43 Stretching 
and bending (rocking)
vibrations in the sulfur 

dioxide molecule

Figure 21.44 Stretching 
and bending (rocking) 

vibrations in the 
methylene group, −CH2−
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n Extension: Stretching of covalent bonds
A ball suspended on a stretched spring will vibrate up and down with a characteristic frequency. 
A heavier ball suspended from the same spring will vibrate more slowly (Figure 21.45. In a 
similar way the stretching frequency of the bond between two atoms in a molecule also depends 
upon their mass.

This simple ‘ball and spring’ model of covalent bonds is supported by data for the carbon–
halogen bonds (Table 21.2). The stretching frequency of the carbon–halogen bond decreases 
down group 7.

Bond C−Cl C−Br C−I

Typical stretching frequency/THz 21 17 15

This simple model also suggests that the stretching frequency will be affected by the strength of 
the bond. The stronger the bond, the faster the vibrations. This is supported by the stretching 
frequencies of carbon–carbon bonds (Table 21.3).

Bond C−C C=C C≡C

Typical stretching frequency/THz 27 50 65

Applications of Chemistry
Infrared spectroscopy has been used to study the interstellar medium (ISM) – the gas and 
dust between the stars. It is difficult to measure the infrared spectra of molecules in space 
from the Earth’s surface because of absorption by the atmosphere. However, space-based 
infrared telescopes have revealed that the dust grains in the ISM are small silicate particles 
onto which molecules may freeze and undergo chemical reactions. Alcohols and cyanides 
have been detected on the grains. Carbon-60 molecules (Chapter 4) in the form of C60

+ 
ions may also be present in the ISM and be responsible for some of the absorption lines, 
known as the diffuse interstellar bands.

 21.4 Mass spectrometry
A.4.1 Determine the molecular mass of a compound from the molecular ion peak.

Analysing molecular ions
Chapter 2 described how the mass 
spectrometer (Figure 21.46) can be used to 
analyse elements and determine relative 
atomic mass. If molecules are vaporized 
and subjected to the ionizing conditions 
inside a mass spectrometer, the mass-to-
charge (m/e) ratio for the molecular ion 
can be measured, and hence the relative 
molecular mass can be determined.

Figure 21.45 Suspended 
light and heavy balls

Table 21.2 Stretching 
frequencies for carbon–halogen 

bonds (1 THz = 1012 Hz)

Table 21.3 Stretching 
frequencies for carbon–

carbon bonds

Figure 21.46 Close-up of a mass spectrometer
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Electrons with a high kinetic energy can ionize molecules. An outer electron is removed from 
the molecule, leaving an unpaired electron and thereby forming a radical cation: a positive ion 
with an unpaired electron (Figure 21.47).

high-energy
electron

M M•
+

molecule in sample cation with unpaired electron
(radical cation)

ionization

e–

e–

e–

For example, an electron in one of the lone  
pairs of electrons on the oxygen atom of the 
propanone molecule can be removed by electron 
bombardment (Figure 21.48), to give a unipositive 
ion. The m/e ratio is ((3 × 12) + (6 × 1) + 16) :  1, 
which gives a relative molecular mass of 58.

Figure 21.48 Ionization of a propanone molecule

A.4.2 Analyse fragmentation patterns in a mass spectrum to find the structure of a compound.

Analysing molecular fragments
If the ionizing electron beam in a mass spectrometer has sufficient kinetic energy, the molecular 
ions can undergo bond cleavage (Figure 21.49) and molecular fragments are formed. Some of 
these fragments will carry a positive charge and therefore appear as further peaks in the mass 
spectrum (Figure 21.50). The mass spectrum of propanone will therefore contain peaks at  
m/e = 15 and 43 (Figure 21.51), as well as the molecular ion peak at 58.
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Figure 21.47 The 
formation of a radical 
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The more stable an ion, the more likely it is to form and the higher its peak height (relative 
abundance) will be. The order of stability of carbocations (Chapter 20) is primary < secondary < 
tertiary. This means that cleavage that produces a secondary carbocation will be favoured over 
a cleavage that produces a primary carbocation. Tertiary carbocation formation will be favoured 
because the inductive effect (Chapter 20) is maximized (Figure 20.23). Ions with the positive 
charge on the carbon of a carbonyl group, >C=O, are also relatively stable due to resonance 
(Chapter 14) in the resulting acylium ion (Figure 21.52). Small highly charged ions, for example 
H+, are not favoured.

the acylium ion

a tertiary
carbocation

+
R C O

+
+R C R

R

R

CO

Figure 21.52 The acylium ion and tertiary carbocation. Note the positive inductive effect of  
the alkyl groups, R, in the tertiary carbocation.

The peaks in Table 21.4 are often seen in the fragmentation patterns of mass spectra – they 
usually provide very useful clues for determining the structure of a molecule.

Worked example Figure 21.53 shows the spectra of two compounds with the molecular formula C2H4O2. One 
compound is methyl methanoate and the other is ethanoic acid. Decide from the major fragments 
which mass spectrum corresponds to which substance.
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Figure 21.53 Mass spectra for C2H4O2

Figure 21.51 Ionic 
fragments formed by 

the fragmentation of the 
propanone molecule

Fragment m/e

CH3
+ 15

CH3CH2
+ or CHO+ 29

CH2NH2
+ 30

CH2OH+ 31

CH3CO+ or C3H7
+ 43

CONH2
+ 44

COOH+ 45

C6H5
+ 77

C6H5CH2
+ 91

C6H5CO+ 105

Table 21.4 Common 
peaks in mass spectra
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The major peaks in mass spectrum a are due to: CH3
+ (m/e = 15); C2H5

+ or CHO+ (m/e = 29) 
and CH3O+ (m/e = 31). These fragments can be readily generated from methyl methanoate 
(Figure 21.54).

C

O

cleavage
at A

cleavage
at B

(absent, because it
does not form an ion)

A

m/e = 29 m/e = 31 m/e = 45 m/e = 15

H CH
3

+

+ + ++ +

O

B

C

O

H CH
3

O C

O

H CH
3

O

Figure 21.54 Ionic fragments formed from methyl methanoate

The peak at m/e = 31 can only be generated from methyl methanoate, and not from ethanoic 
acid.

The major peaks in mass spectrum b are due to: CO+ (m/e = 28), CH3CO+ (m/e = 43) and 
COOH+ (m/e = 45). These fragments can be readily generated from ethanoic acid (Figure 21.55).
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m/e = 15 m/e = 45 m/e = 28 m/e = 43 m/e = 17

HCH
3

+

+ ++

O

B

CH
3

CH
3

COOH +C O +C O OH

Figure 21.55 Ionic fragments formed from ethanoic acid

History of Chemistry

Discovery of carbon-60
Mass spectrometry analysis provided the first 
evidence for the fullerenes (Chapter 4). Time-of-
flight mass spectrometry suggested the presence of 
C60 and C70 carbon clusters in Smalley’s cluster beam 
apparatus at Rice University. In 1990 physicists  
W. Krätschmer and D.R. Huffman for the first time 
produced isolable quantities of carbon-60 by causing 
an arc between two graphite rods to burn in a helium 
atmosphere and extracting the fullerene using 
an organic solvent. Mass spectrometry at Sussex 
University by Alaa Abdul-Sada confirmed the 
presence of C60 and C70 and higher fullerenes, such 
as C76, C78 and C84 (Figure 21.56). The discovery 
of carbon-60 is the first time a new allotrope of an 
element has been discovered using mass spectrometry.
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Figure 21.56 Mass spectrum of carbon clusters showing the presence of 
C60 and C70. Taken at Rice University, September 1985
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Most elements have more than one naturally occurring, stable isotope (Chapter 2). For 
example, the element chlorine has two isotopes, 35Cl and 37Cl. These are present in the ratio of 
35Cl  : 37Cl = 3 : 1. Therefore, any molecule or fragment that contains chlorine atoms will give rise 
to two peaks, separated by two mass units and in a ratio of 3 : 1 in height. For example, Figure 
21.57 shows the mass spectrum of chloroethane, C2H5Cl. There are two molecular ion peaks, at 
masses of 64 and 66. These are due to the formation of the ions CH3CH2

35Cl+ and CH3CH2
37Cl+, 

respectively. There are also peaks at masses of 49 and 51. These also are in the ratio of 3 : 1. 
These peaks represent the loss of 15 units of mass, or a CH3 group, from the molecule leaving 
CH2

35Cl+ and CH2
37Cl+ ions.
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n Extension: Nitrogen in mass spectra
Most organic compounds have molar masses that are even numbers. Although nitrogen has an 
even atomic mass (14), it forms an odd number of bonds. Therefore, the presence of a single 
nitrogen atom will result in an odd-numbered molar mass.

Applications of Chemistry
Organic materials such as manuscripts, mummies and linen can be dated using radiocarbon 
dating (Chapter 2). This technique measures the ratio of carbon-14 to carbon-12. One 
famous relic to be subjected to radiocarbon dating is the Turin Shroud. It is a piece of 
linen cloth that was thought to show the faint image of a bearded crucified man. Some 
claimed it be the burial cloth of Jesus and the result of radiation released after his death. In 
1988 samples of the shroud were independently tested in three laboratories. Small cleaned 
samples were burned to convert the carbon in the linen to carbon dioxide, which was then 
reduced to graphite. The ratio of the isotopes of carbon from all three samples suggested 
that the shroud was a fake produced some time between 1260 and 1390. However, some 
researchers claim that the testing was done on a medieval repair following a fire.

n Extension: Satellite peaks
In the mass spectrum of organic molecules a small peak is observed to the right of the molecular 
ion. The peak corresponds to the (M + 1)+ molecular ion. This satellite peak occurs because of 
the presence of some molecules containing the carbon-13 isotope, 13C. This isotope of carbon 
has a natural abundance of 1.10% relative to that of carbon-12, 12C. The height of this peak 
depends upon the number of carbon atoms present in the organic molecule.

Figure 21.57 The mass 
spectrum of chloroethane
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n Extension:

 

 

Table 21.5

High-resolution mass spectrometry
High-resolution spectrometers can measure mass-to-charge ratios (m/e) to an accuracy of five 
significant figures. This means that mass spectrometry can determine the molecular formula 
(Table 21.5). This is possible because the relative atomic masses of the majority of elements are 
not integers.

Name Molecular formula Structure Experimental relative molecular mass 
(from high-resolution mass spectrometry

Pent-1-ene C5H10 CH3CH2CH2CH=CH2 70.078

2-Aminopropanenitrile C3H6N2 CH3CH(NH2)CN 70.053

But-1-ene-3-one C4H6O CH2=CHCOCH3 70.042

n Extension: Soft ionization techniques
Many chemical compounds cannot withstand electron bombardment without total 
fragmentation. Hence, analysis of such compounds would result in no molecular ions being 
formed. Chemical ionization is a ‘softer’ ionization process that uses molecules, for example 
ammonia molecules, or a noble gas, for example argon atoms. This reduces the effect of 
fragmentation and allows molecular ions to be detected.

History of Chemistry
Dr John Fenn and Koichi Tanaka were jointly awarded the 2002 Nobel Prize in Chemistry 
for refining the technique of mass spectrometry, making it possible to analyse large 
molecules such as peptides and proteins. They developed soft ionization techniques that 
prevented the complete fragmentation of large molecules. In particular, Fenn developed a 
technique called electrospray ionization (ESI) that enabled mass spectrometric analysis of 
large biological molecules. In ESI, an intense electric field forces the liquid sample into a 
fine mist of tiny, highly charged droplets. As the droplets evaporate, they leave behind ions 
that are suited for mass spectrometry.

 21.5 Nuclear magnetic resonance (NMR) spectroscopy
A.5.1 Deduce the structure of a compound given information from its 1H NMR spectrum.

Nuclear magnetic resonance (NMR) is a very 
powerful and widely used spectroscopic technique. 
It is also the basis for MRI (magnetic resonance 
imaging), widely used in hospitals (see page 617). 
The technique relies upon the fact that certain 
atomic nuclei, most notably hydrogen (1H), 
have the property of spin (Figure 21.58). The 
requirement is that the nucleus has an odd number 
of protons, or an odd number of neutrons, or an 
odd number of both protons and neutrons. Other 
examples are 19F and 31P.

Figure 21.58 Spinning protons aligned with and opposed 
to an external magnetic field (the ± 1/2 represents the spin 
quantum number (Chapter 12))
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The proton can spin clockwise or anticlockwise and generates a magnetic field, represented in 
the diagram by an arrow. In the absence of an applied magnetic field the spins of the proton are of 
the same energy and a collection of hydrogen-1 atoms (at equilibrium) will have equal numbers of 
both spin states.

The property of nuclear spin makes the nuclei of hydrogen-1 atoms behave like tiny bar 
magnets. When they are placed in a strong magnetic field they interact with it and will line up 
with the magnetic field (in an almost parallel manner) or against it (anti-parallel). The two 
different orientations or spin states give rise to two energy levels with a very small energy gap 
(Figure 21.59). The nuclear spins aligned parallel to the external magnetic field are in a lower 
energy orientation and more probable (in a population of 1H atoms); the nuclear spins aligned 
anti-parallel to the external field are in a higher energy orientation and less likely.
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no field field applied

– against field1
2

+ with field1
2

If the hydrogen nuclei or protons are subjected to a frequency of electromagnetic radiation 
equivalent to the energy gap between the two energy levels, then the hydrogen nuclei that are 
aligned with the magnetic field will move into the higher energy state. They are said to have 
‘flipped over’ or, more accurately, undergone spin resonance (Figure 21.60). In the case of nuclear 
magnetic resonance, low-energy radio waves are used to bring about resonance, typically in the 
frequency range 200 to 600 MHz. (Imaging spectrometers used for MRI (Figure 21.61) operate at 
lower frequencies.)

∆E

E1

E2N SSN

N SS N

aligned with magnetic field

aligned against magnetic field

Figure 21.60 The principle of nuclear 
magnetic resonance

Figure 21.61 A poster showing MRI scans of the brain 

The principle of an NMR spectrometer is shown in Figure 21.62. The sample for analysis is 
usually dissolved in a solvent. It is much more convenient to analyse if the solvent used does not 
generate its own NMR spectrum. The sample is placed in a narrow glass tube (NMR tube), which 
is transparent to radio waves. The tube is lowered into the magnetic field and spun rapidly and 
smoothly. This is to ensure that all variations in the magnetic field are averaged out and so each 
of the hydrogens (or protons) experiences the same magnetic field. The sample is then irradiated 
with a pulse that can be regarded as containing a range of radio frequencies. When the radio 
frequency corresponds to the amount of energy equivalent to the energy gap between the nuclear 
spin states, the molecules in the sample absorb some of the radio waves.

Figure 21.59 The spin 
states of a proton in 
the absence and the 

presence of an applied 
magnetic field
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In principle, a detector could record the difference in the signal that it receives compared to the 
original signal and cause an absorption peak to appear on the chart recorder. In practice, the radio 
wave interacts with the nuclei to cause a rotation of the nuclear magnets. The rotating magnet 
produces an electrical current in a wire placed around the sample, and this is what is detected.

powerful magnet

radio signal
generator

detector

sample

recorder

N S

Language of Chemistry
In early NMR instruments the radio  
frequency was kept constant and the 
magnetic field altered (each type of 
proton is brought into resonance at a 
constant frequency by changing the 
magnetic field). These were called field 
sweep instruments. The legacy of this is 
the use of the terms low-field and high-
field for high frequency/chemical shift and 
low frequency/chemical shift respectively 
in today’s terminology. Modern NMR 
machines (Figure 21.63) are fixed-field 
instruments and keep the magnetic field 
constant and homogeneous, a 
requirement for high-resolution NMR. 
This approach is known as pulse NMR. n

 
 

Figure 21.63 A modern pulse NMR machine

If all the hydrogen atoms in a compound are bonded to a common carbon atom and are 
chemically equivalent, then only one absorption would be observed in the 1H NMR spectrum of 
the molecule. For example, the methane molecule, CH4, has four chemically equivalent hydrogen 
atoms and has only one peak in its NMR spectrum.

However, hydrogens in different structural arrangements (or chemical environments) give 
rise to peaks at different positions in the NMR spectrum. This occurs because the nuclei of 
the hydrogen atoms are shielded by other electrons in the molecule to different extents. The 
hydrogen nuclei are said to be in different chemical environments. For example, the butane 
molecule, CH3−CH2−CH2−CH3, gives rise to two peaks in the (low-resolution) NMR spectrum. 
One peak is due to resonance involving the terminal hydrogens in the methyl groups, −CH3, 
at the end of the molecule; the other is due to the hydrogens in the methylene groups, −CH2−, 
in the centre of the molecule. (This is a low-resolution NMR spectrum and a more complex 
spectrum is generated in a high-resolution NMR spectrometer (see page 644).)

Figure 21.62 The basic 
features of an NMR 

spectrometer 
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Because the nuclei of the hydrogen atoms are shielded by other electrons in the compound to 
a greater or lesser extent, the protons in different chemical environments will experience slightly 
different net magnetic fields. This creates different energy gaps, ∆E. Hence, the hydrogen atoms 
will absorb different radio frequencies and give rise to different NMR absorptions. An NMR 
spectrum is a plot of the radio frequency energy absorbed against the particular radio frequency. 
Hence, a proton NMR spectrum reveals hydrogen atoms in different structural environments 
within the molecule being studied.

The positions of the NMR absorption peaks are measured relative to the signal of a given 
standard compound. The reference compound used is tetramethylsilane (TMS) (see page 643), 
which provides a convenient zero because it has a single peak in its 1H NMR spectrum. The 
extent to which the other hydrogen atom (proton) signals differ from the TMS signal position is 
called the chemical shift and given the symbol δ (lower case delta).

The chemical shift is defined as:

 δ = (frequency of signal – frequency of TMS) × 106

frequency of TMS

The units of chemical shift are parts per million (ppm).
The signal produced by TMS is given a chemical shift of 0.0 ppm by convention. The chemical 

shifts of some of the protons in some common molecules are shown in Table 21.6.
A similar table may be found on page 24 of the IB Chemistry data booklet (Table 18).

Type of proton Chemical shift/ppm

CH
3R 0.9–1.0

CH
2R R 1.3–1.4

R
3
CH 1.4–1.6

C

O

OR

CH
3 2.0–2.5

C O

H
3
C

R
2.2–2.7

CH
3 2.5–3.5

Type of proton Chemical shift/ppm

C HR C 1.8–3.1

CH
2

HalR 3.5–4.4

OR CH
3 3.3–3.7

CH
2

OHR 3.3–4.0

O

CH
2
RR C O

3.8–4.1

O

R C O H
9.0–13.0

R O H 4.0–12.0

Table 21.6 Typical proton chemical shift values (δ) relative to tetramethylsilane (TMS) = 0. R represents an  
alkyl group, and Hal represents fluorine, chlorine, bromine or iodine (i.e. halogens).  

These values may vary in different solvents and conditions

Figure 21.64 shows the low-resolution 1H NMR spectrum of anhydrous ethanol, CH3CH2OH. 
The NMR spectrum has three peaks at different chemical shift positions relative to TMS, showing 
that the hydrogen atoms in this molecule are located in three distinct structural environments. 
By comparing the chemical shift data for the three peaks with the values given in Table 21.6 it is 
possible to identify the structural units in the molecule.
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In addition to the NMR spectrum, the NMR spectrometer has drawn what is termed ‘an 
integrated spectrum trace’. The height of each step is a measure of the area under the peak. It is 
proportional to the number of hydrogen atoms (protons) resonating at this point in the NMR 
spectrum. In this case there are three steps, which are in the ratio of 1 : 2 : 3 (from left to right).

Table 21.7 summarizes the chemical shifts, integration ratios and structural features of ethanol. 
Note that the presence of the oxygen atom has a ‘deshielding’ effect on the hydrogen attached 
directly to it. This is due to the electronegative nature of the oxygen atom, drawing electron 
density toward itself, and has a marked effect on the chemical shift of these hydrogens. The 
hydrogen nuclei are shielded by their electrons from the external magnetic field, but the hydrogen 
attached to the oxygen is said to be deshielded.

The exact resonance frequency is determined by the net magnetic field experienced. The 
induced field will obviously depend on the electron density around the nucleus. The greater the 
electron density around the nucleus, 
the greater the induced field, 
therefore the greater the shielding 
and the smaller the separation of the 
energy levels, i.e. the nuclear spin 
behaves as if it were in a smaller 
magnetic field.

Worked example The low-resolution 1H NMR spectrum of compound A with the molecular formula C4H8O2 is 
shown in Figure 21.65. Suggest the structure of A.
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Figure 21.65 The low-resolution 1H NMR spectrum of a compound with the molecular formula C4H8O2

Figure 21.64 The low-
resolution 1H NMR 

spectrum of anhydrous 
ethanol showing peaks 
and integration trace 

Chemical shift, δ Integration ratio Structural feature

5.0 1 H in R−O−H

3.6 2 H in R−CH2−OH

1.0 3 H in R−CH3

Table 21.7 Low-resolution NMR data for ethanol
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There are three sets of hydrogen atoms (protons) in the ratio 2 : 3 : 3. From the chemical shift 
values and the molecular formula these peaks could be due to RCH2−O−C(=O)R (4 ppm), 
CH3−C(=O)OR (2 ppm) and R–CH3 (1 ppm). The only structure consistent with this data is 
ethyl ethanoate, CH3COOC2H5.

n Extension: Ring currents
When a molecule is placed in an external magnetic field, the electrons rotate in their orbits in 
such a way that they produce a magnetic field that opposes the external magnetic field (Lenz’s 
law). Moving charges produce a magnetic field (Faraday’s law). This phenomenon is called 
diamagnetism (Figure 21.66). The effect is to shield nearby protons from the external field. This 
in turn reduces the frequency at which they absorb energy when they flip from their lower to 
their higher energy state.

external (applied)
magnetic field nucleus

electron

direction of rotation of
electron pair in their orbital

magnetic field produced by
rotating electrons shields
the nucleus from the applied field

H0

This effect is very pronounced in the benzene ring and accounts for the relatively high values 
of the chemical shifts for the hydrogens that lie in the plane outside the benzene ring. In this 
situation the mobile delocalized π electrons in the benzene ring can create a strong diamagnetic 
effect, opposing the external magnetic field. The six rotating π electrons are said to generate a 
ring current. This has the effect of significantly strengthening the magnetic field in the vicinity 
of the hydrogens (see Figure 21.67).

external (applied)
magnetic field

direction of rotation of
the π electrons

magnetic field produced by
rotating π electrons reinforces
the external field at the site
of the protons on the ring

H0 H

n Extension: Solvents for NMR
Suitable solvents for NMR are so-called proton-free solvents which do not contain hydrogen, 
for example, tetrachloromethane (carbon tetrachloride), CCl4. These solvents do not 
give rise to peaks in the 1H NMR spectrum. Alternatively, deuterated solvents, such as 
trichlorodeuteromethane, CDCl3, are suitable alternatives. 

Figure 21.66 The 
generation of a magnetic 
field by a moving electron 

Figure 21.67 The 
generation of a ring 

current in the benzene 
ring 
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n Extension: Precession
When a magnetic field is applied to NMR-active nuclei, they tend to line up along the field. 
However, this alignment is not perfect (this is forbidden by the laws of quantum mechanics) 
and the nuclei rotate about the direction of the magnetic field, because of their spin (Figure 
21.68a). The motion can be modelled as the motion of a top spinning about the direction of the 
gravitational field (Figure 21.68b). This rotation is known as precession. The spinning about the 
direction of the magnetic field has a resonance frequency known as the frequency of precession 
or the Larmor frequency.

precession of
magnetic axis

axis of spin

spin

field B field g

magnetic axis
of atom 

a b precession of spin
around gravitational
field line

History of Chemistry
Sir Joseph Larmor (1857–1942) was an Irish physicist and mathematician who carried out 
research in the areas of electricity, dynamics, thermodynamics and the theory of matter. 
In 1903 he was appointed Lucasian Professor of Mathematics at Cambridge University, a 
post he retained until he retired in 1932. Larmor opposed Einstein’s theory of relativity, 
rejected the concept that space was curved and held that matter consisted of particles 
moving in ether, an invisible elastic medium.

Magnetic resonance imaging (MRI)

A.5.2 Outline how NMR is used in body scanners.

Magnetic resonance imaging (MRI) uses NMR for medical diagnosis. The patient is placed 
inside a cylinder (Figure 21.69) that contains a very strong magnetic field (usually generated by 
a superconducting magnet). Radio waves then cause the hydrogen atoms in the water molecules 
of the body to resonate. Each type of body tissue emits a different signal, reflecting the different 
hydrogen density of the tissue. The spatial information from MRI is derived by imposing magnetic 
field gradients in different directions across the body. Computer software then translates these 
signals into a three-dimensional picture.

Figure 21.68 a The 
precession of a spinning 

nucleus under the 
infl uence of an externally 

applied magnetic fi eld 
b The precession of a 

spinning top under the 
infl uence of gravity 
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MRI does not ‘see’ bone and can only 
produce images of soft tissues such as 
blood vessels, cerebrospinal fluid, bone 
marrow and muscles. This occurs 
because the amount of water in bone is 
very small compared to the amount in 
soft tissue. MRI (Figure 21.71) is used to 
detect brain tumours (Figure 21.72), 
damage caused by multiple sclerosis 
(MS) or strokes, joint injuries, heart 
disease (caused by the narrowing of 
arteries) and herniated discs. It is 
regarded as a harmless procedure except 
to those patients who have metal 
implants, such as a pacemaker, joint 
pins, shrapnel or artificial heart valves. 
Patients may also be given a contrast 
agent to help produce more images with 
a higher contrast of organs and tissues. A 
contrast agent may be simply water or a 
gadolinium compound (with unpaired 
electrons).

pole-pieces of magnet
producing non-uniform
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RF coil
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large uniform field RF

generator

RF
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display

Figure 21.70 Schematic diagram of a magnetic resonance scanner. 
(The magnetic field is usually generated by a.c. currents in wires 

rather than using permanent magnets) 

Figure 21.71 MRI of a brain in cross section showing a 
tumour (in white)

Language of Chemistry
Magnetic resonance imaging was developed from knowledge gained in the study of nuclear 
magnetic resonance. In its early years the technique was referred to as nuclear magnetic 
resonance imaging (NMRI). However, as the word nuclear was associated in the public mind 
with ionizing radiation exposure it is generally now referred to simply as MRI. n

Figure 21.69 A patient entering an MRI machine
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History of Chemistry
The 2003 Nobel Prize in Physiology or Medicine was jointly awarded to Sir Peter Mansfield 
(1933–present) and Paul Lauterbur (1929–2007). Lauterbur was an American chemist who 
worked at the University of Illinois; Mansfield is a Professor of Physics at the University 
of Nottingham. During the 1970s Mansfield and Lauterbur carried out research, of both 
a mathematical and technological nature, that allowed NMR to be developed into MRI. 
Mansfield continues to carry out research into MRI and is concerned with reducing the risks 
associated with strong electric fields and the high noise levels generated by an MRI machine.

 21.6 Atomic absorption (AA) spectrosocopy
A.6.1 State the uses of AA spectroscopy.

Atomic absorption spectroscopy (AAS) is widely used for the quantitative determination of 
metals at trace levels. AAS is also used to analyse soil and water samples (Chapter 25) for 
metal pollutants, such as mercury, lead, nickel and zinc (Figure 21.72). It is also used in clinical 
determinations to measure concentrations of sodium, potassium and calcium ions in blood plasma 
and serum. Samples of metals and alloys may be analysed to measure impurity levels. Samples 
of oil are analysed to detect metals in used oils due to corrosion and wear. Atomic absorption 
spectroscopy (Figure 21.73) is also used to detect and measure trace elements in food (Chapter 22).
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Figure 21.72 Part of 
the atomic absorption 
spectrum of a sample 

of steel 

Figure 21.73 Atomic 
absorption spectrometer 

(Perkin Elmer) 
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The principles of atomic absorption

A.6.2 Describe the principles of atomic absorption.

In atomic emission spectroscopy (Chapter 2), energy is supplied by a flame or electric discharge 
to promote electrons of gaseous metal atoms to higher energy levels. Emission of electromagnetic 
radiation then occurs when the electrons fall down to lower energy levels. This mixture of 
electromagnetic radiation of different frequencies must be separated and examined before the 
elements present can be identified.

In atomic absorption spectroscopy, the sample is vaporized in a low-temperature flame so that 
fewer electrons are promoted than in atomic emission spectroscopy. Electromagnetic radiation is 
then directed through the atomized sample. Only light with wavelengths that have exactly the 
right energy to promote an electron to a higher energy level will be absorbed.

Atomic absorption spectrometers are designed to detect particular elements, usually metals. 
The source produces light of wavelength corresponding to a line in the atomic spectrum of the 
target metal. The intensity of the light beam before and after passing through the sample is 
compared (Figure 21.74).

beam
splitter detector

‘cool’
sample flame

electromagnetic
radiation of fixed

wavelength

The atomic absorption spectrometer

A.6.3 Describe the use of each of the following components of the AA spectrophotometer: fuel, atomizer, 
monochromatic light source, monochromatic detector and read-out.

monochromatic 
light source

spray chamber

fuel

oxidizing
agent

atomizer

sample

lens monochromator
detector

amplifier

printer meter

recorder

flame

Figure 21.74 Principle 
of a modern atomic 

absorption spectrometer

Figure 21.75 Schematic 
diagram of a fl ame atomic 

absorption spectrometer
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Figure 21.75 shows a more detailed outline of the instrumentation of an atomic absorption 
spectrometer. The first step is the flame atomization of the sample. A solution of the sample 
under analysis is drawn (by capillary action) into the apparatus and dispersed as a fine spray by 
the atomizer. It is then mixed with a fuel and an oxidizing agent which carry it upwards into the 
flame. A commonly used fuel is ethyne (C2H2) and a common oxidizing agent is simply air.

The solvent evaporates in the lowest region of the flame and finely divided solid particles are 
formed. The particles move to the hottest part of the flame, where gaseous atoms are produced 
and electron excitation occurs. The atoms then move to the outer edge of the flame, where they 
may be oxidized before being dispersed into the atmosphere. The temperature is controlled so that 
very little ionization occurs and the vapour consists largely of gaseous atoms.

A monochromatic light source and lens are used to focus a narrow beam of light of particular 
wavelength on the flame. If a source emitting a broad range of wavelengths were used, the 
percentage absorbed by the atom would be small. It is therefore important to use a source emitting 
radiation that can be absorbed by the element to be analysed. For example, excited zinc atoms 
can be used to produce light to analyse zinc by atomic absorption spectroscopy. The wavelength 
of the light source for zinc analysis is 213.9 nm and the sensitivity is in the order of 1 × 10−6 ppm.

The light that passed through the flame is analysed in a monochromator detector. The 
detector will have to correct for background radiation from the flame. Background absorption 
may also be due to scattering by smoke particles and solvent droplets. Ionization interference due 
to production of ions is also a problem – this is most common with the alkali metals from group 1 
because of their low ionization energies.

History of Chemistry
In 1814 the German optician Joseph von Fraunhofer (1787–1826) invented the 
spectroscope and discovered a large number of sharp, dark lines appearing in the solar 
spectrum. Later, Kirchoff and Bunsen showed them to be atomic absorption lines. These 
absorption lines are known as Fraunhofer lines. The core of the Sun acts as a white light 
source and the absorption is by the gases in the outer region of the Sun. The strongest 
absorption lines were identified, by comparison with absorption spectra obtained in the 
laboratory, as being due to O2, H, Na, Fe, Mg, Ca and Ca+. Of particular interest was the 
absorption at wavelength 587.5 nm, which was not observed in laboratory experiments. 
This is now known to be due to helium (Figure 21.76), which at that time had not been 
discovered on Earth.

Wavelength/nm
440 620460 480 500 520 540 560 580 600

Figure 21.76 Absorption spectrum of helium

Quantitative analysis

A.6.4 Determine the concentration of a solution from a calibration curve.

Quantitative measurements by atomic absorption spectrometry are made by using a previously 
prepared calibration curve and measuring the intensity of a selected emission line. A calibration 
graph is prepared from standard solutions of metal ions. Usually, acidic conditions are used: many 
metals are soluble in acid. Under carefully controlled conditions there is a linear relationship 
between the intensity of the spectral line and the concentration of the metal ions in the flame in 
the excited state (see page 642).
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The concentration of sodium ions 
in blood plasma is frequently measured 
using atomic absorption spectroscopy. A 
calibration graph (Figure 21.77) is prepared 
from standard solutions of sodium ions. The 
selected wavelength for the sodium emission 
line is 589 nm. The intensity of the emission 
line at the same wavelength is measured 
for a sample of diluted blood serum. The 
corresponding concentration of sodium 
ions is obtained by interpolating from the 
calibration graph.

 21.7 Chromatography
A.7.1 State the reasons for using chromatography.

It is very important that drugs, foods and water are free of harmful impurities or contaminants. 
The most reliable approach to establishing the purity of a substance is to show that it is not a 
mixture, that is, it cannot be separated into two or more distinct components (analytes). Various 
forms of chromatography are often used to establish the purity of a substance and to separate the 
components of a mixture. Some forms of chromatography can also give quantitative information, 
that is, concentrations or amounts of components (analytes). Preparative chromatography seeks 
to separate the components of a mixture for further use (and is thus a form of purification). 
Analytical chromatography normally operates with smaller amounts of material and seeks to 
measure the relative proportions of analytes in a mixture.

History of Chemistry
Chromatography was originally developed by the Russian botanist Mikhail Tswett 
(1872–1919) in 1903 for the separation of coloured plant pigments (chlorophylls and 
carotenoids) by percolating a petroleum ether extract through a glass column packed with 
powdered calcium carbonate. Tswett’s last name can be translated as ‘colour’.

Language of Chemistry
The term chromatography is derived from the Greek words chroma, meaning colour, and graphia, 
meaning writing or image. Modern chromatographic techniques do not rely on colour to detect 
the components of a mixture, since there are many other detection methods available. n

The theory of chromatography

A.7.2  Explain that all chromatographic techniques involve adsorption on a stationary phase and partition 
between a stationary phase and a mobile phase.

Separation by chromatography involves placing a sample on a liquid or solid stationary phase 
and passing a liquid or gaseous mobile phase through or over it. This process is known as elution. 
The components or analytes present in the mixture will move or migrate (be eluted) at different 
speeds. This differential rate of migration leads to their separation over a period of time and 
distance.

Figure 21.77 A 
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Chromatographic techniques can be classified (Table 21.8) according to whether the 
separation takes place on a flat surface (planar) or in a column. They can be further sub-divided 
into gas and liquid chromatography, and whether the stationary phase is a solid or liquid.

Technique Stationary phase Mobile phase Format Mechanism of separation

Paper chromatography Paper (cellulose) Liquid Flat Partition

Thin layer chromatography (TLC) Silica, cellulose Liquid Flat Adsorption or partition

Gas–liquid chromatography (GLC) Liquid Gas Column Partition

High-performance liquid chromatography (HPLC) Solid Liquid Column Modified partition 

Table 21.8 A classification of chromatographic techniques

A further very important classification involves the nature of the interactions between the mobile 
and stationary phases. The two main forms of interaction between the analyte and the stationary 
and mobile phases are adsorption and partition (Figure 21.78).

solute molecules dissolved
in the stationary liquid phasestationary liquid phase

solute molecules adsorbed on the
surface of the stationary phase

polar solid surface

a b

solid support

Adsorption (Figure 21.78a) involves the electrostatic interactions between chemical species 
and a surface. In adsorption chromatography, the solute molecules are held on the surface of 
the stationary phase. Generally, the stationary phase is a polar solid and the solutes are polar 
molecules. Strongly polar stationary phases attract and retain the polar solutes. Hence the 
separation of the solutes depends on their difference in polarity: the more polar solutes are more 
readily adsorbed than less polar solutes.

Partition (Chapter 17) can be demonstrated by adding bromine to a mixture of water and 
tribromoethane (Figure 21.79). These two liquids are immiscible and do not mix, but the bromine 
distributes itself in both liquids. Equilibrium is reached when the rates of movement of bromine 
up and down between the two liquids are equal. At equilibrium the solute molecules are 
distributed between the two liquids in a definite 
ratio (for a specific temperature); the solute has 
been partitioned between the two liquids. The 
bromine equilibrium favours the 
tribromomethane: the ‘like dissolves like’ 
principle (Chapter 4).

During the separation process in forms of 
partition chromatography, the solutes move 
between the stationary phase and the mobile 
phase and are partitioned between them (Figure 
21.78b). Solutes in the mobile phase move 
forward with it. When the mobile phase is a 
gas, the rate of movement of solutes depends on 
their volatility and their relative solubility.

Figure 21.78 The 
two mechanisms of 

separation: a adsorption 
chromatography and b 

partition chromatography

Figure 21.79 Bromine partitioned between water and 
tribromomethane 

water

tribromomethane

two liquid layers,
each containing

some of the solute
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n Extension: Resolution
A very important term in chromatography is resolution (Figure 21.80) – the extent of separation 
of two adjacent peaks or bands. If the two peaks or bands are very close to each other, resolution 
is low and it may not be possible to deduce which peak is due to which compound. However, 
the resolution of two peaks or bands will mean that more time is needed to finish the separation.

low resolution (R < 0.9)
poor separation

good resolution (R = 1–2)
acceptable for most purposes

high resolution (R > 2)
requires longer time

Figure 21.80 Resolution of chromatographic peaks, where 
r represents 2 × peak separation/(sum of the peak widths)

A.7.3 Outline the use of paper chromatography, thin-layer chromatography (TLC) and column chromatography.

Paper chromatography
Paper chromatography is the simplest of the chromatographic techniques, and is often used to 
separate dyes in a mixture. In this technique the stationary phase is made up of water molecules 
that are trapped in the cellulose fibres of paper. The mobile phase is the aqueous or organic 
solvent that moves up the paper by capillary action. This capillary action is caused by the forces 
between the cellulose fibres of the paper and the solvent. Dyes that are more soluble in the 
solvent than they are in the water molecules of the stationary phase move rapidly up the paper, 
while those that are more soluble in the water are not carried as far up the paper (Figure 21.81).

paper

paper

solvent

solvent moves

mixture of two
dyes at start

slow-moving dye more
attracted to the paper

fast-moving dye more
attracted to the solvent

When the solvent front has almost reached the top, the paper is removed and left to dry  
in a fume cupboard (Figure 21.82). For each of the different components a retention factor  
(or Rf value) can be calculated:

Rf = distance moved by component
distance moved by solvent

Figure 21.81 The 
principles of paper 

chromatography
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Standard retention factors are tabulated for a wide variety of substances, using particular 
solvents under standard conditions. These allow the identification of unknown components by 
comparison with these standard retention factor values. Note that the retention factor is not 
dependent on the distance travelled by the solvent. It is dependent on the nature of the mobile 
and stationary phases as well as on the components of the substance being separated.

It is sometimes necessary in these cases to carry out a variation of simple chromatography. 
After the initial separation process the paper is allowed to dry and then rotated 90 degrees. A 
different solvent is used to repeat the process after the paper has been rotated. This technique is 
known as two-way chromatography and allows the separation of complex mixtures.

The substances to be separated do not have to be coloured. Colourless substances can be made 
visible by spraying or treating the chromatogram with a locating 
agent. For example, ninhydrin (Figure 21.83) can be used as a 
locating agent for amino acids produced by the hydrolysis of 
proteins. The locating agent reacts with the colourless substance, 
either to form a coloured product or to allow the spots to be 
located by, for example, using ultraviolet light.

Sugars can be detected by allowing a paper chromatogram 
to dry and then pulling it through a solution of silver nitrate in 
aqueous propanone. The solvent is allowed to evaporate and 
the paper sprayed with sodium hydroxide in aqueous ethanol. 
Reducing sugars, for example glucose and maltose, produce black 
spots of silver. Unreacted silver ions are removed by immersing 
the paper in ammonia solution.

If required, the individual components can be extracted from 
the paper by cutting out the individual spots using scissors and 
then extracting the components using a suitable solvent.

Figure 21.82 Ascending 
paper chromatography

Figure 21.83 Ninhydrin and 
spray bottle
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Worked example Paper chromatography was performed on three green food colourings, A, B and C. The 
chromatogram (Figure 21.85) was developed at a temperature of 25 °C using a solvent consisting 
of 60% by volume propanone in water.

A

B

C

2.0

sample
line

solvent
front

4.0 6.0 8.0 10.0 12.0 14.0

Distance/cm

16.0 18.0 20.0 22.0

Figure 21.84 Chromatograms for three green food colourings

a Which of the food colourings are mixtures and which could be a pure compound?

 Food colouring B may be a pure compound (one spot), but the other food colourings, A and C, 
are mixtures (three and two spots).

b Calculate the retention factor for food colouring B.

 The retention factor of B = distance travelled by B
distance travelled by solvent front

  = 8.0
22.0

 = 0.36

c The food colouring known as Sunset Yellow has an Rf of 0.64 (under the stated conditions, on 
the same paper strip). Could any of these samples contain this compound?

 Rf value = distance travelled by component
distance travelled by solvent front

 0.64 = distance travelled by component
22 cm

 Hence, Sunset Yellow will travel 14 cm. Food colourings A and C both contain this compound.

d Explain whether A could be a mixture of B and C.

 A could contain C as it has spots with identical colour and position. However, it cannot 
contain B since although the spot is in the correct position, it has a different colour and so 
cannot be the same dye.

Thin-layer chromatography
The basis of thin-layer chromatography (TLC) is similar to that of paper chromatography. The 
paper stationary phase is replaced by a TLC plate (Figure 21.85), which is a thin layer of a 
substance such as silica (SiO2) or alumina (Al2O3) coated on a glass, aluminium foil or plastic 
plate.

A spot of the sample solution is placed near the bottom of the plate. The plate is placed in 
a closed vessel containing solvent (the mobile phase) so that the liquid level is below the spot. 
The solvent ascends the plate by capillary action, the liquid filling the spaces between the solid 
particles. The technique is usually carried out in a closed vessel to ensure the atmosphere is 
saturated with solvent vapour and that evaporation from the plate is minimized.

The components may be recovered by scraping the areas containing the spots into a suitable 
solvent. Alternatively, TLC plates and paper chromatograms can be scanned by a device known 
as a densitometer to give quantitative information about the components of the mixture.

Figure 21.85 Thin layer 
plates
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To prepare TLC plates, the silica or alumina is first heated to a high temperature so that 
all the water is removed from it. The compounds then act as polar solids and the solutes are 
transferred from the liquid mobile phase by adsorption on the surface. However, both these 
stationary phases attract water molecules and the surfaces become hydrated: SiO2.xH2O 
(silica gel) and Al2O3.xH2O (hydrated alumina). The water present then forms the stationary 
phase and the solutes are separated by partition (Figure 21.86). A thin layer of cellulose can also 
be used as the stationary phase, but, since it retains water, the separation is by partition.

molecule M dissolved
in mobile phase

mobile phase, e.g. ether

molecule M adsorbed
to stationary phase

stationary phase, e.g. silica

M M

mobile phase moves upwards
due to capillary action

Thin-layer chromatography is faster than paper chromatography and will work with smaller 
samples. Since the thin layer can be made from different solids, a wide range of mixtures can be 
separated. Thin-layer chromatography is mainly used for the separation of organic compounds. It 
is a simple, reliable and low cost technique that is often used to select the conditions for larger-
scale separations.

Once a thin-layer chromatogram has been developed, it is often necessary to use some method 
to make the separated components visible, because most organic compounds are colourless. This 
is often done by illuminating the plate with a short- or a long-wave ultraviolet lamp. The solutes 
are identified in the same way as for paper chromatography, using Rf values and pure compounds 
as references.

There are a number of semi-permanent methods for visualization which not only allow you 
to see these compounds but also provide a method for determining what functional groups are 
contained within the molecule. This method is referred to as staining the TLC plate. The staining 
of a TLC plate with iodine vapour is among the oldest methods for the visualization of organic 
compounds. It is based upon the observation that iodine has a high affinity for both unsaturated 
compounds and those containing a benzene ring.

Column chromatography
Column chromatography is a convenient variation of the chromatography technique that allows 
for the large-scale separation of mixtures. Traditionally, a glass column is packed with an inert 
substance such as silica or alumina, which acts as an inert stationary phase. The column must be 
tightly packed as trapped air bubbles will hamper the separation of the components. The mixture 
to be separated is introduced at the top of the column and then the solvent is allowed to run 
through under the force of gravity, more being added as needed. As the separation takes place 
the different components will arrive at the bottom of the column at different times and may be 
collected in different flasks for further use (Figure 21.87). The components may be obtained by 
evaporating the solvent.

Column chromatography can be used to separate and identify the constituents in a mixture of 
dyes, the constituents of vegetable extracts, and in pharmacy for the separation of vitamin A from 
fish liver oil and in the detection of adulterants in foods and wines. Adulterants are chemical 
substances that should not be present in foods or drinks.

Figure 21.86 The 
principles of TLC
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 21.8 Visible and ultraviolet (UV–Vis) spectroscopy
A.8.1 Describe the effect of different ligands on the splitting of the d orbitals in transition metal complexes.
A.8.2 Describe the factors that affect the colour of transition metal complexes.

Colour

ultraviolet
(UV)

400 500 600 700
Wavelength/nm

infrared
(IR)violet blue green yellow orange red

White light is a mixture of visible wavelengths or colours as shown in Figure 21.88. The colours 
gradually merge into each other. Any substance that refl ects or transmits all of these wavelengths 
therefore appears white. An object that absorbs all visible light and transmits none looks black, 
for example graphite (Chapter 4). Coloured substances are those that absorb only certain 
wavelengths of the visible spectrum (Figure 21.89).

white

complete
reflection

complete
transmission

coloured
(in this case red)

partial
reflection

partial
absorption

black

complete
absorption

complete
absorption

Figure 21.89 Colour and absorption of visible light wavelengths

Figure 21.87 Separation 
of the components in 
plant pigments during 

column chromatography

Figure 21.88 The visible 
spectrum 
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White light can be described as a mixture of red, green and blue light. These are known as the 
primary colours and when mixed together (in equal intensities) produce white light. All the 
colours can be generated from the three 
primary colours.

The colour that we see is white 
light minus the colour being absorbed. 
The colour we see is called the 
complementary colour to the colour 
being absorbed. A colour wheel (Figure 
21.90) illustrates the approximate 
complementary relationship between the 
wavelengths of light absorbed and the 
wavelengths transmitted or reflected. For 
example, a blue substance will strongly 
absorb the complementary colour of 
light, orange. In this case, the absorption 
spectrum of a blue solution would have 
a maximum absorbance at a wavelength 
corresponding to orange light.

Worked example Absorption spectra for two coloured substances, A and B, are shown in Figure 21.91. Substance A 
absorbs most light except red light and so appears red. Substance B absorbs most light except 
violet/blue and hence appears blue.
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Figure 21.91 Absorption spectra for substances A and B
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Colour in transition metal complexes
Many, but not all, compounds of d-block elements are coloured. Exceptions include scandium 
compounds with an empty 3d sub-shell (3d0 4s0) and zinc compounds, which have a completely 
full 3d sub-shell (3d10). Most d-block compounds that contain a metal ion with a partially filled d 
sub-shell are, however, coloured. For example, copper(ii) sulfate (Figure 21.92) dissolves in water 
to form a pale blue solution. The origin of this blue colour is explained by considering the 
electronic structure of the copper(ii) ion, Cu2+, in the ground state shown in Figure 21.93.
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4s 3d
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3p

Figure 21.93 The electronic structure of the copper(ii) ion, Cu2+(g)

Here electrons may be promoted from the 3p sub-shell into the 3d sub-shell or from the 3d sub-
shell into the 4s sub-shell. However, neither of these electronic transitions would explain why 
scandium and zinc compounds are colourless. With an empty 3d sub-shell the 3p → 3d transition 
is possible and with a full 3d sub-shell a 3d → 4s transition is possible.

This leaves one possibility here for the origin of the blue colour: movement of an electron 
between the orbitals of the 3d sub-shell. However, as Figure 21.93 shows, in an isolated gaseous 
copper(ii) ion, Cu2+(g), all five 3d orbitals are degenerate, that is, they have exactly the same 
potential energy. In this situation no absorption of light energy occurs.

However, if a solution of copper(ii) sulfate is evaporated to dryness and all the water removed, 
the blue colour is lost and a white residue of anhydrous copper(ii) sulfate is formed. This suggests 
that the presence of water is needed to produce the colour, which is confirmed by the observation 
that the blue colour is restored on adding excess water to anhydrous copper(ii) sulfate.

Chapter 4 explained what happens when a transition metal ion is dissolved in water. A lone 
pair from the oxygen on a water molecule may be donated to the metal ion to form a coordinate 
covalent (or dative) bond. In most cases, six water molecules may datively bond to the transition 
metal ion. The lone pair donor, the water molecule, is termed a ligand, the number of ligands 
attached to the metal is termed the coordination number (six in this example) and the resulting 
species, the hexaaquacopper(ii) ion (Figure 21.94), [Cu(H2O)6]2+, is known as a complex ion 
(Chapter 13).

When the lone pairs on the ligands approach, they repel the electrons present in the metal d 
orbitals, whose potential energy therefore rises. However, the octahedral shape of the complex 
ion means that the ligand lone pairs become much closer to two of the d orbitals than they do 
to the remaining three. The degeneracy of the d orbitals is broken and the 3d energy level splits 
into two energy levels separated by the ligand field splitting energy, ∆, as shown in Figure 21.95. 
Promotion of an electron from the lower to the higher level within the 3d sub-shell now involves 
absorption of energy. (This is a simplified description, since in the copper(ii) ion each split level 
undergoes slight further splitting. This is due to the Jahn–Teller effect.)
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Figure 21.95 Effect of octahedral complex ion formation on the energies of the 3d electrons in the copper(ii) ion
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If the ligand field splitting energy falls within the energy range of visible radiation, then 
the complex will absorb light of corresponding wavelengths. The absorption spectrum for the 
hexaaquacopper(ii) ion, [Cu(H2O)6]2+, complex is shown in Figure 21.96a. Although maximum 
absorption occurs at about 800 nm, the band is very broad with measurable absorption down to a 
wavelength of about 600 nm. This broadening of the absorption band is cause by bond vibration; 
a similar effect is observed with ultraviolet spectra (see page 634). As the ligands move with 
respect to the central metal ion, so the ligand field splitting energy will vary.
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Figure 21.96 Visible spectra of a the hexaaquacopper(ii) ion, [Cu(H2O)6]2+, and  
b the tetraamminediaquacopper(ii) ion, [Cu(H2O)2(NH3)4]2+

When an excess of concentrated ammonia solution is added to a solution containing 
hexaaquacopper(ii) ions, [Cu(H2O)6]2+, the colour changes from pale blue to a characteristic deep 
royal-blue owing to the formation of a new complex ion: diaquatetraamminecopper(ii).

[Cu(H2O)6]2+(aq) + 4NH3(aq) → [Cu(H2O)2(NH3)4]2+(aq) + 4H2O(l)

The complex is still octahedral in shape (albeit distorted) but four of the water ligands have 
been replaced by ammonia molecules (a more effective ligand) (Figure 21.97). Maximum 
absorption now occurs at around 600 nm as shown in Figure 21.96b, that is, at a shorter 
wavelength than for the hexaaquacopper(ii) ion [Cu(H2O)6]2+ (aq).

This means that the ligand field splitting energy has been increased by substituting ammonia 
ligands for water (Figure 21.98). The spectrochemical series in Figure 21.99 lists some common 
ligands in order of their d-orbital splitting ability. Much of the order can be accounted for by the 
basicity of the molecules or ions: generally, the more basic the ligand, the greater the d-orbital 
splitting power. For example, ammonia, NH3, is a better ligand than nitrogen trichloride, NCl3, 
but not as good as trimethylamine, N(CH3)3 (Chapter 27). Nitrogen trichloride is an example 
of the negative inductive effect (Chapter 27) operating, but in trimethylamine the positive 
inductive effect is operating (Figure 21.100).

Figure 21.97 Structure of 
the [Cu(H2O)2(NH3)4]2+ ion

OH
2

NH
3

NH
3

H
2
O

H
3
N

H
3
N

Cu2+



632 Modern analytical cheMistry

400 500 600 700Absorption band/nm

Colour

Copper(II) compound

deep blue/purple light blue

increasing electrostatic field produced by ligands

white

800

[Cu(NH
3
)
4
(H

2
O)

2
]2+

[Cu(H
2
O)

6
]2+ CuSO

4

Figure 21.98 Absorption spectra and colours of selected copper(ii) compounds showing the effect of a stronger 
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Figure 21.100 Increasing electron density (lone pair availability) on the nitrogen atom improves its complexing ability

It is not only the type of ligand that affects the ligand field splitting energy, but also the 
coordination number and the shape of the complex. Addition of concentrated hydrochloric acid 
to a solution containing hexaaquacopper(ii) ions, [Cu(H2O)6]2+, causes a colour change from blue 
to yellow-green:

[Cu(H2O)6]2+(aq) + 4Cl−(aq)  [CuCl4]2−(aq) + 6H2O(l)

The new complex ion, tetrachlorocuprate(ii), has only four ligands, arranged tetrahedrally around 
the central copper(ii)ion (Figure 21.101).

The d orbitals on the Cu2+ ion are again split into two sets but the arrangement of the energy 
levels is reversed, with three orbitals at a higher energy than the other two (Figure 21.102).
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Figure 21.102 Effect of tetrahedral complex ion formation on the energies of the 3d electrons in the copper(ii) ion

As there are only four ligands here (causing repulsion), the ligand field splitting energy, ∆, is 
significantly less than in a hexa coordinate octahedral complex. Combined with the weaker 
splitting caused by chloride ions, Cl−, compared to ammonia molecules, NH3, and water 
molecules, H2O, the maximum absorption moves to lower energy, i.e. a longer wavelength.

Figure 21.101 
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n Extension: Charge transfer
A number of substances change their bonding when they absorb visible light. Some metal oxides 
have a different colour from their hydrated ions in aqueous solution. For example, copper(ii) 
oxide, CuO, is black, but copper(ii) ions in aqueous solution are blue. Lead(ii) oxide (Figure 
21.103) is orange, but lead(ii) ions are colourless. Copper(ii) and lead(ii) oxides are essentially 
ionic, but the bonding has some covalent character (Chapter 4). The absorption of a photon of 
appropriate visible radiation promotes one of the electrons of the oxide ion into a partially 
covalent bond by a process called charge transfer (Figure 21.105).

Pb2+ O2– Pb2+ O2– Pb1.5+ O1.5–

ground state charge transfer excited state

Figure 21.104 Charge transfer in lead(ii)oxide

Charge transfer also happens with the yellow chromate(vi) ion, CrO4
2−(aq), and the purple 

manganate(vii) ion, MnO4
−(aq). It helps to account for the very high intensity of light 

absorption by these ions.

Applications of Chemistry 
Yellow road markings (traffic stripes, Figure 21.105) 
have traditionally been applied using a paint that 
contains between 3 and 7% by mass of the yellow 
pigment lead(ii) chromate(vi), PbCrO4. However, 
lead compounds are toxic and are being replaced by 
lead- and chromium-free yellow substitute pigments. 
Lead(ii) chromate(vi) has also been used as a yellow 
pigment by artists and is known as chrome yellow. It 
can be mixed with white lead(ii) sulfate, PbSO4, to 
produce lighter hues.

Figure 21.105 Yellow road markings

A.8.3 State that organic molecules containing a double bond absorb UV radiation.

UV absorption
Molecules containing one or more double bonds will absorb ultraviolet radiation. The bonds may 
be carbon–carbon double bonds in alkenes and arenes, for example benzene, or carbon–oxygen 
double bonds in aldehydes and ketones. Molecules with conjugated systems absorb ultraviolet 
radiation and, often, visible light. Conjugated systems are molecules that have an alternating 
arrangement of carbon–carbon single and carbon–carbon double bonds. They are also termed 
delocalized systems (Chapter 14).

A number of biological molecules are highly conjugated, for example chlorophyll, 
anthocyanins (Figure 21.106), beta-carotene, hemoglobin, retinol and myoglobin (Chapter 
26). The conjugation may be linear, for example beta-carotene, or cyclic, for example 
chlorophyll. Artificial dyes, such as azo dyes (Figure 21.107), and acid–base indicators, such as 
phenolphthalein (Figure 21.108) (Chapter 18), are also conjugated systems.

Figure 21.103  
Lead(ii) oxide



634 Modern analytical cheMistry

CH
3

CH
3

OH

Cl N N

NH

O

CO
2

C

O–O

Figure 21.106 A rose – the colour is 
due to the presence of anthocyanins 

based on cyanidin 3,5-diglucoside

Figure 21.107 Structure of a red azo dye Figure 21.108 Structure of the 
alkaline form of phenolphthalein

Ultraviolet spectra are usually recorded in solution. Water, ethanol and methanol are 
commonly used as solvents. Obviously, some solvents such as benzene cannot be used because 
they absorb ultraviolet radiation. Ultraviolet spectra can also be recorded for transparent solids 
and films as well as for gas phase molecules (Figure 21.109). The spectra (Figure 21.110) generally 
appear as broad bands with one or two humps. Chemists record the wavelength of the highest 
part of each peak and the relative degree of absorption.
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Figure 21.109 Ultraviolet–visible spectrometer Figure 21.110 Ultraviolet spectrum of benzene 

The height of the absorption peak at a particular wavelength varies with the concentration of the 
absorbing substance. This means that ultraviolet spectroscopy can be used to estimate amounts of 
substance in solution for colourless substances (as can visible spectroscopy for coloured substances 
– see page 642).

Applications of Chemistry
The Sun radiates a wide spectrum of wavelengths. Part of the spectrum corresponds to 
photons with sufficient energy required to break covalent bonds. Sunlight or solar energy 
can therefore break bonds, including those in DNA. This can cause genetic damage in 
regulatory genes and can, unless the genes are repaired, lead to skin cancer (melanoma).

Solar radiation can also cause damage to the structural proteins, for example collagen 
(Chapter 22), that form the connective tissue beneath the skin, making the skin look 
wrinkly and leathery. Even brief exposure to the sun may cause dilation of the blood 
vessels, making the skin look red and sunburnt.
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Melanin is a naturally occurring pigment produced by  
cells called melanocytes at the base of the epidermis. It 
is a complex brown polymer (Figure 21.112) that 
absorbs ultraviolet radiation and short-wavelength 
visible light and helps to protect nuclear DNA from the 
sun’s radiation. Vitamin C (Chapter 22) is widely used 
in skin care creams since it is required for collagen 
synthesis and has antioxidant properties (Chapter 26).

Figure 21.111 A moth with melanin pigment in its wings: here it 
helps to camouflage the moth

Figure 21.112 shows the effect of different parts of the sun’s radiation on the skin. The 
most damaging region is in the ultraviolet. However, there are chemicals known as 
sunscreens, which when applied to the skin absorb most of this radiation.

visible

4 5 6 7 8 9 10 11 Frequency/1014 Hz

ultraviolet

temporary reddening quick tanning
(fades quickly)

increased risk of skin cancer

tanning and 
sunburn

Figure 21.112 The effects of sunlight on the skin

The active ingredients in sunscreens are often aromatic compounds conjugated with 
carbonyl compounds (Figure 21.113). This general structure allows the molecule to 
absorb high-energy ultraviolet rays and release the energy as lower-energy rays, thereby 
preventing the skin-damaging ultraviolet rays from reaching the skin. Some sunscreens 
(Figure 21.114) also include the enzyme photolyase which is able to repair ultraviolet-
damaged DNA. Sunscreens often contain inorganic particulates that reflect, scatter and 
absorb ultraviolet light, such as zinc oxide and titanium dioxide.
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Figure 21.113 Structure of 4-aminobenzoic 
acid (PABA or para-aminobenzoic acid), 

a widely used ultraviolet filter (absorption 
frequency range 8.8 ×1014–12.2 ×1014 Hz) 

Figure 21.114 Sunscreen products prevent ultraviolet 
radiation from reaching the skin and damaging it
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n Extension: Molecular orbital theory
Chapter 14 described covalent bonding in molecules in terms of the overlap and merging of 
atomic or hybridized orbitals. The molecular orbital (MO) description of the hydrogen molecule 
involved the formation of a bonding and an anti-bonding sigma molecular orbital. The shared 
pair of electrons enters the lower energy bonding orbital, leaving the higher energy anti-bonding 
orbital empty. More complicated molecules with π bonds have a π bonding orbital and a π anti-
bonding orbital. The π bonding orbital is occupied by a spin pair and the anti-bonding orbital 
is empty. These anti-bonding orbitals are involved in the absorption of ultraviolet radiation by 
molecules (and for some molecules, visible light also).

The energy levels available to the bonding electrons between the carbon atoms in the 
ethene molecule are shown in Figure 21.115. Since the attraction of the two carbon nuclei for 
the shared pair of electrons in a π bond is weaker than in a sigma bond, the energy difference 
between a π bonding and a π anti-bonding molecular orbital is less than that between a σ 
bonding and a σ anti-bonding orbital.
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Electrons fill up the available molecular orbitals in order of increasing energy (Figure 21.118). 
The following electron promotions or transitions are now available to the ethene molecule: 
σ → σ*, σ → π*, π → π* and π → σ*. In the case of the π bonding–π anti-bonding transition, 
π → π*, the σ bond is unaffected and remains intact. This transition is responsible for the 
absorption of ultraviolet radiation by ethene. The maximum absorption, λmax, occurs at 171 nm.

A related process of sigma (σ) and pi (π) bond formation occurs in the carbonyl group 
(>C=O) in aldehydes and ketones, for example methanal (Figure 21.117). There are two lone 
pairs of electrons located on the oxygen atom. Additional transitions are now possible between 
the non-bonding orbitals (n) and the antibonding π* and σ* orbitals (Figure 21.118).
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 Figure 21.117 Lewis structure for the methanal 
molecule

 Figure 21.118 Energies of molecular orbitals in 
methanal

Figure 21.115 Energy 
levels in the ethene 

molecule 

Figure 21.116 Energies 
of molecular orbitals in 
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A.8.4 Describe the effect of the conjugation of double bonds in organic molecules on the wavelength of the 
absorbed light.

The effect of conjugation on the absorption of light by 
organic molecules
Table 21.9 summarizes the absorption of three related hydrocarbon molecules. Ethene contains 
a simple isolated carbon–carbon double bond, but the other two have conjugated carbon–carbon 
double bonds. In these cases, there is delocalization of the pi bonding orbitals over the whole 
molecule.

Name of molecule Structure of molecule Wavelength of maximum absorption, λmax/nm

Ethene CH2=CH2 171

Buta-1,3-diene CH2=CH−CH=CH2 217

Hexa-1,3,5-triene CH2=CH−CH=CH−CH=CH2 258

Table 21.9 Ultraviolet absorptions of ethene, buta-1,3-diene and hexa-1,3,5-triene

All the molecules give similar ultraviolet–visible absorption spectra except that the absorption 
band in the ultraviolet region moves to a longer wavelength as the amount of delocalization in the 
molecule increases. Therefore the maximum absorption is moving to shorter frequencies as the 
amount of delocalization increases. Hence, absorption maxima move progressively to lower energy 
as the amount of delocalization increases.

If the conjugated system is very extensive then a number of the absorption bands may extend 
to the visible region of the electromagnetic spectrum and the compound will appear coloured. For 
example, beta-carotene (Figure 21.119), the pigment which is responsible for the orange colour 
of carrots, has a conjugated chain containing eleven carbon–carbon double bonds. Figure 21.120 
shows the visible spectrum of beta-carotene.
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Figure 21.119 The 
structure of beta-carotene 

Figure 21.120 The visible 
spectrum of  

beta-carotene
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n Extension: Molecular orbital theory and conjugation
The increase in the length of conjugation in a carbon chain reduces the difference in energy 
between its pi bonding (π) and excited pi antibonding (π*) energy levels as shown in Figure 
21.121. The energy required to produce a π → π* transition decreases and the wavelength of 
light increases. (This is known as a bathochromic shift.) Note that with increased conjugation, 
there is an increased number of π → π* transitions; hence multiple absorption bands will be 
observed for the ultraviolet spectrum of a highly conjugated system such as beta-carotene.
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n Extension: Auxochromes
An auxochrome is a group that can influence the colour of a molecule by shifting the absorption 
peak to a higher or lower wavelength (Figure 21.122). Many auxochromes contain oxygen and 
nitrogen atoms, which possess lone pairs of electrons. Common auxochromes include: alcohol, 
−OH, and amine, −NH2, or −NR2. An auxochrome usually moves the absorption peak to a 
longer wavelength. This is known as a bathochromic shift. A shift in absorption towards shorter 
wavelengths is referred to as a hypsochromic shift.
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Figure 21.121 Effect of 
increasing conjugation on 
the energy gap between 

π and π* orbitals 

Figure 21.122 
Absorption shifts caused 
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A.8.5 Predict whether or not a particular molecule will absorb UV or visible radiation.

Molecular absorption of ultraviolet and visible radiation
A molecule is likely to absorb ultraviolet radiation if it is conjugated. The most common type of 
conjugation is a system of alternating carbon–carbon single and double bonds. This conjugation 
may be linear or cyclic. The conjugation may extend over all or part of the molecule.

If the conjugation is very extensive then the molecule may absorb visible light and hence 
be coloured. The conjugation is enhanced by the presence of functional groups with lone pairs, 
which in effect extend the conjugation (Figure 21.123).

C C A C C A
– +

Figure 21.124 shows the energy needed to excite an electron in a coloured compound and in a 
colourless compound. The energy is called the excitation energy. The greater the conjugation, 
the lower the excitation energy.
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Worked example Which of the compounds shown in Figure 21.125 are likely to be coloured?
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Figure 21.125 Structures of three conjugated molecules 

Benzene (Figure 21.125a) is likely to absorb ultraviolet radiation since it is conjugated, but not 
extensively. Azobenzene (Figure 21.125b) is likely to be coloured since the conjugation is more 
extensive than benzene and there are two nitrogen atoms (with lone pairs) that will further 
extend the conjugation. The azo dye (Figure 21.125c) will be coloured because it has very 
extensive conjugation and includes a number of groups with lone pairs of electrons that will 
extend the conjugation out of the ring system.

Figure 21.123 Resonance 
interaction of a lone pair 

with double bonds to 
increase the extent of 

conjugation

Figure 21.124 The 
energy needed to excite 

an electron in a coloured 
molecular substance and 
in a colourless molecular 

substance
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Applications of Chemistry
Visible and ultraviolet light can be used to cause chemical reactions in molecules that 
have been injected into animal or human patients. When irradiated, these substances, 
called photosensitizers, have a specifi c effect on cells. In tumour phototherapy, the 
photosensitizer generates substances, such as very reactive forms of oxygen, that destroy 
living cells.

The person with the tumour is injected, via a vein, with a carefully calculated amount of 
the photosensitizer. The photosensitizer spreads around the body, but is absorbed more 
rapidly by the tumour cells, which are dividing more quickly than normal healthy cells. 
The tumour is subsequently irradiated with an appropriate dose of light. Within a few 
hours severe damage to the tumour occurs (Figure 21.126).

Sensitizer is
injected and

spreads throughout
the body

The sensitizer 
stays longer in

the tumour than
in the rest of the body

Laser light activates
the sensitizer,

which destroys
the cancer cells

The tumour
disappears or

shrinks enough
to be removed

tumour

a b c d
laser
light

Figure 21.126 The general principles of photodynamic therapy

The source of light can be an ordinary tungsten lamp, or 
ideally a suitable laser. Red light is best because it 
penetrates more deeply into tissue than blue light. Laser 
light is an ideal source because a fi ne beam can be 
channelled down an optical fi bre – a technique called 
endoscopy – and so reach a tumour deep inside a body.

The most effective photosensitizers are the porphyrins. 
Chlorophyll and hemoglobin are natural examples that 
contain the porphyrin ring system. Photosensitizers 
are often synthetic molecules produced by chemists 
(Figure 21.127).

Figure 21.127 The general molecular structure of phthalocyanine sensitizers

Quantitative analysis

A.8.6 Determine the concentration of a solution from a calibration curve using the Beer–Lambert law.

Infrared, atomic absorption and ultraviolet–visible spectrometers and colorimeters (Figure 
21.128) are all based upon the principle of passing electromagnetic radiation through a sample of 
a substance. The intensity of the electromagnetic radiation that enters the sample of substance is 
given the symbol I0; the intensity of the radiation leaving the substance is given the symbol I. If 
absorption occurs then I will be less than I0 (Figure 21.129).
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I0 I

l

Figure 21.128 A colorimeter Figure 21.129 Absorption of electromagnetic radiation by a sample in 
a cell of path length, l 

The absorbance is defined as the logarithm to the base ten of the ratio of the incident 
radiation over the intensity of the transmitted radiation. Absorbance has no units.

absorbance, A = log10 
I0 

I
An absorbance of zero (at a particular wavelength) means that no light has been absorbed: the 
intensities of the sample and reference beam are both the same, so the ratio I0

I  is 1 and log10 1 is 
zero. An absorbance of 1 occurs when 90% of the light at that wavelength has been absorbed. In 
that case I0

I  is 100
10  (= 10) and log10 10 is 1. Note that if all the light has been absorbed (at a 

particular wavelength) then the absorbance has an infinite value.
The proportion of light absorbed by a 

sample depends on how many molecules 
the light interacts with. A concentrated 
solution will have a high absorbance 
and a dilute solution will have a low 
absorbance. The proportion of light 
absorbed will also depend on the shape 
of the container: a long container will 
absorb more light than a short container. 
The intensity of light transmitted by an 
absorbing sample decreases exponentially 
with the path length through the sample 
(Figure 21.130).

Figure 21.130 The intensity of light absorbed 
by a sample decreases exponentially 

with path length

Hence, if the absorbances of two substances are to be meaningfully compared, adjustments have 
to be made for both the concentration and the path length. This is done in the 
Beer–Lambert law:

absorbance, A = log10 
I0 

I
 = εcl

where the Greek letter ε (epsilon) represents the molar absorption coefficient (mol−1 dm3 cm−1), l 
the path length (cm) and c the concentration (mol dm−3).

The absorbance is directly proportional to the concentration and path length of the sample. 
The molar absorption coefficient is a number characteristic of the absorbing molecules (at the 
wavelength of the incident radiation).

Thickness of sample

incident intensityIn
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If the Beer–Lambert law is rearranged the following expression for the molar absorption 
coefficient is obtained:

ε = A
lc

Essentially, the molar absorption coefficient is the value of the absorbance under a standard set of 
conditions – the light travelling 1 cm through a solution of 1 mol dm−3.

Worked example At a wavelength of 300 nm a sample, contained in a cell 6.45 × 10−3 m long, absorbs 76.5% of 
the incident electromagnetic radiation. The sample has a concentration of 1.76 × 10−4 mol dm−3. 
Calculate the value of the molar absorption coefficient.

I0

I
 = 100

(100 − 76.5)
 = 4.255; A = log10 

I0

I
 = 0.629

ε = 0.629
1.76 × 10−4 mol dm−3 × 0.645 cm

 = 5541 mol−1 dm3 cm−1

Worked example The variation in absorbance at a particular wavelength together with concentration for solutions 
of a compound X with a sample length of 2 cm is shown below in Table 21.10.

Absorbance 0.27 0.54 0.82 1.08 1.35

Concentration (mol dm−3) 0.010 0.020 0.030 0.040 0.050

Table 21.10 Concentrations and absorbance values

a Draw a graph to show the samples obey the Beer–Lambert law.

b From the graph calculate a value for the molar absorption coefficient of X at this wavelength.

c Estimate the molar concentration of a solution of X that has an absorbance of 0.55 at a sample 
length of 4 cm.

d Calculate the percentage transmittance of this sample.

a Figure 21.131 shows the graph of absorbance against concentration. The linear relationship 
shows that the compound is obeying the Beer–Lambert law.
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Figure 21.131 Absorbance versus concentration for substance X
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b The gradient or slope of the graph is 1.35
0.050  = 27.0 mol−1 dm3. This is the absorbance of a 

1 mol dm−3 solution of path length 2 cm. The molar absorption coefficient of the compound is 
therefore 27.0

2  = 13.5 mol−1 dm3 cm−1.

c For a sample with an absorbance of 0.55 at a sample length of 4 cm

 A = εlc

 0.55 = 13.5 × 4 × c

 c = 0.55
13.5 × 4

 = 0.0102 mol dm−3

d A = log10 
I0 

I

 I0 

I
 = antilog A = antilog(0.55) = 3.55

 I 

I0
 = 1

3.55
 = 0.282, hence percentage transmittance = 100 I0 

I
 = 28.2%.

History of Chemistry
Pierre Bouger (1698–1758) was a French mathematician and astronomer. In 1730 he was 
appointed Professor of Hydrography – the study of the physical characteristics of water 
– at le Havre. Bouger was the first discoverer of what is now more commonly called the 
Beer–Lambert law. August Beer (1825–1863) was a German physicist and mathematician 
who became a Professor of Mathematics at Bonn in 1855. His researches, together with 
those of Johann Heinrich Lambert (1728–1777) and Bouger, are the foundation of the 
Beer–Lambert law.

 21.9 Nuclear magnetic resonance (NMR) 
spectroscopy
A.9.1 Explain the use of tetramethylsilane (TMS) as the reference standard.

To ensure reproducibility and to set up a scale, the positions of  
NMR absorption peaks are measured relative to the signal of an 
internal standard, known as TMS. Tetramethylsilane (TMS), 
(CH3)4Si (Figure 21.132), has 12 hydrogens in an identical 
chemical environment and it therefore produces a sharp single 
peak which is located away from the majority of the peaks found 
in many organic molecules. A small amount of this substance is 
added to a sample before it is introduced into the NMR 
machine. It is non-toxic, unreactive and can be readily removed 
after analysis by evaporation.

Figure 21.132 Structure of 
tetramethylsilane (TMS)
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A.9.2 Analyse 1H NMR spectra.

Analysing high-resolution 1H NMR spectra
If the magnetic field generated by the NMR spectrometer is homogeneous and accurately 
controlled then it is possible to obtain high-resolution NMR spectra. The high-resolution NMR 
spectrum provides more information about the structure of molecules.

In high-resolution NMR spectra the single peak generated by a group of equivalent hydrogens 
is often observed to split into a cluster of peaks (Table 21.11). An analysis of this spin–spin 
splitting or coupling gives further structural information.

Number of hydrogens on carbon 
adjacent to resonating hydrogen

Number of lines in 
cluster (multiplet)

Relative 
intensities

1 2 1 :  1

2 3 1 : 2 : 1

3 4 1 : 3 : 3 : 1

4 5 1 : 4 : 6 : 4 : 1

The spin–spin splitting occurs because hydrogens on adjacent carbon atoms may affect each 
others’ NMR signals. A high-resolution 1H NMR spectrum is interpreted using the n+1 rule: 
spin–spin splitting by an adjacent group of n hydrogens will cause the signal to split into n+1 
peaks (Figure 21.133).

n Extension:

 

 
Table 21.12 Pascal’s 

triangle

Pascal’s triangle
The relative intensities of the lines in an NMR coupling pattern are given by a binomial 
expansion or more conveniently by Pascal’s triangle (Table 21.12). To derive Pascal’s triangle, 
start at 1 and generate each lower row by adding together the two numbers above and to either 
side in the row above.

n = 0 1 singlet

n = 1 1 1 doublet

n = 3 1 2 1 triplet

n = 4 1 3 3 1 quartet

n = 5 1 4 6 4 1 quintet
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Figure 21.133 Commonly observed splitting patterns

Table 21.11 Descriptions 
of simple peak clusters in 
a high-resolution 1H NMR 

spectrum
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Note that a peak in a high-resolution 1H NMR spectrum can be split twice by hydrogen atoms on 
two neighbouring atoms. For example, in the spectrum of propanal (Figure 21.134), the peak for 
the hydrogen atoms labelled ii is split into four by the hydrogen atoms labelled I and then split 
again by the hydrogen atom labelled III. The peak for II is thus split into a doublet of quartets. 

Figure 21.134 Structure of propanal showing hydrogen atoms that undergo spin–spin splitting

Spin–spin splitting is illustrated in Figure 21.135, which shows the high-resolution 1H NMR 
spectrum of ethanol (in the presence of a small amount of water or acid). (The −OH group will 
undergo coupling, but only if the ethanol is dry and all traces of acid are excluded).
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Worked example Deduce the structure of the compound which has the molecular formula C4H8O, from its high-
resolution 1H NMR spectrum shown in Figure 21.136.
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Figure 21.136 High-resolution 1H NMR spectrum for C4H8O

The single peak at δ = 2.1 is not experiencing spin–spin splitting and therefore has no hydrogens 
immediately adjacent to it. The peak at δ = 2.5 is the methylene group, −CH2− and is split into a 
quartet by the adjacent methyl group, −CH3. The peak at δ = 1.0 is the methyl group split into a 
triplet and so must be adjacent to the methylene group, −CH2−.

This information suggests the structure is butanone: CH3−CO−CH2−CH3.
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Figure 21.135 High 
resolution NMR spectrum 
of ethanol, CH3−CH2−OH 
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Worked example The low-resolution 1H NMR spectrum for ethanal is shown in Figure 21.139. Account for the 
number of peaks and their ratio. Predict the high-resolution spectrum for ethanal. Account for 
the splitting pattern predicted.

A
bs

or
ba

nc
e

10 9 8 7 6 5 4 3 2 1
Chemical shift, δ/ppm

1H

3H

0

Figure 21.137 Low-resolution 1H NMR spectrum for ethanal

The ethanal molecule contains hydrogen in two types of chemical environment: the hydrogen 
attached to the carbonyl group and the hydrogen atoms forming the methyl group. The hydrogen 
forming the aldehyde group is very downfield (the peak is in the high chemical shift end of the 
spectrum) due to the presence of the electronegative oxygen atom. The two peaks will be in a 
1 : 3 ratio. The (n + 1) rule predicts that the peak near 2 ppm will be split into 2 (1 + 1) peaks: a 
doublet. The peak near 10 ppm will be split into 4 (3 + 1) peaks: a quartet.

n Extension: Labile protons
Hydrogen atoms (protons) attached to oxygen and nitrogen atoms are easily removed and 
replaced by hydrogen or nitrogen atoms from the solvent. This process is continual and these 
hydrogen atoms (protons) are called labile.

If an organic molecule containing a hydroxyl (−OH), carboxylic acid (−COOH) or amine 
(−NH2) group is mixed with deuterium oxide (heavy water, D2O or 2H2O), then the protons 
(1H) are replaced by deuterium atoms (2H).

CH3CH2OH + D2O  CH3CH2OD + HDO

So, if spectra are taken of a molecule before and after the use of heavy water, D2O, a comparison 
of the two spectra can reveal any labile hydrogens (protons) in the molecule. Labile hydrogens 
(protons) appear not to couple with the hydrogens (protons) bonded to neighbouring atoms 
(unless the exchange rate is very slow, for example, at very low temperatures). This means that 
the NMR peak for an −OH group appears as a single peak in a high-resolution spectrum.

Combined techniques
NMR is a very powerful technique for determining the structure of organic compounds, but is 
often used in conjunction with other analytical techniques to provide an unambiguous structure 
for an unknown organic compound.

The first step in determining the structure of an unknown organic compound is to establish 
which chemical elements are present and their percentages by mass. This process is performed in 
a machine called an elemental analyser. The organic sample undergoes complete combustion and 
the gaseous products are analysed by a gas chromatographic system. The area under each peak is 
proportional to the masses of each of the gases produced. Carbon dioxide and water are produced 
if hydrocarbons or organic compounds containing carbon, hydrogen and oxygen are introduced 
into the elemental analyser. The empirical formula can then be determined.
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From a mass spectrum the molecular ion can be identified and compared with the empirical 
formula to establish the molecular formula (Chapter 1). The functional groups present can be 
established from the infrared spectrum. The NMR spectrum and the fragmentation pattern of the 
mass spectrum will establish or confirm the structural formula.

Elemental analysis of compound X gave the following percentage composition by mass: carbon 
(66.7%), hydrogen (11.1%) and oxygen (22.22%). The empirical formula can be determined 
using the relative atomic masses (integers).

 Carbon  Hydrogen  Oxygen

 66.67 g
12 g mol−1  11.11 g

1 g mol−1  22.22 g
16 g mol−1

Amount of atoms 5.56 mol  11.11 mol  1.39 mol
Integer ratio of amounts of atoms 4 : 8 : 1

Hence, the empirical formula of X is C4H8O. The mass spectrum (Figure 21.138a) shows a 
molecular ion at 72. This means that the molecular formula is C4H8O.

The infrared spectrum (Figure 21.138b) shows a strong absorption band at 1718 cm−1. This is 
due to the presence of a carbonyl group from an aldehyde or ketone. The bands in the region of 
2900 cm−1 suggest the presence of several C−H bonds.

The high-resolution 1H NMR spectrum (Figure 21.138c) shows three sets of peaks. The triplet of 
peaks is from the protons of a methyl group, −CH3, that has been split by the protons of an adjacent 
methylene group, −CH2−. The single peak is due to a methyl group that is adjacent to a carbonyl 
group. The quartet of peaks is due to the protons of a −CH2− group split by an adjacent −CH3 group.

The combined analytical information suggest that X is butanone. Figure 21.139 shows the 
correlation between the structure of butanone and the NMR spectrum. The presence of a carbonyl 
group could be confirmed chemically by reacting X with 2,4-dinitrophenylhydrazine (Chapter 20).
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NMR spectrum of Xc
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Figure 21.140 Summary of methods used to determine the structure of an organic compound

Figure 21.138 c The NMR 
spectrum of compound X

Figure 21.139 The 
correlation between the 

structure of butanone and 
the chemical shifts of the 

NMR spectrum of X
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 21.10 Chromatography
A.10.1 Describe the techniques of gas–liquid chromatography (GLC) and high-performance liquid 

chromatography (HPLC).

Gas–liquid chromatography
Gas–liquid chromatography (GLC) is a very powerful and sensitive form of partition 
chromatography. It is used to separate and identify very small samples of gases, liquids and volatile 
solids. The stationary phase is a non-volatile liquid, often adsorbed onto the surface of a solid 
packing material, contained within a long narrow coiled metal tube or column (Figure 21.141), 
which is kept at a controlled temperature in an oven. The stationary phase often consists of a 
long-chain alkane (with a high boiling point) coated on the surface of silica (SiO2). The mobile 
phase is an inert carrier gas, such as dry nitrogen or dry argon, which is passed through the 
column at a constant measured rate. Unwanted organic solvents can be removed by passing the 
gas through activated charcoal.

carrier gas (mobile phase) walls of column

inert solid coated in high boiling
point liquid (stationary phase)

The sample mixture is injected using a microsyringe through a self-sealing rubber- silicone 
diaphragm. Once the sample has been injected into the instrument it is vaporized before it 
is carried through the column by the carrier gas (Figure 21.142). The mobile phase in gas 
chromatography is inert and does not interact with the solute.

detector

oven

chromatographic column

injector

sample in

gas supply cylinder

PC

recorder

chromatogram

The components of the mixture distribute or partition themselves between the liquid and gas 
and hence emerge from the column at different times. The more volatile (lower boiling point) 
components tend to remain largely in the gas phase and therefore emerge more quickly. The time 
for the component to travel through the column is known as the retention time. For a particular 
column at a given temperature with a specified flow rate of carrier gas, the retention time for a 
particular component is fixed. However, by programming the temperature of the column to rise 
at a constant rate, higher boiling components can be separated more rapidly. This approach also 
helps to separate components with similar boiling points.

Figure 21.141 Inside 
a GLC column (usually 
coiled so it fi ts into the 

oven)

Figure 21.142 The main 
components of gas–liquid 

chromatography
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The GLC chromatogram (Figure 21.143) also indicates how much of each component is 
present in the mixture. The area under a component peak in the chromatogram is proportional to 
the amount of that component in the mixture.

The sample leaving the system is often burnt in a small hydrogen flame to produce ions, which 
carry an electric current between two plates. This current can be used to produce a response on 
a chart recorder. The size of the electrical signal depends upon how many ions are produced and 
enter the detector. This detection system is known as a flame ionization detector (Figure 21.144) 
and is commonly used for detecting organic compounds. In a combined approach (see page 589) 
this may be replaced by an infrared or mass spectrometer.
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Gas–liquid chromatography (Figure 21.145) is used for testing steroids in urine samples from 
competing athletes as well as testing the fuels used in Formula One motor racing to ensure that 
additives are within allowed limits. It has also been used to measure samples of alcohol, cyanide, 
pesticides and dissolved gases, for example carbon monoxide in blood samples. GLC is also used 
to analyse car exhaust fumes, and underground mine gases to detect for the presence of methane, 
a potentially explosive gas.

Figure 21.143 A GLC 
chromatogram: plot of 
peak of height against 

retention time 

Figure 21.144 Flame 
ionization detector

Figure 21.145 Gas–liquid 
chromatograph (Perkin 

Elmer) 
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High-performance liquid chromatography
High-performance liquid chromatography (HPLC) (Figure 21.146) is similar in principle to 
GLC, except that the mobile phase is a solvent or mixture of solvents rather than a gas. The 
support is usually silica-based. Decreasing the particle size of the stationary phase in the column 
increases the efficiency of traditional column chromatography (larger surface area). The smaller 
the particle size, the higher the efficiency and hence resolution. However, it is harder to force a 
liquid through a mass of small particles, so a high pressure pump is required to overcome this and 
achieve reasonable flow rates. This is how the HPLC technique originated. The components are 
usually detected by measuring the absorbance of ultraviolet radiation at the end of the column.

detector
chromatographic column

loop injector

sample in

solvent supply bottle
PC

recorder

chromatogram

high-pressure pump

The mobile phase of HPLC is usually a mixture of two miscible solvents. In gas chromatography 
the carrier gas plays no role in determining retention times, but in HPLC the mobile phase 
controls retention times and selectivity.

HPLC is used to separate small samples of non-volatile substances and determine the amount 
of each component present in the mixture. HPLC can identify compounds that are temperature-
sensitive and hence not readily analysed by GLC. No special treatment is required since aqueous 
solutions can be used in HPLC.

Uses of HPLC include: analysis of oil; alcoholic beverages; antioxidants, sugars and vitamins 
in foods; pharmaceuticals; polymers; biochemical and biotechnology research; presence of the 
stimulant caffeine in competing athletes and quality control of insecticides and herbicides.

n Extension: Normal phase and reverse phase
Normal phase separation occurs when the stationary phase is polar (for example, silica (silicon 
dioxide)) while the mobile phase is non-polar (for example, hexane). It is termed normal phase 
because in the initial development of HPLC, the stationary phase was almost always polar in 
nature. Reverse phase occurs when the stationary and mobile phases are non-polar and polar, 
respectively. In normal phase chromatography, the polar components of the mixture will 
interact more strongly with the polar stationary phase. Hence, the least polar compounds will be 
eluted first in the separation.

Most of the supports used in HPLC columns are silica-based and are heated with hydrochloric 
acid to bring about hydrolysis and form acidic Si−OH groups as shown in Figure 21.147. This 
can be used as a polar stationary phase and can also be reacted with an organochlorosilane to 
give a non-polar stationary phase.

Figure 21.146 The HPLC 
system
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Table 21.13 compares and contrasts the two forms of HPLC.

Property Normal Reverse

Packing polarity High Low

Solvent polarity Low High

Elution order Non-polar first, then polar Polar first, then non-polar

n Extension: Ion-exchange chromatography
In an ion-exchange column the stationary phase consists of small beads that have a giant 
lattice structure (usually based on an aluminosilicate framework (zeolite) or polymeric resin) 
containing replaceable metal ions. When a solution containing ions of a similar charge and size 
are allowed to pass through the resin, an exchange of ions can take place. Figure 21.148 shows 
how a cation exchange resin can be used to exchange calcium ions for sodium ions in water. 
Anion exchange resins can be used to remove negatively charged ions, such as phosphates and 
nitrates, from contaminated water (Chapter 25). Anions and cations can also be exchanged by a 
single-ion exchange column.

Na+

Na+

Na+

Ca2+(aq)

calcium ions
cause water

hardness

lattice containing removable
sodium ions attached to

fixed negatively charged sites

calcium ions trapped
in lattice and so

removed from solution

Na+

Na+

Na+

Na+

Na+

Na+

Ca2+

Na+

Na+

2Na+(aq)Na+

Na+

Na+

Na+

Na+

+

Applications of Chemistry
The technology used to make silicon chips is now being used to produce a ‘lab-on-a-chip’. 
A lab-on-a-chip (LOC) is a device that integrates one or several laboratory functions on 
a single chip of only millimetres to a few square centimetres in size. For example, liquid 
chromatography, electrophoresis and chemical synthesis can be carried out on a LOC. 
Miniaturization has many advantages: reductions in power and chemical consumption, less 
generation of waste and reduced need for work space. LOCs are also being developed for 
medical testing, including genetic testing.

Figure 21.147 HPLC 
support material 

and bonded  
stationary phases

Table 21.13  
Normal phase HPLC 

versus reverse  
phase HPLC

Figure 21.148 The 
principle of ion 
exchange resin 
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SUMMARY OF n Atomic absorption spectroscopy depends on an atom absorbing light of a particular 
KNOWLEDGE    wavelength when an electron in a lower energy level makes a transition to a higher 

energy level.
n Atomic emission spectroscopy depends on an atom emitting light of a particular 

wavelength when an electron in a higher energy level makes a transition to a lower 
energy level.

n The energy of absorbed (or emitted) radiation is related to the frequency, f, by e = hf, 
where h represents Planck’s constant.

n Infrared spectroscopy is used to detect molecular vibrational transitions.
n For a covalent bond to be infrared active, it must have a dipole that changes as it 

vibrates.
n Infrared spectra can be used to identify specific bond vibrations and to identify molecules 

from their fingerprint regions.
n Mass spectrometry gives information about the molecular mass and structure of 

molecules.
n In mass spectrometry the molecular ion peak is produced by the loss of one electron from 

the molecule.
n The molecular ion will undergo fragmentation in a way that is characteristic of the 

molecular structure.
n Fragmentation occurs at the weakest bonds and at positions that generate stable 

carbocations.
n Nuclei of atoms that have an odd mass number, such as hydrogen-1, possess a spin, 

which can align with or against an applied magnetic field.
n Nuclear magnetic resonance measures the frequency of radiowave energy needed to 

change the spin state, and this depends on the chemical environment (electron density) 
of the atom.

n Tetramethylsilane (TMS) is used as a reference compound for proton NMR.
n Chemically equivalent protons give rise to a single peak in a low resolution NMR 

spectrum.
n Values of chemical shift can be used to indicate the chemical environment of the protons 

in a molecule.
n The area under each peak in a low resolution NMR spectrum is proportional to the 

number of protons generating each peak. This is measured in the integration trace.
n Spin–spin splitting yields information about neighbouring protons in a high-resolution 

NMR spectrum.
n If the number of adjacent equivalent protons is n, the peak will split into (n + 1) peaks.
n Pascal’s triangle can be used to predict the relative intensities of the split peaks.
n Ultraviolet/visible spectroscopy is used to detect electronic transitions between molecular 

energy levels.
n Conjugation progressively decreases the energy required for transitions between 

molecular energy levels.
n Atomic absorption spectroscopy atomizes a sample at a high temperature in a 

hydrocarbon–oxygen flame.
n Electromagnetic radiation of a specific frequency is shone through the sample, and 

the electrons in the atoms under analysis are excited. A sharp line is generated on an 
absorption spectrum.

n HPLC and GLC are forms of column chromatography.
n In HPLC the solvent is pumped through a column under pressure.
n The time between sample injection and the appearance of a peak in HPLC is called the 

retention time.
n In GLC the stationary phase is a liquid coated onto the walls of a long, thin capillary tube.
n In GLC, the mobile phase is an unreactive gas, such as helium or nitrogen.
n GLC is used to analyse volatile liquids that do not decompose at temperatures around 

their boiling point.
	 n HPLC can be used to analyse highly polar and involatile compounds.
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n Examination questions – a selection
Paper 3 IB style questions  
Questions marked * are for Higher Level only

 Q1* Aqueous solutions containing complexes of 
transition metals are usually coloured. This is due 
to the absorption of part of the spectrum of white 
light passing through the solution.
a Three factors help to determine the colour 

absorbed. For each of the following pairs, state 
which factor is responsible for the difference in 
colour between the two complexes. [3]

      [Zn(NH3)4]2+ and [Cu(NH3)4]2+

      [V(H2O)6]2+ and [V(H2O)6]3+

      [Cu(NH3)2(H2O)4]2+ and [Cu(H2O)6]2+

b The wavelength of light absorbed by the 
complex can be explained in terms of the 
splitting of the d orbitals in the metal ion.

 Draw the 3d orbitals in a d9 octahedral 
complex. [2]

c Predict whether the splitting of d orbitals 
in [Ni(NH3)4(H2O)2]2+ and [NiCl4]2− would 
be less than or greater than the splitting 
in [Ni(H2O)6]2+. [2]

d i  Use the ions V[(H2O)6]3+ (green) and 
V[(H2O)6]2+ (violet) as examples to outline 
why the colour depends on the identity of 
the transition metal itself. [3]

ii Outline why the colour depends on the 
identity of the ligand and the oxidation 
state of the transition metal. [3]

 Q2 a Describe what happens on a molecular level 
when hydrogen sulfide molecules absorb 
infrared radiation. [3]

b Explain the following observations:
i The absorptions obtained from 1H NMR 

spectroscopy occur at much lower 
frequencies than those obtained from IR 
spectroscopy. [4]

ii Hydrogen bromide is infrared active 
whereas bromine is infrared inactive. [2]

c Wavenumbers is the most common unit 
used to specify infrared absorptions. State 
the relationship between wavenumber and 
wavelength, and show how wavenumber is 
related to energy. [2]

d Explain why stretching frequencies decrease 
from C−Cl to C−Br to C−I. [2]

Figure 21.149 shows the infrared spectra of 
ethanol (C2H5OH), ethanoic acid (CH3COOH), 
propanenitrile (C3H7CN) and ethyl butanoate 
(CH3CH2CH2COOCH2CH3).
e Which bond vibrations give rise to the peaks 

marked with letters? [5]
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Figure 21.149 Infrared spectra of four organic compounds

f Which spectrum belongs to which compound?
 [3]
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 Q3* A student wanted to determine a more accurate 
value for the concentration of a solution of 
V2+(aq) which was known to be between 0.10 
and 0.010 mol dm−3. She was provided with a 
solution of 1.00 mol dm−3 vanadium(ii) sulfate. 
Describe how she could determine the unknown 
concentration of VSO4(aq) using a visible 
spectrometer and explain the importance of the 
Beer–Lambert law in the method used. [6]

 Q4* a Identify the substance responsible (in an NMR 
spectrum) for the peak at 0 ppm in proton NMR 
and state its purpose. [2]

b Explain what information about a compound 
can be obtained from the following data from 
an NMR spectrum:
i the number of peaks [1]
ii the area under each peak [1]
iii the multiplicity of each peak. [1]

c Sketch the high-resolution 1H NMR spectra you 
would expect to observe with propane (C3H8) 
and ethoxyethane (C2H5−O−C2H5). [4]

d Use a table of chemical shifts to identify 
the aromatic hydrocarbon in Figure 21.150. 
It contains one benzene ring. Explain your 
reasoning. [4]
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Figure 21.150 High-resolution 1H NMR spectrum  
of an aromatic compound

 Q5 a Outline the basic principle of all 
chromatographic techniques. [2]

b Paper chromatograms formed by two 
orange food colourings, A and B, are shown 
in Figure 21.151.

A

B

2.00

sample 
spotted here

solvent reached 
here

4.0 6.0 8.0 10.0 12.0

yellow
orange

orange

14.0
Distance/cm

16.0 18.0 20.0 22.0

red

Figure 21.151 Paper chromatogram of two orange food colourings

i Which of these food colourings is a mixture 
of dyes? [1]

ii Which of these food colourings is a pure 
substance? [1]

iii Explain whether the same dye is present 
in each of the food colourings. [2]

iv Calculate the rf value of the substance 
responsible for the red spot in the 
chromatogram of A. [1]

c The results of a thin-layer chromatography 
separation on silica gel are shown below.

Compound Distance travelled/cm

Compound 1 1.6

Compound 2 9.2

Compound 3 (solvent) 12.6

i Calculate the rf values of the compounds 1 
and 2 and comment on their values. [3]

ii State one advantage of thin-
layer chromatography over paper 
chromatography. [1]

 Q6* Figure 21.152 shows a GLC chromatogram for a 
mixture of four alcohols.
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Figure 21.152 GLC chromatogram for ethanol,  
propan-1-ol, butan-1-ol and hexan-1-ol

a Explain how retention times are measured. [1]
b Explain how the areas under the component 

peaks are used. [1]
c i  Which component has a retention time  

of 7 minutes? [1]
ii Which component is present in the largest 

amount? [1]
d State two factors or variables that affect 

retention times. [1]
e i  Suggest why GLC would be unsuitable 

for analysing a drug which contains 
paracetamol (m.p. 151 °C) and caffeine 
(m.p. 238 °C). [2]

ii Suggest another chromatographic 
technique that would be suitable for 
performing the analysis. [1]
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 Q7* a When radiation in the ultraviolet part of the 
electromagnetic spectrum falls on certain 
organic compounds, part of that radiation may 
be absorbed.
i Explain why ultraviolet radiation may be 

absorbed by certain organic compounds 
with complex structures. [2]

ii Explain why ultraviolet radiation of more 
than one wavelength may be absorbed by a 
given organic compound. [1]

b Ultraviolet–visible spectroscopy is particularly 
useful for the analysis of organic compounds 
with π-conjugated or delocalized systems.
i Name two biological molecules that have 

an extensive π-conjugated system. [2]
ii Outline the relationship between the 

extent of π-conjugation in an organic 
molecule and the wavelength of the 
absorbed radiation. [2]

c ‘Absolute alcohol’ (100% ethanol) could be 
made from ‘rectified spirit’ (96% aqueous 
ethanol) by distilling it with methylbenzene. 
Unfortunately, traces of methylbenzene may 
remain in the ethanol. Explain how ultraviolet 
spectroscopy can be used to distinguish 
between ethanol which is methylbenzene-
free and ethanol which contains traces of 
methylbenzene. [3]

 Q8 Figure 21.153 shows the mass spectrum of 
butane, C4H10, showing the molecular ion and 
fragments.
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Figure 21.153 Mass spectrum of butane

a Suggest the identity of the fragments labelled 
P, Q and R in the mass spectrum of butane. [3]

b Identify one analytical technique, different 
in each case, that can be used to obtain the 
following information. [3]

Information Analytical technique

Relative atomic mass 
of an element

Mass spectrometry

Functional groups 
and strength of 
bonds present in an 
organic molecule

Potassium ions in 
a sample of blood 
serum

Detailed structure of 
an organic molecule 
(without degrading 
the sample)



STARTING POINTS	 n  Human cells contain a huge number of molecules of biological significance 
(biomolecules).

n A number of classes of biomolecules are polymers.
n Proteins are polymers of amino acids, nucleic acids are polymers of nucleotides and 

polysaccharides are polymers of simple sugars (often glucose).
n Glucose exists as an equilibrium mixture of cyclic and non-cyclic forms in aqueous 

solution.
n Amino acids exist as charged ions.
n The chemical properties of amino acids depend on their variable side-chains.
n Simple lipids are triesters of glycerol (propane-1,2,3-triol).
n Enzymes are proteins which act as biological catalysts.
n All biochemical reactions are controlled by enzymes.
n Enzymes show saturation kinetics with excess substrate. They are also subject to the 

activity of different types of inhibitor.
n The functions of DNA and RNA depend on complementary base pairing.
n A gene codes for one protein.
n The genetic code is ‘read’ in triplets of nucleotides.
n Vitamins and minerals (metals and non-metals) play important roles in biological systems, 

often acting as essential components of enzymes.
	 n  Respiration is the enzyme-controlled transfer of energy from glucose inside living cells. 

It can occur in both the presence and the absence of oxygen.

 22.1 Energy
B.1.1 Calculate the energy value of a food from enthalpy of combustion data.

Many foods display their energy value on the packaging  
(Figure 22.1). Food undergoes a form of enzyme-controlled 
combustion within the cells in the body known as 
respiration (Section 22.9). Although we cannot measure 
this energy directly, we can measure the enthalpy changes 
of combustion for dried samples of the food. The energy 
values stated for foods are based on these experimentally 
determined results. The dried food samples are burnt inside 
a bomb calorimeter (Chapter 5).

Worked example When burnt, 2.26 grams of dried brown rice raises the temperature of 1050 grams of water by 
3.30 °C. Calculate the energy content of the rice.

Heat energy released = 1050 g × 4.18 J−1 g−1 °C × 3.30 °C = 14.48 kJ

Energy content of brown rice per 100 g =  14.48
2.26

 × 100 = 641 kJ

Figure 22.1 The nutrition label from a 
cereal packet

Option B

22 Human biochemistry
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The enthalpy values are known as calorific values  
and the values are normally quoted by mass or volume. 
Some typical values are shown in Table 22.1, although 
the actual values will vary slightly with the product. A 
calorie is the unit of measurement for energy, but it is not 
an SI unit and has been replaced by the joule. However, 
it is still widely used on food packaging. The calorie is the 
notional amount of heat needed to increase the 
temperature of 1 gram of water by 1 °C. This is about 
4.184 joules.

Language of Chemistry
The French word calorie is derived from the Latin word calor (heat). n

Calorific values of foods are recorded and monitored by people who are controlling their energy 
intake for dietary reasons. The energy value of the foods eaten must equal the energy transferred 
in everyday activities. If energy input exceeds energy output, then the body will store the excess 
in the form of fat. This is available for future respiratory use, but the resulting obesity is linked to 
health problems such as diabetes, heart disease and strokes.

A ‘calorie-controlled’ diet involves eating foods with a lower energy value than the amount of 
energy transferred. This forces the adipose (fatty) tissue of the body to respire some of its fats in 
the form of fatty acids. Additional energy is provided and so the person loses weight.

 22.2 Proteins
B.2.1 Draw the general formula of 2-amino acids.

Proteins are linear polymers composed of subunits called amino acids. The 20 biologically 
important 2-amino acids have the general formula shown in Figure 22.2. A central carbon atom is 
attached in turn to a hydrogen atom (-H), an amino group (-NH2), a carboxylic acid functional 
group (-COOH) and to a variable side-chain referred to as R. In the simplest amino acid, 
glycine, R represents a hydrogen atom. Amino acids are amphoteric, that is, they are able to act 
as acids and bases in aqueous solutions. 

C

H OH

R

C

O

H
2
Namino group

(basic)

variable side-chain

carboxyl group (acidic)

carbon atom to which the two
functional groups are attached

n Extension: Enantiomers of amino acids
The central carbon atom is a chiral centre in all the 
2-amino acids, except for glycine. The two possible 
enantiomers (Figure 22.3) are labelled d- and l- 
(Chapter 26). All naturally occurring amino acids, 
found in proteins, are the l configuration, although 
the actual direction in which they rotate the plane 
of plane-polarized light (Chapter 20) depends on 
the nature of the variable side-chain, R.

Food kJ per 
100 g

kcal per 
100 g

Potatoes (boiled) 342 82

White bread 1068 255

Brown bread 920 220

Butter 3031 724

Table 22.1 The calorific value of some 
common foods per 100 grams

Figure 22.2 Generalized 
structure of a  
2-amino acid
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H
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Figure 22.3 Enantiomers (mirror images) of the 
amino acid alanine
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The variable side-chain (R) has a different structure in the 20 amino acids (Figure 22.4) and 
determines the individual chemical and physical properties and shape of the folded protein.
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Figure 22.4 A selection of naturally occurring amino acids

B.2.2 Describe the characteristic properties of 2-amino acids.

Formation of zwitterions
Crystalline amino acids have relatively high melting or decomposition points. They are more 
soluble in water than in non-polar solvents, such as hexane. These observations and other 
experimental data suggest that amino acids exist as dipolar ions, known as zwitterions (Figure 
22.5). The electrostatic forces of attraction between oppositely charged functional groups account 
for the high melting or decomposition points. The zwitterion formation can be regarded as an 
internal acid–base reaction: a hydrogen ion is transferred from the carboxylic functional group to 
the amino group.

C
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proton from another
carboxylic acid group

proton taken up
by an amine group

zwitterion

H+ C

H O–

R

C

O

H

H

H N+

In aqueous solution, the zwitterion form of an amino acid can exist either as an acid (proton 
donor) or a base (proton acceptor).

Language of Chemistry
A zwitterion (from the German word Zwitter – ‘hybrid,’) is a chemical compound that is 
electrically neutral but carries formal positive and negative charges on different atoms. n

Figure 22.5 Zwitterion 
formation by glycine
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n Extension: Non-standard amino acids
There are 20 ‘standard’ amino acids (i.e. those specified by the genetic code – Section 22.8). 
Some bacteria use the non-standard amino acid selenocysteine (Figure 22.6), which is similar to 
cysteine except that it has selenium in the place of sulfur. In humans some antioxidant enzymes 
(Chapter 26) are selenoproteins. Selenium is therefore a biologically essential trace element.

H

COOH

S H

NH
2

CH
2C

cysteine

H

COOH

Se H

NH
2

CH
2C

selenocysteine   

Figure 22.6 Structures of 
the amino acids cysteine and 
selenocysteine

Buffer action
In aqueous solution the amino and carboxylic acid functional groups both ionize, or dissociate. 
The carboxylic functional group releases hydrogen ions and hence acts as a Brønsted–Lowry acid 
(Chapter 8):

-COOH(aq)  -COO−(aq) + H+(aq)

The amino functional group can accept hydrogen ions from solution and so acts as a Brønsted–
Lowry base:

-NH2(aq) + H+(aq)  -NH3
+(aq)

In neutral solution both the amino and carboxylic functional groups are ionized or dissociated. 
In an acidic solution (low pH), the amino acid accepts hydrogen ions and becomes positively 
charged. This reaction occurs because the lone pair of electrons on the nitrogen of the amino 
group can form a dative bond (Chapter 4) with an electron-deficient hydrogen ion. In an alkaline 
solution (high pH) the carboxylic acid functional group donates hydrogen ions to the hydroxide 
ions and forms a negatively charged carboxylate functional group.

Consequently, amino acids act to maintain the pH of an aqueous solution, because they 
remove excess hydrogen ions (H+) or hydroxide ions (OH−), forming water molecules. However, 
zwitterions of amino acids have pKa values of approximately 2 and 10, and hence buffer effectively 
only at high and low values of pH.

The buffering capacity is retained when amino acids are polymerized to form proteins. Proteins 
are able to act as buffers because a number of amino acids contain either a basic amino group or 
an acidic carboxylic acid functional group as their variable side-chain. Proteins play important 
roles as buffers (Figure 22.7) both inside and outside of cells.
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Figure 22.7 The buffering 
action of amino acids in 

aqueous solution
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Isoelectric point
An amino acid such as alanine (where R is a methyl group) is dibasic when it exists in its fully 
deprotonated form. It can donate two protons (H+) during its titration with a strong base.

H3N+CH(CH3)COOH(aq) + OH−(aq) → H3N+CH(CH3)COO−(aq) + H2O(l)

H3N+CH(CH3)COO−(aq) + OH−(aq) → H2NCH(CH3)COO−(aq) + H2O(l)

The graph in Figure 22.8 shows the titration curve (Chapter 18) for alanine. The first part of the 
curve corresponds to the first reaction and the second part of the curve corresponds to the second 
reaction. The flatter portions of the curves correspond to buffering regions, where the pH does 
not vary significantly with the concentration of base.
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At pH 6.02 there is a point of inflection between the two separate halves of the titration curve. 
There is no net or overall electrical charge on the molecule at this pH, and the amino acid will 
not move in an electric field. The pH is called the isoelectric point, and the amino acid has the 
least buffering effect at this point:

 isoelectric pH = 1
2

 (pK1 + pK2)

The isoelectric effect is the basis for a separation technique known as electrophoresis (page 672).

Formation of polypeptides

B.2.3 Describe the condensation reaction of 2-amino acids to form polypeptides.

Within the cell, proteins are formed from amino acids inside ribosomes. Adjacent amino and 
carboxylic acid functional groups are joined together to form a peptide linkage. This reaction 
is a condensation process since it involves the formation of a water molecule. The reaction 
between two amino acids results in the formation of a dipeptide (Figure 22.9). The two amino 
acid residues are joined by a strong carbon–nitrogen bond. The process of condensation 
polymerization is repeated until a long chain of amino acids, known as a polypeptide (Figure 
22.10), is formed. A protein results when the polypeptide chain leaves the ribosome and 
undergoes a folding process.

Figure 22.8 Titration 
curve for alanine
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Figure 22.10 The structure of the human protein lysozyme

By convention, when you are drawing peptide chains, the -NH2 group which has not been 
converted into a peptide link is written at the left-hand end. The unchanged -COOH group is 
written at the right-hand end. The end of the peptide chain with the -NH2 group is known as 
the N-terminus, and the end with the -COOH group is the C-terminus.

Depending on which ends of the amino acids form the peptide linkage, two distinct dipeptides 
can be formed from two different amino acids. For example, the two dipeptides formed from 
alanine (Ala) and glycine (Gly) are glycyl-alanine, Gly-Ala, and alanyl-glycine, Ala-Gly (Figure 
22.11). Note that both dipeptides are drawn according to the convention that the N-terminus is 
on the left.

Figure 22.9 Peptide bond 
formation between two 

amino acids
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+ +

amino acid 1

For example, glycine and alanine can react like this:

amino acid 2 dipeptide

peptide bond

water

CO
 
O–

R H H

C

CH

CH NH

H
3
N+ COO–

R'

CH
 3
N+ H

2
OCO

R

CH
3
N+ COO–

R'

CNH

+

glycine

But if the amino group of glycine reacts with the carboxyl group of alanine, a different dipeptide, alanyl-glycine, is formed
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Figure 22.11 The structures of the two dipeptides formed from alanine (Ala) and glycine (Gly)

Language of Chemistry
A protein chain will have somewhere in the region of 50–2000 amino acid residues. The 
term amino acid residue has to be used since a peptide chain is not made up of amino acids. 
When the amino acids chemically combine together, a water molecule is lost. The peptide 
chain is made up from what is left after the water is lost – in other words, it is made up of 
amino acid residues. n

n Extension: The peptide bond
The peptide bond has some special properties due to π delocalization or resonance (Chapter 14), 
shown in Figures 22.12 and 22.13. This gives the peptide bond some double-bond character, 
preventing rotation about the bond. The peptide bond is rigid, planar, and usually occurs in 
the trans conformation shown in Figure 22.13, as opposed to the cis conformation in which the 
hydrogen atom would be on the same side of the double bond as the oxygen atom. The trans 
conformation prevents steric hindrance between the oxygen and the hydrogen atom, whereas in 
the cis conformation, interactions between the two groups destabilize the conformation. In the 
cis conformation, steric clashes occur between the side-chains. This is a major reason why the 
peptide bond is usually found in the trans conformation. 
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Figure 22.12 The structure of the peptide bond Figure 22.13 Resonance structures of the peptide bond (in the trans conformation)

n Extension: Protein hydrolysis
Proteins can be hydrolysed back to their amino acids by boiling with 6 mol dm−3 hydrochloric 
acid solution for 24 hours. The peptide bonds are broken and free amino acids are released 
(Figure 22.14). 
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Figure 22.14 Acid hydrolysis of proteins

The presence of peptide bonds in a protein can be demonstrated by the Biuret test. Biuret is a 
blue reagent and contains copper(ii) sulfate dissolved in alkaline solution. Proteins give a deep 
blue colour with Biuret reagent (Figure 22.15), whereas Biuret remains blue in the presence of 
amino acids.

To the solution to be treated add:

2 mol dm–3 sodium hydroxide solution

then: 0.5% copper(II) sulfate
solution (via dropping bottle)

egg white
solution

wheat flour
solution

1% starch soution
(control)

purple colour develops remains blue

Figure 22.15 The Biuret test for protein
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Language of Chemistry
The name protein (Greek, proteios, which means first) was introduced by Mudlar (1839) 
because of the importance of such substances to animals. n

B.2.4 Describe and explain the primary, secondary (α-helix and β-pleated sheets), tertiary and quaternary 
structure of proteins.

Primary structure
The primary structure (Figure 22.16) of a protein  
is the linear sequence of amino acids in the 
polypeptide chain including any covalent cross 
links. Covalent bonds, known as disulfide bridges, 
-S-S-, can form when two cysteine amino acid 
side-chains react (under enzyme control) 
(Figure 22.17). Proteins differ in the variety, 
number and order of their constituent amino acid 
residues.

SH HS

S S

reductionoxidation

The primary structure of a protein is determined 
by the sequence of bases in the gene that codes 
for the protein (Section 22.8). The changing of 
a single amino acid (due to a mutation (change) 
in the DNA of its gene) will alter its properties, 
often drastically.

Figure 22.16 Primary sequence of lysozyme
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Applications of Chemistry
Hair is composed of a structural protein named 
keratin whose long polypeptide chains fold up 
into an α-helix structure. One of the amino 
acids in keratin is cysteine, the side-chain of 
which contains a thiol (-SH group). Thiol 
groups can interact to form a covalent 
disulfide bond (-S-S-). Giving the hair a 
perm involves the breaking and re-forming of 
disulfide bonds. A two-stage process is used: 
first, the hair is treated with a solution of a 
thiol which reacts with the disulfide bonds. 
The hair is then set into the required style, 
usually with rollers. The final step is to form 
new disulfide bonds by oxidation of the thiol 
groups, which sets the new style permanently 
into position (Figure 22.18)

Figure 22.18 The chemistry of hair styling

n Extension: Primary structure of proteins
The amino acids present in a protein can be established by acid hydrolysis followed by paper 
chromatography or electrophoresis (page 672). However, these techniques do not indicate the 
primary structure. The primary sequence of a protein can be established by partially hydrolysing 
the protein (with a number of specific proteases) and then overlapping the fragments to give the 
complete sequence (Figure 22.19).

Fragments from first enzyme cleavage: Glu-Met-Leu-Gly-Arg

Ala-Gly

Tyr-Lys

Fragments from second enzyme cleavage: Tyr-Lys-Glu-Met

Leu-Gly-Arg-Ala-Gly

Deduced sequence:  H2N–Tyr-Lys-Glu-Met-Leu-Gly-Arg-Ala-Gly–COOH
   

Figure 22.19 Establishing the 
primary structure of a protein 
by partial hydrolysis
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History of Chemistry
Frederick Sanger (1918– ) is an English biochemist who has been awarded the Nobel 
Prize in Chemistry twice. He used the protease trypsin to partially hydrolyse insulin and 
then used electrophoresis to separate the fragments based on their charge and solubility. 
Sanger published the primary structure of insulin 1955 and was awarded the Nobel Prize in 
1958. Later he developed methods of sequencing DNA (Figure 22.20) and was awarded a 
second Nobel Prize in 1980 with Walter Gilbert.

 

Figure 22.20 DNA sequencer

Secondary structure
The secondary structure of a protein refers 
to the regular and permanent arrangement of 
sections of the polypeptide chain. Common 
protein secondary structures are the α-helix 
and β-sheet. These structures are stabilized by 
hydrogen bonds (Chapter 4).

The α-helix 
The α-helix (Figure 22.21) is a regular coiled  
conformation of the polypeptide chain. The 
variable side-chain groups, -R, on the α-carbon 
atoms point towards the outside of the helix and 
are perpendicular to the axis of the helix. Each 
nitrogen atom in the peptide bond is bonded to 
the oxygen atom of a peptide carbonyl group four 
residues down the chain. Alpha helices are 
always right-handed.

Many proteins have extensive stretches of 
α-helices located along their polypeptide chain, 
for example hemoglobin. Keratin, found in nails 
and hair, consists of a number of α-helices coiled 
around each other and held together by disulfide 
linkages. Figure 22.21 The α-helix
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The β-sheet
The β-sheet is a protein secondary structure formed by polypeptides whose amino acid residues 
have small and compact side-chains. It is composed of adjacent polypeptide chains (within 
the same protein) lying ‘side by side’ and connected by intramolecular hydrogen bonding. The 
protein fibroin found in silk fibres has extensive β-sheets. Figure 22.22 shows three parallel 
polypeptide chains in a β-sheet, illustrating the pleated sheet arrangement. All the variable side-
chains extend above or below the sheet.
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Figure 22.22 Structure of a β-sheet

Tertiary structure
The tertiary structure is the overall three-dimensional shape of a single protein (Figure 22.23). 
The protein molecule is held in a specific shape by hydrogen bonds and other intramolecular 
forces involving the side-chains. Disulfide bridges may also be present.
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Proteins are classified into fibrous and globular proteins. Fibrous proteins consist of long 
molecules arranged to form fibres, such as keratin of hair and nails, and collagen, which is present 
in skin, bones, teeth and tendons. Fibrous proteins are insoluble.

Figure 22.23 The four 
levels of protein structure
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Collagen is the most abundant fibrous protein in the human body. It consists of three 
polypeptide chains, each about 1000 amino acid residues long. The three polypeptide chains are 
wound together as a unique triple helix (Figure 22.24).

three long polypeptide
molecules, coiled together
to form a triple helix

every third amino acid is glycine
(the smallest amino acid) and the 
other two amino acids are mostly
proline and hydroxyproline

covalent bonds are formed between
the polypeptide chains – together
with many hydrogen bonds

In a globular protein the polypeptide chain(s) are folded into a compact but precise shape. 
Enzymes, hemoglobin and protein-based hormones, for example insulin, are globular. They tend 
to be partially soluble in water.

n Extension: Protein folding
The mechanisms by which globular proteins fold are still being actively researched. However, 
it is known that they fold compactly leaving little room for water in the interior. The polar 
side-chains are on the outer surface of the molecule and help to make the protein water soluble. 
In contrast, the non-polar side-chains point to the interior of the molecule. When a protein 
folds there is a loss of entropy (Chapter 15) in the protein chain, but the removal of water from 
the interior increases the entropy in the surroundings. There is a fine balance between these 
processes and there is often only a small difference in free energies (Chapter 15) between the 
folded and unfolded states.

The types of interactions between the side-chains that maintain the tertiary structure of proteins 
are shown in Figure 22.25.
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Figure 22.26 shows the secondary and tertiary structures of myoglobin. This protein acts as a store 
of oxygen in muscle.

heme group

Quaternary structure
Some proteins, for example hemoglobin, consist of two or more tightly bound polypeptide chains. 
The overall conformation or shape is referred to as the quaternary structure. 

Hemoglobin (Figure 22.27) is composed of four polypeptide chains: two α-chains and two 
β-chains. The α- and β-chains both have very similar primary structures to each other and 
myoglobin. Each of these is bound to a heme unit, at the centre of which is an iron(ii) ion that 
binds reversibly to oxygen (Chapters 13 and 26). There is a high percentage of α-helices in the 
α- and β-chains. The four chains are held together by a variety of non-covalent interactions.

Figure 22.26  
Three-dimensional 

structure of myoglobin

Figure 22.27 Structure of 
hemoglobin

heme group
with iron atom

α-chains β-chains
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n Extension: Denaturation
Many enzymes only function within a narrow range of pH and temperature values. This 
is because high or low values of pH and temperature cause a physical change known as 
denaturation. This involves loss of tertiary and quaternary structures, but is often reversible. In 
denaturation no covalent bonds are broken. It also occurs when proteins are in the presence of 
urea, which disrupts hydrogen bonds.

n Extension: Protein folding disorders
The structure of a protein and its ability 
to carry out its biological function are 
so strongly correlated that very small 
structural defects can lead to a number 
of protein folding diseases. These 
include genetic diseases such as sickle 
cell anemia, which is caused by a single 
residue mutation. A number of diseases 
have been linked to protein folding 
problems which lead to the build up of 
insoluble protein plaques in the brain. 
These diseases include diseases such 
as bovine spongiform encephalopathy 
(BSE) (‘mad cow disease’) and its 
human equivalent Creutzfeld–Jakob 
disease (CJD). Researchers have found 
that normal prion proteins in the brain 
consist of many α-helices but in CJD 
these prion proteins ‘flip’ and unfold 
into a protein with β-sheets – these 
then cause other normal prion proteins 
to ‘flip’ and insoluble fibrils are formed 
inside brain cells (Figure 22.28).

B.2.5 Explain how proteins can be analysed by chromatography and electrophoresis.

Chromatography
The amino acids (Figure 22.29) present in a protein can be separated by chromatography. To do 
this, the protein is completely hydrolysed by hydrochloric acid. Samples of the hydrolysed protein 
are then placed onto chromatography paper. The cellulose molecules of the paper fibres are 
hydrated and this water remains bonded to the cellulose, forming a stationary phase (Chapter 21). 
The solution of amino acids and excess hydrochloric acid moves up the vertically held paper by 
capillary action. The amino acids become distributed between the two phases according to their 
differing solubilities in the stationary and mobile phases. At the end of the separation process the 
different amino acids have moved different distances from the origin. Amino acids are colourless, 
so once the process is complete the paper is sprayed with ninhydrin. A chemical reaction occurs 
and coloured spots are formed. Ninhydrin is known as a locating agent. 

Figure 22.28 Prion protein ‘flipping’

naturally occurring protein

‘flipped’ protein

multiple α-helices

β-pleated sheets
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For each of the amino acids a retention factor (Rf value) can be calculated:

Rf = distance moved by component
distance moved by solvent

Standard Rf values are tabulated for amino acids using specific solvents or solvent mixtures under 
standard conditions. The amino acids in the hydrolysed protein can be identified by comparing 
their Rf values against the standards.

Further resolution of amino acids can be achieved by performing two-dimensional 
chromatography (Figure 22.30). After the initial separation process the paper is allowed to dry 
and then a different solvent or solvent mixture is used with the paper rotated through 90°. This 
approach allows the separation of complex mixtures of amino acids.

butan-1-ol/ethanoic acid

ph
en

ol

trace of cysteic acid

aspartic acid

glutamic acid

serine
glycine

threonine
alanine

tyrosine

valine

prolinearginine

lysine

histidine

phenylalanine

cystine

isoleucine
and leucine

Electrophoresis
In a solution of an amino acid in water, the average charge on the amino acid molecules in the 
solution depends on the solution pH. This is because of the amphoteric properties of amino acids 
(page 660). The pH at which the net or overall charge is zero is called the isoelectric point of that 
amino acid (page 661).

The isoelectric point of glycine is 6.07. In aqueous solution at pH values greater than 6.07, the 
average charge on glycine molecules become negative (the anion or acidic form predominates); 
at pH values less than 6.07, the molecules become positively charged (the cation or basic form 
predominates) (Figure 22.31).

Figure 22.29 Commercial 
samples of pure amino 

acids are used as 
standards during paper 

chromatography of 
hydrolysed proteins

Figure 22.30 
Two-dimensional paper 

chromatography of 
hydrolysed protein
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Depending on the nature of the variable side-chains, different amino acids have isoelectric points 
at different values. Basic amino acids have a tendency to form cations if dissolved in water and 
have isoelectric points greater than 7. Acidic amino acids have a tendency to form anions if 
dissolved in water and have isoelectric points less than 7 (Table 22.2).

Amino acid Variable side-chain Isoelectric point/pH

Glycine -H 6.07

Lysine -(CH2)4NH2 9.74

Aspartic acid -CH2COOH 2.98

Table 22.2 The isoelectric points of selected amino acids

If all three amino acids listed in Table 22.2 were dissolved together in the same buffer solution 
maintained at pH 6.07, the molecules of glycine would be neutral. The molecules of lysine 
would be positively charged and the molecules of aspartic acid would become negatively charged 
(Figure 22.32).
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This mixture of amino acids can be separated by the process of electrophoresis, which involves 
separating the molecules (dissolved in a buffer and strong electrolyte) by means of an electric 
field (generated by a voltage). Traditionally, electrophoresis was performed on paper, but modern 
approaches use a variety of natural and synthetic gels.

The samples are spotted in the centre of the paper or gel, a high voltage is applied, and the 
spots migrate according to their charges. After electrophoresis, the separated components can be 
detected by a variety of staining techniques, depending upon their chemical identity.

If the mixture of glycine, lysine and aspartic acid were subjected to electrophoresis, the lysine 
molecules would migrate to the cathode, the aspartic acid molecules would migrate to the anode 
and the glycine molecules, having no overall charge, would not move at all (Figure 22.33).

+

+

–

–

300 V d.c.

spot placed here

glycine lysineaspartic acid

Language of Chemistry
The word electrophoresis is derived from the term electro- and the Ancient Greek word 
phoresis, ‘the act of bearing’. n

Figure 22.31 Behaviour 
of glycine molecules at 

different pH values

Figure 22.32  
The ions formed from 

glycine, lysine and aspartic 
acid at pH 6.07

Figure 22.33 Protein 
electrophoresis of a 

mixture of glycine, lysine 
and aspartic acid
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n Extension: Gel electrophoresis
Electrophoresis is usually 
performed in a polyacrylamide 
gel rather than on paper. The 
polyacrylamide gel is an inert 
supporting material through 
which molecules will move when 
a potential difference is applied. 
The gel acts a molecular sieve, 
slowing larger molecules and 
allowing smaller molecules to 
move more quickly. Therefore 
in this form of electrophoresis 
separation is based upon both 
molecular size and charge. 

Proteins and other biological 
molecules are often treated with 
a strong detergent known as 
SDS (sodium dodecyl sulfate) 
which attaches to the molecules, 
making them negatively charged. 
This form of electrophoresis 
is known as SDS-PAGE 
(Figure 22.34) (sodium dodecyl 
sulfate polyacrylamide gel 
electrophoresis) and separation 
is based solely on molecular size 
or mass.

Functions of proteins

B.2.6 List the major functions of proteins in the body.

Proteins are crucial components for basic life processes (Figure 22.35). They are responsible 
for transport throughout a cell or organism, for maintaining cellular structures and for basic 
metabolism, among other processes. 

Essential functions, such as transport of oxygen throughout blood and its storage in muscle 
cells, are carried out by proteins such as hemoglobin and myoglobin. 

Structural proteins such as elastin are included in the walls of arteries and veins and of the 
bronchioles (airways) in the lungs. Collagen is the main structural protein of connective tissue 
in animals and the most abundant protein in mammals. It is the major component of cartilage, 
ligaments (joining bone to bone) and tendons (joining bones to muscle). Muscle is also composed 
of proteins, for example actin and myosin form the fibres.

Figure 22.34 Separation of amino 
acids and polypeptide fragments by 

SDS-PAGE

Protein is treated with a powerful detergent called SDS. 
The effect is to unwind the protein and attach SDS 
molecules to the peptide bonds. This also leaves many 
negatively charged groups of SDS exposed. As a result the 
protein/peptide fragments have a strong negative charge.

1

Protein–SDS mixture 
is loaded into 
cavities cut into the 
polyacrylamide gel.

2

Separated 
fragments and 
molecules are 
located and 
identified (e.g. 
using dyes).

SDS-treated 
protein molecules 
move towards the 
anode (+), but are 
‘sieved’ by the 
polyacrylamide gel 
in the process so 
that larger 
fragments take 
longer to get there.
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hair is made of 
protein (keratin)

the enzyme 
amylase, found in 
saliva, is a protein 

the red pigment 
hemoglobin in 
blood cells is a 
protein

muscle fibres are 
made of protein

the tendons which 
join muscle to bone 
contain protein

toenails and fingernails 
are made of protein

the surface of the 
skin is protein

the hormone insulin 
is a protein made by 

the pancreas

bones consist of 
minerals embedded in 

collagen, which is a 
protein

Pore proteins form channels that transport ions, water, and other molecules through the cell 
membrane. Many proteins have enzymatic activity, for example catalysing the digestion of 
protein, starch and lipids in the gut. Digestive enzymes are extracellular enzymes which operate 
outside cells. However, there are also many intracellular enzymes that operate inside cells. They 
control respiration, photosynthesis (in plants), DNA repair and replication, and many other 
biochemical reactions.

Proteins are also involved in the immune system by acting as immunoproteins (antibodies). 
Antibodies are present in blood and identify and neutralize harmful bacteria and viruses. 
Antibodies are produced by a group of white blood cells known as B cells. The HIV virus infects a 
variety of cells in the body, most notably T cells which regulate the B cells of the immune system 
(Chapter 24).

Hormones (Section 22.6) are chemical messengers that carry a signal from a cell or a group of 
cells to another via the blood stream. All animals and plants produce a variety of hormones. In 
general hormones control the function of their target cells.

Insulin is a protein-based hormone produced by the pancreas of mammals. It is released by cells 
within the pancreas when blood glucose levels are low. Its main target cells are liver cells and 
muscle cells, which absorb the excess glucose and convert it to glycogen.

Language of Chemistry
The term ‘hormone’ is derived from the Greek word meaning ‘impetus’. The name ‘insulin’ is 
derived from the Latin word insula for ‘island’. n

Figure 22.35 Proteins in 
the human body
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 22.3 Carbohydrates
B.3.1 Describe the structural features of monosaccharides.
B.3.2 Draw the straight-chain and ring structural formulas of glucose and fructose.

Structures of monosaccharides
Monosaccharides are simple sugars that contain a carbonyl group (>C=O) and two or more 
hydroxyl groups (-OH). Glucose, C6H12O6, is the most common monosaccharide and is the 
monomer for the polysaccharides starch and cellulose. Many monosaccharides, such as glucose, 
have the empirical formula CH2O. Monosaccharides contain three or more carbon atoms and 
usually have an unranked carbon skeleton. If the carbonyl group is at the end the monosaccharide 
is an aldose, for example glucose (Figure 22.36); if the carbonyl group is in any other position, the 
monosaccharide is a ketose, for example fructose (Figure 22.37). All simple monosaccharides are 
white, crystalline solids soluble in water due to the ability of the polar -OH groups to hydrogen 
bond with water.
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groupHOH
2
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2
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O

C

Figure 22.36 The structure of d-glucose, an aldose Figure 22.37 The structure of d-fructose, a ketose

Glucose (Figure 22.38) and fructose (Figure 22.39) are both simple monosaccharides that have the 
molecular formula C6H12O6. Glucose and fructose both exist in aqueous solution in the form of an 
acyclic (‘straight chain’) form in equilibrium with two cyclic (‘ring’) structures known as the α and β 
forms. The two cyclic forms are heavily favoured in the equilibrium. The α and β forms are isomers 
known as anomers. Pyranose forms have six atoms in a ring; furanose forms have five atoms in a ring. 
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structure of biologically active molecules
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Figure 22.38 The structures of glucose in aqueous solution
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Figure 22.39 The structures of fructose in aqueous solution

n Extension: Mutarotation
The two anomers of glucose have very slightly different effects on plane polarized light (Chapter 
20). For example, α-d-glucose has an optical rotation of +112° and its anomer, β-d-glucose, 
has an optical rotation of +19°. If the pure anomer is placed in water the optical rotation will 
change until an equilibrium mixture is formed. This process is known as mutarotation.

B.3.3 Describe the condensation of monosaccharides to form disaccharides and polysaccharides.

Disaccharides
The disaccharides consist of two monosaccharides joined by a glycosidic linkage, -O-. The 
bond is formed by the reaction of carbon atom 1 (the anomeric carbon atom) with the hydroxyl 
group, -OH, of another monosaccharide. The reaction involves the elimination of water (a 
condensation reaction).

The most common disaccharides are maltose, lactose and sucrose. Maltose is composed of two 
α-glucose residues and is found in germinating seeds. Sucrose is composed of an α-glucose and a 
β-fructose residue and is found in fruit. Lactose is composed of a glucose residue and a galactose 
residue (Figure 22.40).
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Figure 22.40 The formation of sucrose, maltose and lactose

Polysaccharides
Polysaccharides are condensation polymers of monosaccharide. The complete acid or enzyme 
hydrolysis of polysaccharides produces monosaccharides, usually glucose. The three most common 
and important polysaccharides are starch, cellulose and glycogen. All three are formed from 
glucose residues. 

Starch and glycogen are used to store glucose in plants and animals, respectively. Glycogen is 
present in the liver and muscles, while starch is formed in leaves, but stored in seeds and in roots. 
Cellulose is the major component of plant cell walls. It is the major component of wood and 
cotton.

Starch and glycogen are both polymers of α-glucose; cellulose is a polymer of β-glucose. The 
bonding between the α-glucose residues of starch and glycogen is different (see page 679).

Major functions of carbohydrates 

B.3.4 List the major functions of carbohydrates in the human body.

The carbohydrates often act as energy sources for respiration (Section 22.9). Glucose is the 
major substrate for respiration. Starch and glycogen can be broken down by appropriate enzymes 
to release glucose. Fructose can also enter the respiratory process (via phosphorylation). The 
intermediates of sugars formed during respiration can act as precursors for a range of molecules, 
for example amino acids  and porphyrins such as chlorophyll and hemoglobin (Chapter 26). 
The bases of DNA (see Section 22.8) are also synthesized from amino acids, which in turn are 
synthesized from the intermediates of aerobic respiration.
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Applications of Chemistry
Many carbohydrates and their derivatives are used in the pharmaceutical industry (Chapter 24) to bind preparations 
into tablets, or to act as ‘inert’ bulking agents for small quantities of drugs. Glucose, starch, sucrose and mannitol are 
all used for their adhesive properties. Mannitol is an alcohol sugar with the formula (C6H8(OH)6). Dextran is used 
as a plasma substitute, which increases blood volume in patients who have lost large amounts of blood. Dextran is a 
complicated, branched polysaccharide of glucose.

Comparing starch and cellulose

B.3.5 Compare the structural properties of starch and cellulose and explain why humans can digest starch but 
not cellulose.

Starch occurs in two forms: amylose and amylopectin (Figure 22.41). Amylose consists of long 
unbranched chains in which all the glucose units are bonded via α-1,4-glycosidic linkages. The 
other form of starch, amylopectin, is a branched molecule with the length of each branch being on 
average between 24 and 30 glucose residues. The backbone of amylopectin contains α-1,4 glycosidic 
linkages. However, the branch points are α-1,6-glycosidic linkages. Glycogen has a structure very 
similar to that of amylopectin. However, it is more highly branched and has a higher molar mass.

amylose (a straight-chain polymer of α-glucose)

amylopectin (a branched-chain polymer of α-glucose)
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Figure 22.41 Structures of amylose and amylopectin

Cellulose (Figure 22.42), like amylose, is an unbranched polymer of glucose. However, the glycosidic 
linkages are β-1,4 linkages. These β-1,4 linkages are bonds that connect carbon atom 1 of one glucose 
to carbon atom 4 of the other glucose, where the oxygen is in the α position on carbon atom 1. The 
change in bonding results in significant differences in the properties of starch and cellulose. Cellulose 
is insoluble in water; starch is slightly soluble. Cellulose forms fibres; starch is a powder.
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alternate glucose units are rotated by 180° the strands are held straight by bonds between glucose
units, and hydrogen bonds within the strand
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Figure 22.42 Structure of cellulose

Animals contain enzymes that degrade amylose and amylopectin into glucose. However, these 
enzymes do not bind cellulose and they are unable to hydrolyse cellulose. It therefore passes 
through the digestive system as dietary fibre (see below). Some animals, such as termites, secrete 
cellulase which breaks down the wood they eat. Cows contain bacteria in their stomachs which 
secrete cellulase and allow the cow to digest grass. Fungi are also able to break down cellulose.

Dietary fibre

B.3.6 State what is meant by the term dietary fibre.

Dietary fibre (or roughage) is the indigestible portion of plant-based food that retains water 
and so aids motility and makes defecation easier. Dietary fibre contains cellulose, hemicellulose, 
lignin and pectins. Lignin is present in wood and plant stems and is an important component 
of mature plant cell walls. It is a complex alcohol-based polymer and cross-linked with other 
cell wall components. Hemicellulose is similar to cellulose but is formed from a variety of 
monosaccharides. Pectin is another complex polysaccharide present in the material that binds 
adjacent plant cells together.

n Extension: Sources of dietary fibre
Sources of dietary fibre are usually divided according 
to whether they are water-soluble or water-insoluble. 
Both types of fibre are present in all plant foods. 
Insoluble fibre possesses water-attracting properties 
that help to shorten transit time through the 
intestine. Soluble fibre undergoes fermentation 
by the gut microflora (probiotic bacteria – Figure 
22.43) with healthy effects. Prunes have a thick skin 
covering a juicy pulp. The prune’s skin is an example 
of an insoluble fibre source, whereas soluble 
fibre sources are inside the pulp.

Figure 22.43 Probiotic cleanse: coated capsules that 
enable probiotic bacteria to pass through the highly 

acidic environment of the stomach
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Language of Chemistry
Probiotics are dietary supplements of live bacteria or yeasts thought to be healthy for the 
host organism. Lactic acid bacteria are the most common. They lower the pH and may create 
fewer opportunities for spoilage organisms to grow, hence creating possible health benefits by 
preventing intestinal infections. n

The importance of dietary fibre in the diet

B.3.7 Describe the importance of a diet high in dietary fibre.

As the dietary fibre passes through  
the small intestine it undergoes a 
process of fermentation (to varying 
degrees). A variety of short fatty 
acids are produced that protect and 
promote the environment in the 
large intestine and stimulate the 
immune system. Dietary fibre 
(Figure 22.44) may be helpful in 
the prevention of conditions such 
as diverticulosis, irritable bowel 
syndrome, constipation, obesity, 
Crohn’s disease, hemorrhoids and 
diabetes mellitus, as well as 
lowering cholesterol levels.

Diverticulosis is characterized by the presence of pockets of tissue in the lining of the colon 
(large intestine) due to weakness in the muscle layers. It is thought to be caused by pressure in 
the colon which may result from a diet low in fibre. Symptoms include bleeding, bloating and 
abdominal cramp after eating.

Irritable bowel syndrome (IBS) is a bowel disorder characterized by abdominal pain relieved 
by defecation. The underlying cause of IBS is not known, but it may be caused by the body’s 
immune system as a response to the presence of excessive microflora in the colon. IBS may also be 
triggered by certain foods in the diet.

Crohn’s disease has similar symptoms to IBS. It affects men and women equally and appears to 
be genetically determined. It is especially common in Jews and African-Americans. It is believed 
to be an autoimmune disease involving the body’s immune system responding to food and its own 
bacteria as ‘foreign’. A common complication with Crohn’s disease is blockage of the intestine.

Hemorrhoids or piles occurs when the veins in the rectum or anus become swollen and 
inflamed. Consequently, defecation is painful and blood is present in the stools. The general 
cause of hemorrhoids is pressure on the rectal veins. Increased straining caused by constipation 
or diarrhoea may lead to hemorrhoids. Severe cases of hemorrhoids are treated by surgery. A 
common approach is to cut the blood supply so the hemorrhoid dies and enters the stools.

n Extension: Defensins
Defensins are sulfur-rich proteins which are active against bacteria, fungi and some viruses. 
Epithelial (skin) cells and cells of the immune system contain these molecules, which function 
by binding to cell membranes. Once bound, they form pores in the cell membrane that allow the 
outflow of ions and nutrients – the cell then dies. A reduction of defensins in the small intestine 
may lead to Crohn’s disease.

Figure 22.44 A high-fibre breakfast cereal
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 22.4 Lipids
B.4.1 Compare the composition of the three type of lipids found in the human body.

Lipids are a group of substances that contain the elements carbon, hydrogen and oxygen, but the 
proportion of oxygen is less than in carbohydrates. Lipids are insoluble in water, but dissolve in 
organic solvents. Lipids occur in living organisms as triglycerides (fats and oils), phospholipids 
and steroids.

Triglycerides
Fats and oils are triglycerides formed from the  
condensation reactions (page 688) of propane-1,2,3-triol 
(glycerol) and fatty acids (long-chain carbon carboxylic 
acids) (Figure 22.45). Triglycerides are the commonest 
lipids in living organisms and are classified as fats or oils, 
depending upon whether they are solid (fats) or liquid 
(oils) at 20 °C. Triglycerides are non-polar and hence do 
not dissolve in water. The fatty acid chains of a 
triglyceride can be classified as saturated or unsaturated 
(page 685).

 
Phospholipids
Phospholipids have a structure very similar to that of a trigylceride, except that one of the 
three fatty acid groups is replaced by a phosphate group (Figure 22.46). Phospholipids are hence 
diglycerides. The phosphate group is ionized and negatively charged. Water molecules will 
therefore be attracted to this polar part of the molecule, making this end of the molecule soluble 
in water (this part of the molecule is hydrophilic). However, the other two fatty acid chains are 
long hydrocarbon chains and hence non-polar. These parts of the molecule will be hydrophobic 
(they will not attract water molecules).
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In cells, phospholipids often occur with proteins and cholesterol in a bilayer in the form of a 
cell membrane (Figure 22.47). Lipid bilayers occur when hydrophobic ‘tails’ line up against one 
another, forming a membrane with hydrophilic ‘heads’ on the outside facing the water.

Language of Chemistry
Hydrophobic means ‘water hating’ and hydrophilic means ‘water liking’. n

Figure 22.45 The generalized formula 
of a triglyceride, where R1, R2 and R3 

represent fatty acid chains, which may be 
the same or different
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Figure 22.46 
The generalized structure 
of a simple phospholipid
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Lecithin, or phosphatidylcholine, belongs to a group of  
phospholipids which incorporate choline as a head group (Figure 
22.48). They are a major component of biological membranes and 
can be isolated from either egg yolk or soyabeans, from which they 
are mechanically extracted or chemically extracted using hexane. 
Lecithin is used as a natural emulsifier (Chapter 26).

Steroids
Steroids are classified as lipids, although they do not contain fatty acids. They are classified as 
lipids because they have similar physical properties to triglycerides and are synthesized using 
common intermediates.

Steroids all contain a 17-carbon atom skeleton (or ‘nucleus’) consisting of four fused rings 
(Figure 22.49). Methyl groups (-CH3) are usually attached to carbon atoms 18 and 19 and a side-
chain usually occupies position 17. Steroids vary by the functional groups attached to these rings 
and the oxidation state of the rings.

Steroids are found in animals and plants and have many  
important biochemical roles. Steroids form bile acids, the 
constituents of bile that emulsify and solubilize lipids during the 
physical digestions of fats and oils (page 688). The sex 
hormones, for example progesterone, estrogen and testosterone, 
are all steroid-based hormones (Section 22.6). Aldosterone, 
secreted by the adrenal glands, is a member of another family of 
steroid-based hormones concerned with controlling the 
concentration of sodium and potassium ions. Vitamin D 
(calciferol) is a steroid-based vitamin (Section 22.5).
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n Extension: 

 

 

 

 

 

 

 

 

Figure 22.51  
Production of soap

Soap production
Triglycerides (fats and oils) are the glyceryl triesters of long-chain carboxylic acids. Heating 
triglycerides with a concentrated solution of aqueous sodium hydroxide (a strong alkali) causes 
hydrolysis (Figure 22.51). The sodium salts of the long-chain carboxylic acids are precipitated 
by adding salt to the mixture, and this solid is then washed and compressed into bars of soap. 
Perfume and dyes are also added.
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Language of Chemistry
The alkaline hydrolysis of fats and oils is known as saponification. The name saponification 
literally means ‘soap making’. The root word, sapo, is Latin for soap. Lipids can be classified 
into saponifiable lipids, for example triglycerides and phospholipids (diglycerides), and non-
saponifiable lipids, for example cholesterol. n

Cholesterol

B.4.2 Outline the difference between HDL and LDL cholesterol and outline its importance.

Cholesterol is found in all tissues since it is a component of cell membranes. High concentrations 
of cholesterol are found in the blood, brain and the spinal cord. Some cholesterol enters the body 
via the diet.

Since cholesterol, like other lipids, is almost insoluble in blood, it is transported in the plasma 
of the blood within lipoproteins known as apoproteins. The outer surface of the apoprotein 
is water-soluble (polar) and the inward-facing surface is fat-soluble (non-polar). Some of the 
cholesterol within the lipoprotein is in the form of cholesteryl ester: an ester bond is formed 
between the carboxylic acid group of a fatty and  the hydroxyl group of cholesterol.

There are two main types of lipoproteins in the blood: high-density lipoprotein (HDL) and 
low-density lipoprotein (LDL). The cholesterol within the two types of lipoproteins is identical.

High-density lipoproteins (HDL) are composed mainly of proteins, with only small amounts 
of cholesterol. HDLs are often referred to as ‘good cholesterol’ because they help remove 
cholesterol from artery walls and transport it to the liver for removal from the body. In healthy 
individuals, about 30% of blood cholesterol is carried by HDL. 

Language of Chemistry
The name cholesterol originates from the Greek chole (bile) and stereos (solid), and the 
chemical suffix -ol for an alcohol. n
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Low-density lipoproteins (LDL)  
(Figure 22.52) are composed mainly of 
cholesterol and have very little protein. 
They are often referred to as ‘bad 
cholesterol’ because they are primarily 
responsible for depositing cholesterol 
within arteries. 

Figure 22.52 Structure of LDL

Structure of fatty acids

B.4.3 Describe the difference in structure between saturated and unsaturated fatty aids.

Fats and oils that are saturated have no carbon–carbon double bonds between the carbon atoms 
in their fatty acids. Poly-unsaturated fats have one or more carbon–carbon double bonds in their 
fatty acids (Figure 22.53).

Fats with unsaturated fatty acids melt at lower temperatures than those with saturated fatty 
acids. This is a steric effect and occurs because the introduction of a double bond prevents the 
triglyceride molecules from approaching each other closely and hence interacting via van der 
Waals’ forces.

Saturated lipids do not react with bromine or iodine, but unsaturated lipids will undergo an 
addition reaction with halogens (page 687).

H3C

CH2

CH2

CH

H

H

C

H

H

C

H

H

C

H

H

C

H

H

C

H

H

C

H

H

C

H

H

C

H

H

C

H

H

C

H

H

C

H

H

C

H

H

C

H

H

C C

palmitic acid C15H31COOH,is a saturated fatty acid

tristearin, m.p. 72 °C

space-filling model

skeletal formula

(the double bond
causes a kink in the
hydrocarbon ‘tail’)

triolein, m.p. –4 °C 

oleic acid C17H37COOH,is an unsaturated fatty acid

O

O H

O C

O

C
O

O H

H3C

H

H

C

H

H

C

H

H

C

H

H

C

H

H

C

H

H

C

H

H

C

H

H

C

H

H

C

H

C

H

C

H

H

C

H

H

C

H

H

C

H

H

C

H

H

C C
O

O H

space-filling model

O C

O

O C

O

C
O

O H

CH2

CH2

CH

O C

O

O C

O

O C

O

Figure 22.53 Saturated and unsaturated fatty acids, and the triglycerides they form

unesterified
cholesterol

phospholipid

cholesteryl ester

apoprotein B-100



686 Human biocHemistry

Most naturally occurring fats and oils  
contain a mixture of saturated, mono-
unsaturated and poly-unsaturated fatty 
acids and are classified according to the 
predominant type of unsaturation present 
(Figure 22.54). 

For example, linseed soil (from the 
flax plant) has a relatively low percentage 
of saturated fatty acid residues and hence 
is classified as an unsaturated fat. In 
contrast, beef tallow – extracted from 
beef fat – is high in saturated fat and low 
in unsaturated fatty acids and hence is 
classified as a saturated fat. Animal lipids 
are generally saturated and vegetable 
lipids tend to be unsaturated.

 
 

Figure 22.54 Triacylglycerol components 
of lipids, classified according to the position 
and degree of saturation of their fatty acid 

residues. For example, UUU indicates a 
triacylglycerol in which the three fatty acid 

residues are unsaturated

Linoleic and linolenic acids

B.4.4 Compare the structures of the two essential fatty acids linoleic (omega-6-fatty acid) and linolenic acid 
(omega-3-fatty acid) and state their importance.

Language of Chemistry
The word linoleic comes from the Greek word linon (flax). n

Linoleic acid (Figure 22.55) is a member of a group of essential fatty acids called the omega-
6-fatty acids. Chemically, linoleic acid is a carboxylic acid with an 18-carbon chain and two cis 
carbon–carbon double bonds; the first double bond is located at the sixth carbon from the omega 
end. The omega end refers to the methyl end of the fatty acid chain.

CH
3

CH
2

CH
2

CH
2

CH
2

CH
2

CH
2

CH
2

CH
2

CH
2

CH
2

CH
2

H H H H

C

OH

O

C C

CH
2

C C

Linolenic acid (Figure 22.56) is an essential fatty acid found in rapeseed, soyabeans, walnuts 
and hemp. Green-leaved vegetables are also good sources of linolenic acid. Linolenic acid is an 
omega-3-fatty acid. 
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Linolenic acid is a carboxylic acid with an 18-carbon chain and three cis carbon–carbon double 
bonds. The first double bond is located at the third carbon from the omega end. Studies have 
found evidence that linolenic acid is related to a lower risk of cardiovascular disease.
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Unsaturated oils can be hydrogenated to convert them to semi-solid fats with a lower degree of 
unsaturation. Margarine is made by the hydrogenation of corn oil or sunflower oil (Chapter 26). 
The liquid component of margarine is made from milk and water.

The process of catalytic hydrogenation is intended to add hydrogen atoms to cis-unsaturated 
fats, eliminating a double bond and making them more saturated. These saturated fats have a 
higher melting point, which makes them attractive for baking and extends their shelf life. 

However, a partial process is often used that has a side-effect that converts some cis-isomers 
into trans-unsaturated fats instead of hydrogenating them completely. Trans-unsaturated fats 
(Figure 22.57) have a straight, rather than kinked, shape for the carbon chain, more like the 
straight chain of a fully saturated fat. A margarine may contain up to 20% of fatty acids with trans 
double bonds.
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Several large studies have indicated a link between consumption of high amounts of trans fats and 
coronary heart disease. This is mainly because trans fats increase the amount of LDL cholesterol 
and decrease the amount of HDL cholesterol in the blood stream (page 690). Trans fatty acids are 
used by the body like saturated fats, mainly in respiration (Section 22.9), but tend to block the 
use of omega-3 and omega-6 fatty acids for vital bodily functions (page 690).

Trans fats are only present in small amounts in natural oils and fats of plants and animals. The 
following products contain trans fats: margarine and other spreads, cake mixes, fast foods (fries 
and fried chicken), baked products (biscuits and cakes), salad dressing and crisps.

Iodine number

B.4.5 Define the term iodine number and calculate the number of C=C double bonds in an unsaturated fat/oil 
using addition reactions.

The iodine number is the mass of iodine in grams that is consumed by 100 grams of a chemical 
substance, such as unsaturated lipid. An iodine solution is yellow/brown in colour and any 
carbon–carbon double bonds in the lipid that reacts with iodine will make the colour disappear at 
a precise concentration. The amount of iodine solution thus required to keep the solution yellow/
brown is a measure of the amount of the unsaturation in the lipid.

Worked examples 0.01 moles of linoleic acid reacts with 1.5 grams of iodine. Determine the number of  
carbon–carbon double bonds present in the fatty acid.

Amount of iodine = 5.10 g
254 g mol−1 = 0.0200 mol

This implies a ratio of 0.01 mol of linoleic acid to 0.02 mol of iodine

Therefore, every molecule of linoleic acid contains two carbon–carbon double bonds.

Calculate the iodine number of linoleic acid, C17H31COOH.

Molar mass of linoleic acid = 280 g mol−1; molar mass of iodine = 254 g mol−1.

Linoleic acid has two carbon–carbon double bonds (deduced from the previous calculation).

280 grams of linoleic acid reacts with 2 × 254 grams of iodine. 

Hence, 100 g linoleic acid reacts with 508
280

 = 181 g iodine.

Therefore, the iodine number of linoleic acid is 181.

Figure 22.57 
The structure of the 
trans,trans form of 

linoleic acid
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Research has shown that a number of fatty acids are required in the diet. These fatty acids are 
known as essential fatty acids and cannot be synthesized by the human body. Linoleic acid is an 
essential fatty acid found in many vegetable oils, especially safflower and sunflower oils. Linoleic 
acid is used in the synthesis of prostaglandins (Chapter 24). 

Triglyceride formation
Condensation

B.4.6 Describe the condensation of glycerol and three fatty acid molecules to make a triglyceride.

Glycerol (propane-1,2,3-triol) has three hydroxyl groups (-OH), all of which can undergo a 
condensation reaction with a fatty acid molecule to form an ester. Usually all three hydroxyl 
groups undergo an enzyme-controlled condensation reaction, as shown in Figure 22.58, and the 
lipid formed is a triester known as a triglyceride.
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The fatty acid hydrocarbon chains, R1, R2 and R3, may be identical. For example. tristearin has 
three stearic acid molecules and triolein has three oleic acid molecules. However, R1, R2 and R3 
are usually different.

Enzyme-catalysed hydrolysis

B.4.7 Describe the enzyme-catalysed hydrolysis of glycerol and three fatty acid molecules to make a triglyceride.

Lipids are poorly soluble in water and hence do not undergo significant hydrolysis in water. 
Lipases are a group of digestive enzymes that break lipids down chemically. The major component 
of lipids in the human diet is triglycerides. Although a small amount of lipase is secreted by the 
tongue, and by the stomach, these digestive actions are not significant, as almost no breakdown of 
lipids occurs until they reach the first part of the small intestine.

Lipid digestion and absorption requires that the lipid molecules be broken down into smaller 
and hence more soluble molecules. The lipids mix with the lipase, which enters the small 
intestine from the pancreas – the main source of enzymes for digesting lipids and proteins. 

Lipase hydrolyses triglyceride molecules into fatty acid molecules and glycerol molecules 
(Figure 22.59). However, because lipids do not dissolve in water, the lipid molecules enter the small 
intestine in a congealed mass. This makes it impossible for the pancreatic lipase enzymes to attack 
them, since lipase is a water-soluble enzyme and can only attack the surface of the lipid molecules. 

lipids 
(fats and oils)

emulsification

emulsified lipid (tiny
droplets of triglycerides)

fatty acids and glycerol

 by churning action
of stomach and by bile

salts in duodenum

lipases

Figure 22.58 Formation 
of a trigylceride 

from fatty acids and 
glycerol molecules by 

condensation reaction

Figure 22.59 Summary of 
the digestion of lipids
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To overcome this problem the digestive system uses  
a substance called bile, produced in the liver but 
stored in the gallbladder, which enters the small 
intestine via the bile duct. Bile emulsifies fats 
(Chapter 26) – it disperses them into small droplets 
which then become suspended in the watery 
contents of the digestive tract. Emulsification 
allows lipase to gain easier access to the fat 
molecules and thus accelerates their digestion.

Absorption of fatty acids and glycerol occurs in 
the villi – the finger-like projections which cover 
the walls of the small intestine. Inside each villus 
(Figure 22.60) is a series of lymph vessels (lacteals) 
and blood vessels (capillaries). The lacteals absorb 
the fatty acids and glycerol into the lymphatic system 
which eventually drains into the blood stream. The 
fatty acids are transported via the blood stream to the 
membranes of adipose cells or muscle cells, where 
they are either stored or respired (Section 22.9) for 
energy. The glycerol enters the liver.

Energy value of fats

B.4.8 Explain the higher energy value of fats compared to carbohydrates. 

Fats and oils are efficient long-term stores of chemical energy. Typical fats and oils provide 
approximately 38 kilojoules of energy per gram, while typical carbohydrates provide only 17 kilojoules 
of energy per gram. This is because lipids are a more highly reduced form of biomolecule than a sugar. 
In other words, lipid molecules contain a higher proportion by mass of hydrogen and carbon than sugars.

n Extension: The respiratory quotient
The respiratory quotient (RQ) is the ratio of the amount of carbon dioxide produced to the 
amount of oxygen taken in by an organism in a given time:

RQ = CO2 produced
O2 taken in

The RQ value is useful because it indicates which substrate is being oxidized during respiration. 
For example, when glucose is respired aerobically the reaction is:

C6H12O6 + 6O2 → 6CO2 + 6H2O

Hence, the RQ is:
6CO2

6O2
 = 1.0

However, when fatty acids are respired aerobically (during starvation), the reaction is:

C18H36O2 + 26O2 → 18CO2 + 18H2O

and the RQ value is:
18CO2

26O2
 = 0.7

The RQ due to fatty acid respiration is significantly lower than that due to the respiration of 
carbohydrates. This is because fatty acids have a greater proportion of hydrogen atoms relative 
to oxygen atoms. Therefore the metabolism of fat consumes a great deal more oxygen for each 
carbon dioxide molecule produced than the metabolism of carbohydrates.

Figure 22.60 The internal structure of a villus in the 
small intestine
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The role of lipids in the body

B.4.9 Describe the roles of lipids in the body and the negative effects that they can have on health.

A major function of lipids is to act as a long-term energy store. They have a higher calorific value 
than carbohydrates (page 676) and are aerobically respired when glycogen levels in the muscles 
and liver run low. Fat is also respired after exercise so that glycogen levels can be restored.

Animals, such as bears, store extra fat when hibernating during the winter, and fat is also found 
below the dermis of the skin of mammals where it serves as an insulator to prevent heat loss. It 
is most extensive in aquatic mammals living in cold climates, such as whales and seals, where 
it takes the form of blubber. Fat also protects a number of organs, including the kidneys and 
intestines.

Plants usually store oils, rather than fats. Seeds and fruits are often rich in oils, for example the 
coconut, soyabean, peanuts, flax and sunflower seeds. When fat is respired (oxidized), water is a 
product. This is known as metabolic water and is essential to animals that live in hot deserts, such 
as the kangaroo rat. Camels store fat in their humps primarily as a water source, rather than as an 
energy source.

Phospholipids (page 682) are lipids with a covalently bonded phosphate group. They are 
the major constituents of cell membranes in plant, animal and bacterial cells. Lipoproteins are 
associations of lipids with proteins. They are present in cell membranes and play an important 
role in the transport of cholesterol in the blood (page 698).

Steroids are classified as lipids, but they are not formed from fatty acids. They have similar 
physical properties to triglycerides. Steroids are common in both animals and plants and have 
a wide range of functions. Steroids act as precursors for the synthesis of the sex hormones 
(progesterone, estrogen and testosterone – Section 22.6) and aldosterone. Steroids are also 
involved in the synthesis of bile, which emulsifies lipids during digestion (page 688). Vitamin D is 
a steroid derivative (Section 22.5).

Omega-3 poly-unsaturated fatty acids are found in oil from  
certain types of fish, vegetables (Figure 22.61), and other plant 
sources. These fatty acids are not made by the body and must be 
consumed in the diet. Omega-3 poly-unsaturated fatty acids 
work by lowering the body’s production of triglycerides. High 
levels of triglycerides can lead to coronary heart diseases and 
strokes. There is preliminary evidence that supplementation 
might be helpful in cases of depression and anxiety.

Mono-unsaturated fat is the primary fat source found in 
olive oil. Research shows that mono-unsaturated fat may have 
an LDL cholesterol-lowering effect, when substituted for equal 
amounts of saturated fat, and can help reduce the risk of heart 
disease. Mono-unsaturated fat may also help control blood sugar 
levels. Poly-unsaturated fat is found in plant oils, nuts and fish. 
Poly-unsaturated fat also helps to maintain heart health and 
lower blood cholesterol levels.

All animal fats (meat, poultry and dairy) contain saturated fat. These fats can raise blood 
cholesterol levels and increase the risk of heart disease. The major triglycerides present in 
saturated fat are lauric, myristic and palmitic acids. Lauric acid (C12) is the main fatty acid in 
coconut milk and palm kernel oil. Myrisitic acid (C14) is present in palm oil, coconut oil and 
butter fat. Palmitic acid (C16) is one of the most common saturated fatty acids found in animals 
and plants.

Trans fats are also naturally present in meat and dairy products, though in small amounts. 
Most trans fats are created through hydrogenation. Trans fats remain solid at room temperature, 
like saturated fats. Trans fats may raise LDL cholesterol levels while decreasing HDL cholesterol 
levels.

Figure 22.61 Oilseed rape: the oil 
contains both omega-6 and omega-3 

fatty acids in a ratio of 2 : 1
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Language of Chemistry
The media has divided fats into ‘good fats’ and ‘bad fats’. Good fats include mono-unsaturated 
and poly-unsaturated fats. ‘Bad fats’ include saturated fats and trans fats. n

Obesity is a condition in which excess body fat has accumulated to an extent that health may 
be negatively affected. Excessive body weight is associated with various diseases, particularly 
heart disease, diabetes mellitus, certain types of cancer. Hence, obesity reduces life expectancy. 
Obesity is generally due to lack of exercise with a diet that supplies energy in excess of the body’s 
requirements. Obesity is usually treated with dieting and physical exercise. The risk of obesity is 
greater when the diet is high in fat.

Obesity is often stigmatized in the modern Western World. However, it has been perceived as 
a symbol of wealth and fertility at other times in history, and still is in many parts of Africa.

Applications of Chemistry
Lipitor (Figure 22.62) is a member of the drug class known as statins, used 
for lowering levels of blood cholesterol and preventing strokes. The patent to 
Lipitor is owned by Pfizer and it is currently the largest selling drug in the world. 
Lipitor inhibits an enzyme involved in the synthesis of an intermediate for 
production of cholesterol. 
 
 

Figure 22.62 Structure of Lipitor

 22.5 Micronutrients and macronutrients
B.5.1 Outline the difference between micronutrients and macronutrients.

A nutrient is a substance required by an organism. Nutrients are needed for metabolism – the 
chemical reactions that occur inside cells. Nutrients include carbohydrates (Section 22.3), lipids, 
proteins (Section 22.2), vitamins (page 693), minerals and water. Nutrients are divided into 
micronutrients and macronutrients.

A selection of minerals essential to human health are listed in Tables 22.3 and 22.4. Plants and 
animals lacking an essential mineral will develop a characteristic deficiency disease or disorder 
(page 694).

Minerals have four functions in the body:

They act as raw materials for the formation of body tissues.	n

They provide the necessary chemical environment for cells.	n

They act as metabolic intermediates for cell processes.	n

They act as co-enzymes.	n

The minerals in the first two categories are required in relatively large amounts and are known as 
macronutrients (Table 22.3). The quantities required will be in excess of 0.005% of body mass.

Minerals in the last two categories are required in much smaller amounts and are known as 
micronutrients (Table 22.4).They are required in milligram or microgram quantities (103 mg = 1 g; 
106 µg = 1 g).
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Mineral Major food source Function

Calcium Milk (Figure 22.63), cheese, bread
   

Bone and teeth formation; muscle contraction, nerve 
action, blood clotting and blood formation

Phosphorus Cheese, eggs Bone and tooth formation, respiration, ATP and nucleic 
acid formation

Sulfur Dairy products, meat, eggs and 
broccoli

Formation of keratin and extracellular matrix; thiamin 
(vitamin B1) and co-enzymes

Potassium Potatoes, meat and chocolate Muscle contraction, nerve action and active transport 
across cell membranes

Magnesium Meat and green vegetables Formation of bones and co-enzymes for respiration

Chlorine Salted foods, e.g. crisps and sea food Maintaining the anion/cation balance in cells; formation 
of gastric juice (hydrochloric acid)

Sodium Any salted food, meat, eggs and milk Muscle contraction, nerve action and active transport 
across cell membranes

Table 22.3 Macronutrient minerals

Mineral Major food source Function

Iron Liver and red meat; some vegetables, 
e.g. spinach

Heme group in hemoglobin (oxygen carrier in blood)

Copper Most foods Cytochrome c oxidase (electron transport chain) 
(Section 22.9)

Fluorine Milk, drinking water in some areas Component of tooth enamel and bone.

Zinc Most foods Co-factor for enzymes

Iodine Seafood and iodized salt Thyroxine synthesis (control of basal metabolic rate)

Selenium Plants, seafood, meat and 
mushrooms.

Antioxidants; reduces risk of cancer, heart disease; 
immune system

Manganese Vegetables and most other foods. Phosphatase enzymes (transfer phosphate groups)

Molybdenum Most foods Enzyme co-factor

Chromium Most foods Uptake of glucose

Cobalt Most foods Synthesis of vitamin B12; red blood cell development

Boron Fruits and vegetables Bones and brain function

Table 22.4 Micronutrient minerals

Vitamins

B.5.2 Compare the structures of retinol (vitamin A), calciferol (vitamin D) and ascorbic acid (vitamin C).
B.5.3 Deduce whether a vitamin is water- or fat-soluble from its structure.

Vitamins are a group of complex organic compounds present in very small quantities in food 
and absorbed into the body during digestion. They have no energy value, but are essential for a 
healthy body and for maintaining body metabolism. 

The vitamins are classified into two groups: water-soluble vitamins and fat-soluble vitamins. 
Vitamins A, D, E and K are fat-soluble and vitamin C and the B group of vitamins are water-
soluble. Fat-soluble vitamins are stored in the liver and adipose (fat) tissue. Water-soluble 
vitamins are only stored in small amounts inside cells. Water-soluble vitamins must therefore be 
supplied regularly in the diet. The structures of vitamin A (retinol), vitamin D (calciferol) and 
vitamin C (ascorbic acid) are shown in Figure 22.64.

Figure 22.63 Anlene 
concentrate: high-calcium 
and low-fat milk
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The solubility of a vitamin can be readily deduced from its structure. Consider the structure of 
vitamin A (retinol) (Figure 22.65). Although the molecule contains a polar hydroxyl group, 
-OH, it is essentially non-polar due to the presence of a large hydrocarbon ‘skeleton’. Vitamin A 
is therefore predicted to be fat-soluble and largely insoluble in water.
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In contrast, consider the structure of vitamin C (Figure 22.66).  
The molecule has a much smaller hydrocarbon ‘skeleton’, but this 
contains four polar hydroxyl groups, -OH, which can form 
hydrogen bonds with water molecules. Vitamin C is therefore 
expected to be soluble in water.

Figure 22.66 The structure of vitamin C showing its polar groups

Language of Chemistry
Vitamins were originally named ‘vitamines’ (vital amines). Later it was found that not all 
vitamins are amines, so the e was dropped and the term vitamins adopted. n

Figure 22.64 Structures 
of vitamins A, D and C

Figure 22.65 The 
structure of vitamin A and 

classification into polar 
and non-polar regions
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Nutrient deficiencies

B.5.4 Discuss the causes and effects of nutrient deficiencies in different countries and suggest solutions.

If the diet does not contain enough of a vitamin a disorder occurs, which is termed a deficiency 
disease. When the intake in the diet is insufficient, the deficiency disease can be avoided by 
supplementing the diet with the necessary vitamin. Table 22.5 indicates some of the sources 
and biochemical functions of selected vitamins required in the human diet and the associated 
deficiency disease.

Name of vitamin Important sources Biological function Deficiency disease

A (retinol) Milk, butter, eggs, liver 
cod liver oil, green and 
yellow vegetables

The aldehyde form known 
as retinal is essential for 
the formation of the visual 
pigment rhodopsin

Skin and cornea in eye become 
dry (not connected with the 
function of retinal in rhodopsin); 
poor ‘night vision’

D (calciferol) Cod liver oil, eggs, 
margarine (if fortified), 
milk (if fortified); also 
synthesized by the body in 
the presence of sunlight

Controls calcium 
absorption; important in 
bone and tooth formation

Rickets in children: failure of 
bones to calcify and become 
hard. Osteomalacia in adults: 
spontaneous fractures

C (ascorbic acid) Citrus fruits, green 
vegetables, potatoes, 
tomatoes

Essential for collagen 
synthesis

Scurvy – skin of gums becomes 
weak and bleeds; wounds fail to 
heal; connective tissue fibres fail 
to form

B1 (thiamin) Unprocessed rice, whole 
cereals, egg yolk, liver, 
milk, green vegetables and 
fruits

Acts as a co-enzyme in 
aerobic respiration

Beri beri – nervous system 
affected; muscles become painful 
and weak; loss of appetite

B3 (niacin) Meat, wholemeal bread, 
yeast extract and liver

Essential part of several 
co-enzymes

Pellagra – skin lesions, rashes and 
diarrhoea

Table 22.5 The sources, functions and deficiency diseases of the major human vitamins

Language of Chemistry
A number of enzymes only function in the presence of a co-enzyme. These are small organic 
molecules and are temporary parts of an enzyme’s structure. Co-enzymes molecules are often 
vitamins or are made from vitamins. Examples of vitamins acting as co-enzymes include 
vitamin B1 (thiamin), vitamin B6 (pyridoxine) and vitamin B2 (riboflavin). n

Deficiency diseases also arise when a person’s diet lacks a specific mineral (Table 22.6). Minerals 
act as metabolites for various cell processes, raw materials for body tissue formation, components 
of enzymes and providing the correct chemical environment for cells.

n Extension: Vitamin A
Mammals including humans will die on a diet deficient in vitamin A, but they do not die 
because of problems with their visual pigments. Vitamin A has a much more important function 
in maintaining life, growth and general health. The active form of A in this systemic mode of 
action is retinoic acid. Rats given a diet containing retinoic acid as the sole source of vitamin A 
become blind because they cannot reduce retinoic acid to retinal to serve as visual pigments, but 
they grow normally and are outwardly healthy, illustrating the two separate functions.
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Mineral Deficiency diseases caused Symptoms of deficiency diseases

Calcium and phosphorus Rickets in children and osteomalacia 
(softening of bones) in adults

Bones and teeth are affected; twisted limbs or 
unformed teeth

Sulfur Skin problems or disorders, muscle pain, nerve 
disorders, circulatory trouble, stress, infection

Potassium Rarely deficient Heart disease

Chlorine Muscular cramps

Sodium Muscular cramps; heart disease

Iron Anemia: low level of red blood cells Fatigue, dizziness, rapid heart beat

Iodine Goitre (Figure 22.67) Enlarged thyroid gland and protruding eyes

Table 22.6 The sources, functions and deficiency diseases of the major minerals in the human diet 

Some foods are ‘fortified’ to ensure that a normal diet can  
provide sufficient vitamins or minerals to maintain health. For 
example, the milling of wheat removes part of the grain richest 
in vitamin B1, so white flour has this vitamin added to it. 
Margarine has vitamins A and D added, and vitamin C is often 
added to fruit juices and dehydrated mashed potato. Potassium 
iodide is commonly added to table salt.

Malnutrition is a general term for a medical condition caused 
by an improper or inadequate diet. An individual will experience 
malnutrition if the appropriate amount of or quality of nutrients 
comprising a healthy diet are not consumed. An extended period 
of malnutrition can result in starvation, vitamin or mineral 
deficiency diseases, and infection (since the immune system 
is affected). Protein–energy malnutrition refers to a form of 
malnutrition where there is inadequate protein intake. There are 
two forms: marasmus and kwashiorkor (Figure 22.68).

kwashiorkor

swelling of legs (oedema)

sparse hair

‘moon face’ with little
interest in surroundings

flaky appearance of skin

swollen abdomen

thin muscles, but fat
present

•

•

•

•

•

•

marasmus

normal hair

‘old man’ or wizened
appearance

thin limbs with little
muscle or fat

very underweight
body

•

•

•

•

Marasmus is a form of severe protein malnutrition characterized by energy deficiency. The 
malnutrition associated with marasmus leads to extensive tissue and muscle wasting, as 
well as edema (accumulation of fluid beneath the skin or in a body cavity). Other common 
characteristics include dry skin and loose skin folds hanging over the buttocks and armpits. There 
is also drastic loss of adipose (fat) tissue from normal areas of fat deposits, such as the buttocks and 
the thighs. Marasmus patients are often irritable, and extremely hungry. In children body mass 
may be reduced to less than 80% of the normal mass for that height.

Kwashiorkor is a type of malnutrition commonly believed, in part, to be caused by insufficient 
protein consumption. Children aged 1–4 years are most often affected, although it also occurs in 
older children and adults. Symptoms of kwashiorkor include a swollen abdomen (pot belly), as 

Figure 22.67 An adult untreated 
with goitre

Figure 22.68 
Kwashiorkor and 

marasmus
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well as alternating bands of pale and dark hair and weight loss. Common skin symptoms include 
dermatitis (inflammation of the skin) and depigmented skin.

Kwashiorkor is likely due to deficiency of protein in combination with one of several types of 
micronutrients (e.g. iron, folic acid (vitamin B9), iodine, selenium and vitamin C), particularly 
those involved with antioxidant properties (Chapter 26).

Language of Chemistry
Kwashiorkor is a Swahili word meaning ‘displaced child’, referring to the fact that the 
condition often develops after breast-feeding has stopped. n

Human selenium deficiency is rare in many countries but occurs in China, where the soil 
concentration of selenium is low. Selenium deficiency has also been seen in people who rely 
on an intravenous drip in hospital as their sole source of nutrition. Severe gastrointestinal 
disorders may decrease the absorption of selenium, resulting in selenium depletion or deficiency. 
A selenium deficiency can be treated with selenium supplements. Selenium supplements may 
contain sodium selenite (Na2SeO3) and sodium selenate (Na2SeO4), two inorganic forms of 
selenium. However, selenomethionine (a selenium derivative of the amino acid methionine) is 
generally considered to be the best absorbed and utilized form of selenium.

A number of scientists are claiming that genetically modified (GM) plants (Chapter 26) 
can significantly reduce malnutrition, especially in the Third World, through the development 
of plants that are resistant to pest-derived disease, adverse soil pH or drought conditions. In 
addition, plants can be engineered to have high levels of specific nutrients.

The advantages of using GM crops include a potential reduction in input in terms of labour 
and machinery costs (of particular importance to resource-poor farmers), a reduction in the use 
of potentially harmful fertilizers and insecticides, and a potential reduction in the amount of 
land required for cultivation due to an increase in yield (or rather a decrease in the numbers of 
diseased plants).

Applications of Chemistry
Golden rice is a variety of rice (Oryza sativa) produced through genetic engineering to biosynthesize β-carotene, 
a precursor of vitamin A (retinol) in the edible parts of rice. Golden rice was developed as a fortified food to be 
used in areas where there is a shortage of dietary vitamin A. Approximately 24 million people, in 118 countries, 
were estimated to be affected by vitamin A deficiency. It is responsible for 1–2 million deaths, 500 000 cases of 
irreversible blindness and millions of cases of xerophthalmia every year. Vitamin A deficiency is currently treated 
orally and by injection.

 22.6 Hormones
B.6.1 Outline the production and function of hormones in the body.

Hormones are ‘chemical messengers’ produced and secreted from cells of ductless or endocrine 
gland (Figure 22.69). They are transported in the blood stream, but act only at specific target 
organs. The blood contains very low concentrations of a number of different hormones (Table 
22.7), but these hormones help to control and coordinate many body functions and activities. 
They typically cause specific changes in the metabolism of their target organs.
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hypothalamus:
(secretes hormones controlling
activity of the anterior pituitary)

thyroid gland:
thyroxine (controls the rate of
basal metaboloism of cells and
glucose metabolism by tissues)

pituitary gland –
anterior: thyroid-stimulating 
  hormone
posterior: ADH 

pancreas (islets of
Langerhans):
insulin, glucagon

ovaries/testes:
sex hormones, estrogen 
and testosterone

adrenal glands:
adrenaline, aldosterone

Hormone Secreting organ/tissue/cells Function or activity

ADH Posterior pituitary Promotes water reabsorption by kidneys and 
controls blood osmolarity

Aldosterone Cortex of the adrenal gland Regulates salt excretion by kidney; controls blood 
pressure

Estrogen Ovaries Development of the female secondary sexual 
characteristics and control of the menstrual cycle

Progesterone Corpus luteum of the ovary Regulates activity in female reproductive organs 
during menstrual cycle and pregnancy

Testosterone Testes Sperm production

Insulin Pancreas (Islets of Langerhans) Stimulates glucose uptake and usage

Epinephrine (adrenaline) Medulla of the adrenal gland Controls response to stress, increases heart rate

Thyroxine Thyroid gland Stimulates metabolism in many tissues

Table 22.7 Selected human hormones

n Extension: Hormone mechanisms
Chemical analysis of hormones shows they fall into two groups: steroids, for example the sex 
hormones, and peptides (small proteins), for example insulin and ADH. These two groups of 
hormones have different mechanisms of action within target cells (Figure 22.70, overleaf). 
Steroid hormones move across the cell membrane (due to their non-polar nature) to activate 
specific genes, causing protein synthesis. Peptide-based hormones bind to protein membrane 
receptors, activating existing proteins in the cytoplasm. This is achieved via the action of a 
second messenger, usually cyclic AMP.

Figure 22.69 The human 
endocrine system
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steroid hormone action

steroid
hormone moves through

plasma
membrane

gene activated
to yield
mRNA

mRNA transported to 
ribosomes in cytoplasm

amine/peptide hormone action

peptide
hormone

binds to receptor in
plasma membrane

steroid receptor
in cytoplasm

existing (inactive) protein

hormone does
not enter cell

ATP
cyclic AMP

activated
enzymeactivated

enzyme

structure/function
of cell altered

structure/function
of cell altered

Figure 22.70 The action of steroid and peptide-based hormones

The structures of cholesterol and the sex hormones

B.6.2 Compare the structures of cholesterol and the sex hormones.

Sterols are structural lipids present in the membranes of animal and plant cells. They have a 
characteristic structure consisting of four fused rings, three with six carbon atoms and one with five 
carbon atoms. This structure is flat and relatively rigid and the fused rings do not allow free rotation 
about the carbon–carbon bonds. The major sterol in animal tissue is cholesterol (Figure 22.71).

HOpolar –OH group

hydrophobic part of molecule

hydrophilic part of molecule

Cholesterol is synthesized in cells and tissues, as required. In mammals, cholesterol is obtained 
from the diet (meat and lipids), and is also synthesized, mainly in the liver. Due to its insolubility, 
cholesterol is transported in the blood in the form of lipoproteins (page 684).

The male sex hormones, testosterone and androsterone, are produced in the testes and are both 
derived from cholesterol. The female sex hormones, progesterone and estrogen, are also derived 
from cholesterol. The female and male sex hormones are structurally very similar (Figure 22.72), 
with relatively small changes in the functional groups attached to the basic steroid ‘framework’. 
These small differences in molecular shape and size are easily distinguishable to enzymes.

Figure 22.71 The skeletal 
structure of cholesterol, 

a steroid
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The action of oral contraceptives

B.6.3 Describe the mode of action of oral contraceptives.

At the start of the menstrual cycle the pituitary gland in the brain releases follicle stimulating 
hormone (FSH) (Figure 22.73). FSH is secreted into the blood stream and enters the ovaries, 
where it causes a fluid-filled sac known as a follicle to produce an ovum (egg). The developing 
follicle releases estrogen, to prepare the release of the ovum (egg) and thickening of the uterine 
lining (the endometrium). 

anterior pituitary gland

hypothalamus (part of forebrain)

releasing hormone 
from hypothalamus
controls release of FSH
and LH by the anterior
pituitary

1 secretion 
   of FSH 4 corpus luteum

   secretes 
   progesterone

falling levels of LH + FSH
allows corpus luteum to degenerate
→ levels of progesterone + estrogen fall
→ endometrium breaks down
→ stimulates restarting of the cycle 

5 

inhibits LH
inhibits FSH

3 LH
   ovulation

estrogen

+

progesterone

2 growth
   of follicle

secretion of
estrogen

After about two weeks FSH productions stops (via a negative feedback mechanism) and 
luteinizing hormone (LH) is produced. LH is transported via the blood stream to the ovaries 
where it stimulates ovulation from the follicle and transformation of the remains of the follicle 
to a body called the corpus luteum, a temporary endocrine gland that secretes progesterone. 

Figure 22.72 
The structures of the male 
and female sex hormones

Figure 22.73 Hormone 
regulation of the female 

menstrual cycle
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Progesterone causes the ovum (egg) to travel to the uterus and the uterine wall to continue 
building. If the ovum is not fertilized, the corpus luteum breaks down, the ovum degenerates and 
menstruation begins – this washes away the ovum and the uterine lining (Figure 22.74). If the 
ovum is fertilized it embeds itself in the uterine wall and overall hormone levels rise dramatically. 

0 2

Levels of the
gonadotrophic

hormones in
the blood

LH

FSH

estrogen

progesterone

ovarian follicle growing

endometrium of uterus
breaks down at
menstruation endometrium grows

Time/days

blood vessels

ovulation corpus
luteum

(no fertilization)
degenerates

4 6 8 10 12 14 16 18 20 22 24 26 28

0 2

Levels of the
female sex

hormones in
the blood

Ovarian cycle

Uterine cycle

4 6 8 10 12 14 16 18 20 22 24 26 28

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28

Figure 22.74 The changing levels of the hormones in the female menstrual cycle

Language of Chemistry
LH and FSH are known as ‘gonadotrophins’ because their roles are to stimulate the gonads 
(sexual organs). n
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Applications of Chemistry
A combination of estrogen and progesterone 
(the pill) (Figure 22.75) stops ovulation and 
mimics the biochemistry of a pregnant 
woman. However, this mixture of these 
hormones can cause irregular menstrual flow. 
New synthetic hormones such as 
norethindrone and norethynodrel reduce 
these problems. These molecules have a 
steroid backbone, but different functional 
groups compared to natural hormones. The 
‘mini pill’, which is active for 5 years, is placed 
under the skin – it contains progestin, a 
hormone that changes the mucus of the uterus 
and makes it resistant to sperm. The ‘mini pill’ 
does not contain estrogen.

Use and abuse of steroids

B.6.4 Outline the use and abuse of steroids.

In the 1920s it had been established that the testes produced a hormone which was responsible 
for the male characteristics. Testosterone (Figure 22.76a, overleaf) was synthesized in 1935 
and its properties investigated. Research showed that testosterone was responsible for sexual 
development in males and also for stimulating growth and protein synthesis in muscles, as well as 
the production of red blood cells by the bone marrow.

History of Chemistry
The Nazis gave testosterone to the soldiers serving in Russia during the Second World 
War in the hope of creating a ‘master race’ of super strong troops. However, testosterone is 
a steroid-based hormone and hence poorly soluble in water. The drug is absorbed from the 
intestine and is transported to the liver where it is destroyed. Thus taking testosterone had 
little effect on the soldiers.

Urine from males contains inactive compounds called ‘17-ketosteroids’ (Figure 22.76b) which 
differ from testosterone in having a ketone group at position 17 instead of the primary alcohol 
group found in testosterone.

Researchers found that by substituting the hydrogen atom on carbon atom 17 (Figure 22.76c) 
with an alkyl group (ethyl, -C2H5, or propyl, -C3H7), a testosterone derivative could be 
synthesized that would last much longer in the body, yet have the same biological effects as 
testosterone. Another approach to stable testosterone derivative was the synthesis of an ester via 
reacting the alcohol with an organic acid (Figure 22.76d).

Figure 22.75 Female oral contraceptive pills: femodene 28  
(containing gestodene and ethinylestradiol)
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Later, more complex ester derivatives of testosterone were synthesized by introducing various 
chemical groups at positions 1, 2, 9 or 11. These testosterone derivatives are known as anabolic 
steroids (Figure 22.77); they are resistant to breakdown by the enzymes that destroy testosterone. 
This is because their molecular structure and hence shape is so different from testosterone that 
they do not bind to the active site of the enzymes that catalyse testosterone oxidation.
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Language of Chemistry
The word anabolic comes from the Greek word anabolein meaning ‘to build up’. n

Anabolic steroids were widely used by athletes until they were banned in the 1976 Olympic 
Games. Anabolic steroids can be detected in urine using gas chromatography/mass spectrometry 
(GC–MS) (Chapter 21).

Anabolic steroids increase muscle bulk and stimulate competitiveness. The effects are 
maintained even when the drugs are taken during training and stopped before a competition.

Women who take anabolic steroids develop masculine features, such as a deep voice, body hair 
and rough skin; they also stop menstruating. Men develop acne, premature baldness and become 
prone to heart attacks.

However, there is a therapeutic use of these chemicals. Anabolic steroids have been used to 
treat a number of medical conditions. They can be used for:

bone marrow stimulation, for patients with leukaemia (cancer of white blood cells) or kidney 	n

failure
stimulation of growth, for children with growth failure	n

stimulation of appetite and increase in muscle mass, for patients with chronic wasting 	n

conditions, such as cancer and AIDS
hormone replacement therapy, for treating men with low levels of testosterone.	n

Figure 22.76 
Testosterone and related 

compounds

Figure 22.77 Examples of 
anabolic steroids
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 22.7 Enzymes
B.7.1 Describe the characteristics of biological catalysts (enzymes).
B.7.2 Compare inorganic catalysts and biological catalysts (enzymes).

Enzymes are globular proteins specialized to catalyse biochemical reactions. As biological catalysts 
(Chapter 6), enzymes increase the rate of a chemical reaction without undergoing a permanent 
chemical change. The enzyme performs its catalytic function by providing an alternative 
mechanism with a lower activation energy for the reaction. The molecules whose reaction is 
catalysed by an enzyme are referred to as its substrates. A relatively small part of the protein is 
know is called its active site, in which the substrates can bind. Enzymes combine temporarily with 
the substrate to produce a transition state having a lower free energy than the transition state of 
the uncatalysed reaction. When the reaction products are formed, the free enzyme is regenerated.

Enzyme activity is the rate at which a biochemical reaction takes place in the presence of an 
enzyme. It is measured in terms of the rate of appearance of a product or consumption of the 
reactant (Chapter 7).

Enzymes generally have very high specificity, meaning that only certain substrates are acted 
upon and only a single type of reaction takes place, without side reactions or by products. This 
high specificity occurs because the active site has a very close fit to the substrate, and enzyme and 
substrate have complementary structures whereby all the charged, hydrophilic and hydrophobic 
amino acid residues are paired.

(Although are very specific compared to inorganic catalysts, enzymes vary considerably in their 
degree of specificity. Some are absolutely specific for a particular substrate and will not attack 
even the enantiomer, whereas others will react with a whole class of molecules but at widely 
differing rates.)

Enzymes are very efficient catalysts and function in dilute aqueous solution at biological pH 
and moderate temperature, in contrast to the rather extreme conditions often used with inorganic 
industrial catalysts (Chapter 23).

The activity and specificity of enzymes depends on their conformation or three-dimensional 
shape (tertiary and quaternary structures (Section 22.2). Small changes in the conformation of 
a protein will lead to loss of activity and specificity. The differences between inorganic catalysts 
(Chapter 7) and enzymes are summarized in Table 22.8.

Enzymes Inorganic catalysts

Enzymes are complex globular proteins Inorganic catalysts are generally ions, or simple 
molecules

Enzymes are synthesized by living cells Inorganic catalysts are not produced by living cells

Enzymes are usually highly specific in action Inorganic catalysts are usually less specific in action

Enzymes are sensitive to changes in pH and 
temperature

Inorganic catalysts are usually less sensitive to changes 
in pH and temperature

Enzymes only function in aqueous solution Some inorganic catalysts function in aqueous solution

Table 22.8 Differences between enzymes and catalysts

Language of Chemistry
The turnover number is defined as the maximum number of molecules of substrate that 
an enzyme can convert to product per catalytic site per unit time. For example, carbonic 
anhydrase has a turnover number of 600 000 s−1, which means that each carbonic anhydrase 
molecule can produce up to 600 000 molecules of carbon dioxide product per second. n
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History of Chemistry
James Sumner (1887–1955) was an American chemist who shared the Nobel Prize 
in Chemistry in 1946. He was the first person to successfully isolate and crystallize an 
enzyme (urease) and prove that it was a protein. While hunting at age 17, Sumner was 
accidentally shot by a companion and as a result his left arm had to be amputated just 
below the elbow. He had been left-handed before the accident, after which he had to learn 
to do things with his right hand.

n Extension:

 

 

Figure 22.78 
Measuring the rate of 

reaction, using catalase 
(from liver)

Measuring rates of enzyme-controlled reactions
The rate of an enzyme-catalysed reaction is the amount of substrate that has been consumed 
from a reaction mixture, or the amount of product that has been formed. The SI units of rate 
(Chapter 6) are moles per cubic decimetre per second, mol dm−3 s−1, but other units such as 
moles per minute (mol min−1) or cubic centimetres per second (cm3 s−1) are also used.

One well-studied enzyme is catalase, which catalyses the breakdown of hydrogen peroxide to 
water:

2H2O2 → 2H2O + O2

Catalase occurs in all cells (liver cells are an especially rich source) and protects them from 
hydrogen peroxide, a highly oxidizing minor byproduct of respiration and a chemical employed 
by natural killer cells in the immune system.

The rates of enzyme-controlled reactions can be followed by measuring any variable that 
varies with time during the reaction, for example pH, absorbance, turbidity (cloudiness) and, in 
the case of catalase, total gas volume. The results are plotted on a graph. Tangents can be drawn 
to the curve obtained to calculate initial rates (Figure 22.78).
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If the initial rate of O2 production continued for 120 s, then 28 cm3 of O2 would be produced.
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Enzyme kinetics

B.7.3 Describe the relationship between substrate concentration and enzyme activity
B.7.4 Determine Vmax and the value of the Michaelis constant (Km) by graphical means and explain its 

significance.

The general principles of reaction kinetics (Chapter 6) apply to enzyme-catalysed reactions, 
but with one very important feature not usually observed in non-enzymatic reactions (except 
surface chemistry) – saturation with substrate (Figure 22.79). (The graph takes the form of a right 
rectangular hyperbola which is asymptotic to the maximum enzyme rate, Vmax.)

[substrate]

V

2
Vmax

Vmax

Km

At low substrate concentration, the enzyme activity, V (reaction rate), is nearly proportional to 
the substrate concentration, and the reaction is, therefore, approximately first order (Chapter 16) 
with respect to the substrate. As the substrate concentration is increased, the activity (reaction 
rate) increases less and is no longer nearly proportional to the substrate concentration: the reaction 
is now mixed order. With a further increase in the substrate concentration, the activity (reaction 
rate) tends to become independent of substrate concentration and approaches a constant rate, Vmax. 
In this region the reaction is essentially zero order with respect to the substrate and the enzyme is 
said to be saturated with its substrate. All enzymes show this saturation (if the substrate is soluble 
enough) but there is variation in the substrate concentration required to produce it.

This saturation behaviour (Figure 22.80) suggests that the enzyme and substrate react 
reversibly to form a complex as an essential step of the enzyme-catalysed reaction, and also 
suggests that enzymes possess active sites where the substrate binds and chemical reaction occurs. 
Michaelis and Menten were the first researchers to develop a general theory of enzyme-catalysed 
reactions and kinetics.

Substrate concentration

few substrate molecules:
many active sites free: 
increase in substrate concentration
will increase the rate

more substrate molecules:
all active sites engaged in catalysis:
maximum rate of reaction

more substrate molecules:
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Figure 22.79 The effect 
of substrate concentration 
on the rate of an enzyme-

catalysed reaction

Figure 22.80 
Interpreting the change 

in initial reaction rate with 
substrate concentration 
of an enzyme-catalysed 

reaction
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The Michaelis and Menten theory assumes that enzyme, E, first binds with the substrate, S, to 
form an enzyme–substrate complex. This then breaks down to form the free enzyme and the 
product P. The first reaction is reversible and the enzyme–substrate concentration is assumed to 
be constant during the reaction.

E + S  ES 
ES → E + P

For reactions of this type, at a very low substrate concentration [S], the activity (rate of reaction) 
V, increases almost linearly as a function of [S]. As [S] increases further V increases less rapidly. 
Eventually, V reaches a limiting value called Vmax at saturating [S]. Vmax is the maximum activity 
(rate of reaction) at ‘infinite’ substrate concentration. The [S] at which V equals Vmax/2 is called 
the Michaelis constant, Km (units of mol dm−3) (shown in Figure 22.79).

An approximate value of the Michaelis constant for any given enzyme can be easily determined 
from a series of simple of simple experiments in which the enzyme’s activity (rate) is measured at 
different initial concentrations of the substrate with a fixed concentration of enzyme, and values 
plotted.

If the value of the Michaelis constant, Km, is low then a low concentration of substrate is 
sufficient to reach the maximum activity, Vmax. If the value of the Michaelis constant, Km, is high 
then a high concentration of substrate is sufficient to reach the maximum activity, Vmax. The 
Michaelis constant, Km, is therefore a measure of the affinity of an enzyme for its substrate.

The Michaelis constant is not a fixed value but may vary with the structure of the substrate, 
with pH and with temperature. Inside cells, enzymes are not necessarily saturated with their 
substrates. The maximum activity (rate of reaction), Vmax also varies widely from one enzyme to 
another for a given enzyme concentration. Vmax also varies with the structure of the substrate with 
pH, and with temperature.

The catalytic properties and specificity of an enzyme are determined by the functional groups 
in a small region of the protein surface called the active site. The active site is always found in a 
cleft or crevice in the enzyme structure and has two distinct functions:

binding of the substrate	n

catalysis.	n

Enzymes exhibit remarkable specificity because of the precise fit between their binding site and 
the substrate. This model of enzyme action is known as the lock and key model. This is the (lock/
enzyme) and (key/substrate) analogy. The binding between substrate and enzyme can involve 
ionic bonding, hydrogen bonds and van der Waals’ interactions.

Enzymes bind the substrates so that the atoms participating in the bond to be made or broken 
are orientated properly with respect to catalytic groups in the enzyme’s active. The active site is 
stereospecific so that even enantiomers (optical isomers) of a substrate will not fit.

Language of Chemistry
Many enzymes are derived from their name of their substrate, with the ending -ase added. 
For example, sucrase hydrolyses sucrose and lipases hydrolyses lipids. However, many digestive 
enzymes have less informative names, for example pepsin digests proteins in the stomach. n
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n Extension:

Figure 22.81 Hydrolysis 
of a polysaccharide

Figure 22.82 Graphical 
representation of the 

tertiary structure of 
lysozyme (amino acid 
residues Glu 35 and 

Asp 52 have crucial roles)

Lysozyme
Lysozyme is an enzyme found in nasal mucus and tears. It was first named and studied by 
Alexander Fleming, discoverer of penicillin (Chapter 22). Lysozyme is an anti-bacterial agent 
which catalyses the hydrolysis of specific polysaccharides. This is illustrated in Figure 22.81. The 
water molecule acts as a nucleophile. One of its lone pairs attacks the carbon atom of sugar A. 
The carbon–oxygen bond joining the two sugar residues is cleaved. The carbon–oxygen bridge is 
replaced by two hydroxyl groups.
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Lysozyme contains 129 amino acids and four disulfide bridges. It is a globular protein with only 
small lengths of α-helix (Figure 22.82). 
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Enzymes bind their substrates in a  
cleft-shaped active site. The active site 
of lysozyme can hold six sugar 
(monosaccharide) residues. Five of the 
six sugars are bonded without any 
strain, but one of the sugars is stretched 
and bent, imposing stress on one of the 
glycosidic linkages (Figure 22.83). 
 
 

 
Figure 22.83 A simplified picture of the 

enzyme–substrate complex of lysozyme. Sugar 
residues A, B, C, E and F fit into the active site 
without distortion or strain while D, where the 

hydrolysis occurs, is strained and distorted

part of polysaccharide
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B

C

D

E F

lysozyme (enzyme)

active site within cleft
where the catalysis occurs

cleft in enzyme where
substrate binds

break
site
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Figure 22.84 Part of the 
lysozyme–polysaccharide 

complex

Part of the enzyme’s active site is shown as a structural formula in Figure 22.84. The diagram 
shows three sugar residues A, B and C and some key amino acid functional groups.
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The enzyme-catalysed reaction of polysaccharides by lysozyme is similar to the acid hydrolysis 
of starch. The glutamic acid (glutamate) 35 residue donates a catalytic proton (H+). Glutamine 
is an acidic amino acid with a pKa value of 6, and hence is able to donate hydrogen ions at 
pH 7. The resulting carbocation intermediate is electrostatically stabilized by the presence 
of two charged carboxylate groups: glutamine 35 and aspartate 52. Monosaccharide D is in a 
strained conformation and the bridge carbon atom in ring D has been forced from a tetrahedral 
configuration into a planar configuration. Hence, it has the configuration it will adopt in 
the intermediate. The reaction is completed in a third step in which hydroxide ions (OH−) 
and protons (H+) from the dissociation of water complete the hydrolysis and ‘regenerate’ the 
catalytic hydrogen on glutamine 35. The cleaved polysaccharide molecule diffuses out of the 
active site (Figure 22.85).
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Figure 22.85 The enzyme-catalysed hydrolysis of a polysaccharide
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Enzyme inhibition
Inhibitors are chemicals that bind to enzymes and reduce their activity. Reversible inhibitors of 
enzymes are divided into two groups: competitive and non-competitive inhibitors (Figure 22.86). 
These can be recognized experimentally by their effects on the reaction kinetics of the enzyme.

two types of
reversible
inhibition

active site

substrate

competitive inhibitor
in place: substrate prevented

from binding

non-competitive inhibitor
in place: catalytic activity of
the active site is prevented

block access
to active site

change in shape
of acive siteor

enzyme

Competitive inhibitors
A competitive inhibitor will combine with the free enzyme in such a way that it competes with 
the substrate for binding at the active site. The inhibitor resembles the substrate molecules 
sufficiently well to form some of the proper interactions of the binding site but is not sufficiently 
similar to take part in the reaction and be released. The percentage of competitive inhibition at 
fixed inhibitor concentration can be decreased by increasing the substrate concentration.

At high concentrations of the substrate it is possible to reach Vmax even in the presence of the 
inhibitor; however, the effect is to increase the value of Km (Figure 22.87).

The extent of competitive inhibition will, therefore, depend on:

the concentration of an inhibitor	n

the concentration of the substrate	n

the relative affi nity of the active site for the inhibitor and substrate.	n

[S]

no inhibitor
present

competitive inhibitor
present

In
iti

al
 re
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tio

n 
ra

te

Vmax

Non-competitive inhibitors
A non-competitive inhibitor will bind to a site on the enzyme other than the active site. This 
often deforms the enzyme so that it does not form the enzyme–substrate complex readily. The 
non-competitive inhibitor may also combine directly with the enzyme–substrate complex.

Figure 22.86 
The principles of 

competitive and non-
competitive inhibitions

Figure 22.87 The kinetic 
behaviour of a 

competitive inhibitor
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The inhibitor in this case is not shaped like the substrate and combines with some region 
near or in the active site, preventing access by the substrate; in this case there is no competition 
between the substrate and the inhibitor. Non-competitive inhibition can be recognized from plots 
of V0 (initial reaction rate) against [S] (substrate concentration) (Figure 22.88).

[S]

no inhibitor
present

non-competitive
inhibitor present

In
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al
 re

ac
tio

n 
ra

te

Vmax

Vmax is decreased by the inhibitor and cannot be restored by increasing the substrate 
concentration.

Non-competitive inhibition depends on:

the concentration of the inhibitor	n

the affi nity of enzyme for the inhibitor.	n

The most common type of non-competitive inhibition is given by reagents that can combine 
reversibly with some functional group of the enzyme that is essential for maintaining the 
catalytically active three-dimensional conformation (shape) of the enzyme molecule.

Applications of Chemistry

Application Enzymes employed Uses

Biological washing 
powder

Primarily proteases, produced in an 
extracellular form from bacteria

Used for pre-soak conditions and direct liquid 
applications, helping with removal of protein 
stains from clothes

Dishwasher 
detergent

Amylase enzymes Detergents for machine dishwashing to 
remove resistant starch residues

Baby foods Trypsin (a protease) To pre-digest baby foods

Fruit juices Cellulase, pectinase (act on cell 
walls)

Clarify fruit juices, e.g. apple juice

Baking industry Fungal α-amylase enzymes: 
normally inactivated at about 50 °C; 
destroyed during baking process

Catalyse breakdown of starch in the fl our 
to glucose; yeast action on sugar produces 
carbon dioxide

Starch industry Glucose isomerase Converts glucose into fructose (high-fructose 
syrups derived from starchy materials have 
enhanced sweetening properties and lower 
calorifi c values)

Photographic 
industry

Protease Dissolve gelatin off the scrap fi lm, allowing 
recovery of silver present

Brewing industry Enzymes from barley are released 
during the mashing stage of beer 
production

Degrade starch and proteins to produce 
simple sugars, amino acids and peptides that 
are used by yeast to enhance fermentation

Mouthwash 
(Figure 22.89)

Glucose oxidase, lactoperoxidase, 
lactoferrin and lysozyme

Contains four natural antibacterial enzymes 
that kill bacteria found in oral infections and 
gingivitis without any side-effects

Table 22.9 Industrial uses of enzymes

Figure 22.88 The kinetic 
behaviour of a 

non-competitive inhibitor

Figure 22.89 Biotene mouthwash
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Mechanisms of enzyme action

B.7.5 Describe the mechanism of enzyme action, including enzyme–substrate complex, active site and induced 
fit model

Enzymes function as catalysts by binding to their substrate molecule(s) at a specific pocket or 
cleft in the enzyme. The binding site is known as the active site and is where catalysis occurs. 
The active site contains specific amino acid residues which are responsible for the substrate 
specificity and catalysis, often acting as proton donors or acceptors. The active site is also the site 
of inhibition of enzymes.

The activity and specificity of many enzymes can be explained by the lock and key hypothesis 
(Figure 22.90). As the enzyme (E) and substrate (S) interact they form an enzyme–substrate 
complex (ES), which forms a transition state that breaks down to form products (P) and 
unchanged enzyme (E).

E + S  ES  P + E

active site (here
the substrate molecule
is held and reaction
occurs) – the lock

substrate molecule 
– the key

enzyme–substrate
complex

substrate molecule now
at transition state

product molecules

Induced fit model
The lock and key model of enzyme activity does not fully account for the combined events of 
binding and simultaneous chemical change observed in some enzyme-catalysed reactions. The 
lock and key model also fails to account for the broad specificity of some enzymes, that is, the 
ability of enzymes to bind to several related substrates.

In the active sites of some enzymes a small but essential change of shape is induced in the 
enzyme molecule when the substrate binds. This change in shape is critical in converting the 
substrate to resemble the transition state. Once the transition state is formed, other amino acids 
residues of the active site catalyse the breaking of specific bonds in the substrate molecule. The 
induced fit model (Figure 22.91, overleaf) is based on experimental data that suggest the active 
sites of some enzymes are relatively ‘flexible’ structures.

An analogy for the induced fit hypothesis is that of a hand slightly changing the shape of a 
glove as the glove is put on.

Figure 22.90 The lock 
and key hypothesis
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polypeptide of 
49 amino acid 
residues, making 
up a simple enzyme

active site
(pocket/crevice
in the protein

molecule)

the amino acids in a
protein have different roles

the substrate molecule
combines (temporarily)

with the enzyme by 
inducing a change
in the shape of the
enzyme molecule

the ‘induced fit’ process
plays a part in bringing

about the chemical
changes, which are

the enzyme-catalysed
reaction

substrate

other amino acid residues interact
to form the three-dimensional

structure of the enzyme

some amino acid residues match
certain groupings on the substrate
molecule, enabling the enzyme–

substrate complex to form 
(e.g. residues 3-4-5 and 24-25-26)

other amino acid residues are
‘reactive’, i.e. catalytic residues that 

induce the breaking of bonds, and the
formation of product(s)

(e.g. residues 20 and 41)

3

4

5

20 24

25

26

41

Figure 22.91 The induced fit model of enzyme action

Factors that affect enzyme activity
Temperature
Temperature has two effects on the rate of an enzyme-catalysed reaction. An increase in 
temperature always increases the number of effective collisions – collisions that have sufficient 
combined kinetic energy to bring about the reaction (Chapter 6). Initially the rate of the reaction 
increases exponentially with increasing temperature (Chapter 16) until a maximum rate is 
achieved. However, beyond this temperature the rate of reaction decreases, often rapidly, and this 
loss of activity is often irreversible (Figure 22.92).

Temperature at which the rate was measured/°C

Up to about 40°C the rate increases –
a 10°C rise in temperature is accompanied by
an approximate doubling of rate of reaction.

enzyme in
active state

Now the enzyme-catalysed reaction rate
decreases, owing to the denaturation of
the enzyme and destruction of active sites.
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The activity of an enzyme depends on its precise three-dimensional shape (conformation). Many 
of the intermolecular forces maintaining that structure are relatively weak. As the temperature 
rises, the weak intermolecular forces between and within the polypeptide chains break as 
molecular movement increases. At quite moderate temperatures, the molecules start to unravel 
and become disordered (a so-called random coil). Some enzymes are much more susceptible to 
temperature change than others; each enzyme is said to have a temperature optimum at which it 
works best.

B.7.7 State and 
explain the 
effects of heavy 
metal ions, 
temperature 
changes and 
pH changes on 
enzyme activity.

Figure 22.92 The effect 
of a temperature on a 
typical human enzyme
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Applications of Chemistry
There are bacteria, known as archaebacteria, living in the hot springs of the Yellowstone National Park; one 
bacterium has been isolated which grows best at about 105 °C and can survive in superheated water at 113 °C. 
Enzymes which have unusually high optimum temperatures are known as thermostable enzymes and are being used 
increasingly in industry. One example is Taq polymerase; this can be used at 60–90 °C to increase the amount of 
DNA available for DNA profiling (page 723).

Heavy metal ions
The heavy metals are metals with a relatively high relative atomic mass. Examples of heavy 
metals include mercury, cadmium, zinc and silver. Heavy metals and their ions can act as 
irreversible inhibitors of some enzymes at very low concentrations. They form bonds with free 
-SH groups present in the amino acid cysteine. The free -SH groups, if present in the active site, 
may be essential to the activity of the enzyme (Figure 22.93).

H
2
N COOH

SH

H

CH
2

C H
2
N COOH

S Ag

H

CH
2

CAg++ H++

pH
Many enzymes work efficiently over a narrow range of pH values. The optimum pH is the pH 
value at which the maximum rate of reaction occurs. For many enzymes their optimum pH is 
close to neutrality (pH 7). When the pH value is above or below this value, the rate of enzyme 
activity is significantly decreased. Most enzymes exhibit a characteristic bell-shaped curve of 
enzyme activity against pH (Figure 22.94).

Changes in pH alter the charge of the acidic groups (-COO−) and basic groups (-NH3
+) 

present in the amino acid residues of the enzyme’s active site (page 703). This leads to a change 
in the enzyme’s shape, particularly at the active site. The effects of a small change in pH are 
usually reversible, and if the pH is restored to the optimum for the enzyme, its activity may be 
restored. Buffer solutions (Chapter 18) are often used during investigations involving enzymes to 
maintain a constant pH.
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Figure 22.93 The action 
of silver ions on the 

–SH functional group of 
cysteine

Figure 22.94 The effect 
of pH on enzyme shape 

and activity
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 22.8 Nucleic acids
Living cells contain two different types of nucleic acid: DNA (deoxyribose nucleic acid) and 
RNA (ribose nucleic acid). These are formed from nucleotides, which are themselves made from 
three smaller types of molecule (phosphate, pentose sugar and base) covalently bonded together 
under enzyme control.

The phosphate group is a chemically reactive functional group that allows new molecules to be 
added via a condensation reaction. Hence, nucleotides can form long chains (linear polymers). 
The phosphate groups are also ionized and are partly responsible for the solubility in water of 
nucleic acids. 

The second component of a nucleotide is a pentose sugar (five-carbon monosaccharide) – 
deoxyribose in DNA and ribose in RNA. These sugars are chemically reactive and are involved 
in bonding different nucleotides together. This occurs via condensation reactions (under enzyme 
control) involving the hydroxyl groups located at carbon atoms 1 and 5. 

The third component of each nucleotide is known as a base. It is covalently bonded to the 
pentose sugar via the carbon atom in position 1 of the ring. Four different bases are found in 
DNA: adenine (A), thymine (T), guanine (G) and cytosine (C). Cells continually synthesize 
nucleotides (Figure 22.95) and these form a ‘pool’ in the cytoplasm from which nucleotides can 
be used by the cell for synthesizing DNA.
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B.8.1 Describe the 
structure of 
nucleotides 
and their 
condensation 
polymers 
(nucleic acids or 
polynucleotides).

Figure 22.95 
Components of 

nucleotides
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Differences between DNA and RNA

B.8.2 Distinguish between the structures of DNA and RNA.

Both RNA and DNA molecules are 
polynucleotides, but RNA molecules are 
considerably shorter than those of DNA. In 
RNA all molecules the nucleotides contain 
ribose. As well as having a different pentose 
sugar, the bases in RNA are different from 
those in DNA. In RNA the bases are cytosine, 
guanine, adenine and uracil (Figure 22.96). 
In living cells there are three main functional 
types of RNA, known as messenger RNA 
(mRNA), transfer RNA (tRNA) and ribosomal 
RNA (rRNA). (Thymine only occurs as one of 
a number of minor bases in tRNA.) All three 
forms of RNA are directly involved in the 
synthesis of proteins.

DNA molecules occur in the chromosomes 
and form very long strands, containing several 
million nucleotides. In all DNA molecules the 
nucleotides contain deoxyribose. The bases in 
DNA are cytosine (C), guanine (G), adenine 
(A) and thymine (T), but never uracil (U).

The DNA molecule consists of two 
polynucleotide strands held together by 
intermolecular hydrogen bonding. The two 
strands take the shape of a double helix. Transfer 
RNA and ribosomal RNA contain both double-
stranded (with an approximate helical shape) 
and single-stranded regions. In all cases RNA 
and DNA molecules are held together in the 
double-stranded form by complementary base 
pairing. Table 22.10 summarizes the differences 
between RNA and DNA.

Figure 22.96 Structure of RNA

DNA RNA

Generally very long strands, several millions of 
nucleotides long

Relatively short strands, 100 to 1000 nucleotides long

Contains deoxyribose Contains ribose

Consists of two polynucleotide strands of 
complementary base pairs: cytosine (C) with 
guanine (G), adenine (A) with thymine (T). The 
strands are held together by hydrogen bonds in the 
form of a double helix

Messenger RNA is single-stranded; transfer and 
ribosomal RNA have both single- and double-
stranded sections

Relatively stable towards chemicals (especially alkali) 
and enzymes

Less stable towards chemicals and enzymes

Table 22.10 Summary of the differences between RNA and DNA
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Structure of DNA

B.8.3 Explain the double helical structure of DNA.

History of Chemistry
DNA, or deoxyribonucleic acid, was first isolated over 100 years ago by a Swiss biochemist, 
Friedrich Miescher. He was studying white blood cells obtained from the pus on the 
bandages of patients recovering after operations. A white precipitate was obtained and 
found to contain the elements carbon, hydrogen, oxygen, nitrogen and phosphorus. It 
came from the nucleus of the cells, and experiments showed it to be acidic; so it was given 
the name ‘nucleic acid’.

DNA consists of two linear polynucleotide strands which are wound together in the form of a 
double helix. The double helix is composed of two right-handed helical polynucleotide chains 
coiled around the same central axis. The bases are inside the helix and the sugar–phosphate 
backbone is on the outside. The two chains of the double helix are held together by hydrogen 
bonds between the bases on the two polynucleotide chains (Figure 22.97).
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Figure 22.97 
The structure of DNA
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Language of Chemistry
On heating, the two strands of DNA separate from each other. This is known as the melting of 
DNA. The temperature at which the two strands of DNA separate completely is known as the 
melting temperature of DNA. A DNA molecule which is rich in GC pairs has a higher melting 
temperature than a DNA molecule (of the same length) which is rich in AT pairs. This is 
because GC pairs are held together by three hydrogen bonds, but the AT base pair is only held 
together by two hydrogen bonds. The two strands of the double helix are antiparallel, that is, 
they run in opposite directions. The 5’–3’ phosphodiester linkages run in opposite directions. 
The 5’ (pronounced ‘five prime’) end designates the end of the DNA strand that has the fifth 
carbon in the sugar ring of the deoxyribose at its terminus. The 3’ (pronounced ‘three prime’) end 
of a strand ends at the hydroxyl (-OH) group of the third carbon in the deoxyribose sugar ring. n

The hydrogen bonding between the bases of the two strands is highly specific. Thymine (T) pairs 
with adenine (A), via the formation of two hydrogen bonds, and cytosine (C) pairs with guanine 
(G), via the formation of three hydrogen bonds. These base pairs are favoured energetically and 
are known as complementary base pairs. 

Consequently, the two strands of DNA are complementary to each other and the sequence 
of bases in one strand determines the sequence of bases in the other chain. Opposite each 
adenine on one chain there is always a thymine on the other chain, and opposite guanine there 
is cytosine. Complementary base pairing is the underlying basis for the processes of replication, 
transcription and translation. 

Language of Chemistry
The bases found in DNA are derivatives of purine or pyrimidine. Cytosine and thymine are 
pyrimidines and consist of one heterocyclic ring. Adenine and guanine are purines and consist 
of two heterocyclic rings. Heterocyclic rings contain atoms other than carbon. Only these 
base pairs will hydrogen bond together strongly and fit inside the double helix. Cytosine and 
thymine are either too large to fit into the helix; adenine and guanine are too far apart to form 
stable hydrogen bonds. n

History of Chemistry
In 1944 experiments involving viruses strongly suggested that DNA is the genetic 
material. However, some scientists were reluctant to accept the findings and still believed 
that genes were made of proteins. James Watson (1928–) was an American biologist 
who worked at the Cavendish Laboratory in Cambridge as a post-doctoral student. He 
and Francis Crick (1916–2004), an English physicist, used X-ray diffraction data from 
Rosalind Franklin (1920–1958), who worked at King’s College, London. She continued 
the work begun by Maurice Wilkins (1916–2004). They developed a model for a helical 
structure of DNA, which they published in 1953. The model was based upon Franklin’s 
X-ray diffraction photographs of hydrated DNA and Chargaff’s rule: the amount of 
guanine is equal to cytosine and the amount of adenine is equal to thymine. The double 
helix structure they proposed suggested a mechanism for self-replication and hence genetic 
inheritance. Watson, Crick and Wilkins were awarded the Nobel Prize in Physiology 
or Medicine in 1962. Franklin tragically died of ovarian cancer before the award of the 
Nobel Prize.
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Replication
DNA has the unique property among biomolecules of duplicating itself, in the presence of 
appropriate enzymes. The genetic information inside a cell is coded into the sequence of bases 
in its DNA molecules. During cell division, DNA molecules replicate and produce exact copies 
of themselves. Each daughter cell has DNA molecules identical to that of the parent cell. 
DNA replication is a very complex process but the underlying feature is that the two strands 
of DNA are unwound (under enzyme control) and each strand serves as a template pattern 
for the synthesis of a new complementary DNA strand (Figure 22.98). The specificity of 
complementary base pairing ensures the exact duplication of the sequence of bases in the new 
daughter strand of DNA.
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Protein synthesis
The DNA molecules in the nucleus of the cell hold the genetic code for protein synthesis. Each 
gene is responsible for the production of a single protein. The genetic information is coded 
in DNA in the form of a specific sequence of bases within a gene. The synthesis of a proteins 
involves two steps: transcription and translation.

Messenger RNA
RNA (ribose nucleic acid) is a single-stranded molecule that is formed by transcription from 
DNA (Figure 22.99). The DNA molecule separates into two strands (under enzyme control) to 
reveal its bases, as in replication. However, in transcription, it is free ribonucleotides (and not 
deoxyribonucleotides) that base-pair to it and form an RNA molecule. The RNA molecule, 
known as messenger RNA (mRNA), is transported out of the nucleus of the cell and attaches 
to a cell organelle known as a ribosome. Ribosomes are formed from protein and RNA, and are 
the sites at which proteins are synthesized from amino acids, during a process called translation. 
Messenger RNA is responsible for converting the genetic code of DNA into protein.

B.8.4 Describe the 
role of DNA as 
the repository 
of genetic 
information, 
and explain its 
role in protein 
synthesis.

Figure 22.98  
Simplified summary of the 

replication of DNA
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1 Part of the DNA double
helix of one chromosome

2 DNA of a gene unwinds
(hydrogen bonds ‘unzip’)

transcription process

3 RNA polymerase catalyses
the synthesis of mRNA

4 Strand of mRNA formed, by base pairing,
so that the mRNA is complementary to
the coding strand of DNA

5 Genes contain short lengths 
of ‘nonsense’ DNA called ‘introns’. 
These are copied into the mRNA, 
but are then ‘edited’ out of the
mRNA moleciule by enzymes 
before the ‘mature’ mRNA 
passes into the cytoplasm

6 mRNA is released and 
the gene is further
copied, or returns to 
its helix form immediately

length of gene (coding for a specific protein)

‘start’ codon on
coding strand of DNA

‘stop’ codon on
coding strand of DNA

complementary (non-coding)
strand of DNA

mRNA

‘mature’ mRNA

pore in nuclear
membrane

7 mRNA is transported to ribosomes 
in the cytoplasm

complementary strand
unwinding
enzyme

pool of nucleotides used
to build mRNA strands

mRNA strand

coding
strand complementary

base pairing
RNA polymerase

enzyme

direction of
transcription

GT C A

CA G T

GU C A

Figure 22.99 Transcription

n Extension: p53
Protein 53 (p53) is a transcription factor that 
in humans is encoded for by the TP53 gene. 
A transcription factor is a protein that binds 
to specific sequences of DNA and controls the 
transcription of genes. p53 regulates cell division 
and functions as a tumour suppressor gene (Figure 
22.100). For this reason, p53 has been described 
as the ‘guardian of the genome’. It has a number 
of anti-cancer mechanisms, for example it can 
activate DNA repair proteins when DNA is 
damaged and needs to be repaired, and it can 
initiate programmed cell death if the damaged 
DNA cannot be repaired. More than half of human 
tumours will contain a mutated TP53 gene. The 
p53 molecules from mutated TP53 genes are either 
misfolded or lack essential functional residues and 
do not bind to DNA. Figure 22.100 Tumour suppressor p53 bound to DNA
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The triplet code
The primary structure of a protein consists of a chain of amino acids connected by peptide links. 
There are about 20 naturally occurring amino acids. The structure of DNA includes the four 
nitrogenous bases adenine (A), guanine (G), cytosine (C) and thymine (T). The code for each 
amino acid (called a codon) is a sequence of three bases. There are 64 (34) different triplets 
(sequences of three bases) that can be made up by four bases. As a result, some amino acids are 
encoded by more than one codon. The codons for some amino acids are given in Figure 22.101. 
Of the 64 codons, 61 code for amino acids and three act as ‘stop’ signals that terminate protein 
synthesis when the end of the polypeptide chain has been reached.

part of the DNA
molecule of a
chromosome

reference strand
(coding strand)

DNA base
sequence is
read in one

direction only

the triplet code
for serine (Ser)

part of the amino acid sequence
of a particular protein which

the gene codes for

the genetic information
of the coding strand: it 

specifies the linear sequence
of amino acids that make up a protein

complementary strand
(complementary to
the coding strand)

part of 
a gene

A T

A T

A T

AT

AT

G C

G C

GC

GC

the triplet code
for aspartic acid (Asp)

the triplet code
for lysine (Lys)

n Extension: Universality and redundancy in the genetic code
Many codons are redundant, which means that two or more codons can code for the same 
amino acid. Degenerate codons may differ in their third positions; for example, both GAA 
and GAG code for the amino acid glutamic acid. The degeneracy of the genetic code is what 
accounts for the existence of silent mutations. These are DNA mutations that do not result in a 
change to the amino acid sequence of a protein.

Degeneracy occurs because there are only 22 different codons required – one for each of the 
20 amino acids and a stop and start codon. However, there are four bases arranged in triplet 
codons, which can produce 64 different codons (43 = 64). (Note that with four bases, if there 
were two bases per codon the number of possible codons would only be 16, as 42 = 16.)

The genetic code in Figure 22.102 has also been called the universal genetic code. It is 
described as universal because it is used by all known organisms as a code for DNA, messenger 
RNA and transfer RNA. The universality of the genetic code encompasses animals (including 
humans), plants, fungi, bacteria, and viruses. 

Figure 22.101 Part of a 
gene and how its DNA 
codes for amino acids
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Amino acid Abbreviation

Alanine Ala

Arginine Arg

Asparagine Asn

Aspartic acid Asp

Cysteine Cys

Glutamine Gln

Glutamic acid Glu

Glycine Gly

Histidine His

Isoleucine Ile

Leucine Leu

Lysine Lys

Methionine Met

Phenylalanine Phe

Proline Pro

Serine Ser

Threonine Thr

Tryptophan Trp

Tyrosine Tyr

Valine Val

The 20 amino acids used in  
protein synthesis

   

Gly

Glu

Asp

Ala

Val

Arg

Ser

Lys

Asn

Gly

Thr

Ile Arg

Glu

His

Pro

MetMet

U A G U C
A

G
U

C
A
G
U
C
A
G

CG

The genetic code in circular form
The codons are those of the
complementary strand and of
messenger RNA (where uracil, U,
replaces thymine, T).

Read the code from the centre of
the circle outwards along a
radius. For example, serine is
coded by UCU, UCC, UCA or 
UCG, or by AGU or AGC.

In addition, some codons stand for stop, signalling
the end of a polypeptide/protein chain.

UGA
C

U
G

A
C

U
G
A

C
U

A

G C U G A
C

U
G

A
C

U
G
A
C
U

AUAGUC
A

G
U

C
A

G
U

C
A
G

C

Leu

Trp

Stop

Cys

Stop

Tyr

Ser

Leu
Phe

U G

A C

G U

G U

AC

CA

A C

C A

UG

GU

Figure 22.102 The genetic code

Role of ribosomes in protein synthesis
Protein synthesis takes place in ribosomes located in the cytoplasm. One end of an mRNA 
molecule binds to a ribosome, which moves along the mRNA strand three bases at a time. 
Molecules of another type of RNA, called transfer RNA (tRNA), bind to free amino acids in the 
cytoplasm. The tRNA molecules each carry a specific amino acid. They also each have their own 
base triplet, known as an anticodon, which binds via hydrogen bonding to the complementary 
codon triplet on the mRNA. In this way the mRNA determines the order of amino acids. Peptide 
links form between adjacent amino acids, and the protein chain steadily grows. Figure 22.103 
overleaf summarizes the process of protein synthesis.
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GG G GU U U UUU U U UU CCA AA G A A

A A A

Phe

U
U

C

Glu

C

GG G GU U U UUU U U UU CCA AA G A A

A A A A

G
C

A

A

Phe

Ala

Glu
Glu

Val

Phe

mRNA from
nucleus

complementary
codons/anticodons
held by hydrogen
bonds tRNA/amino acid

complex with anticodon
(Glu arriving)

ribosome moving along
mRNA one triplet at a time

 (three steps later)

used tRNA leaving

amino acid residues

protein chain being built up

codons to
be ‘read’

mRNA

ribosome acting
as supporting
framework and as
site for enzymes

mRNA strand being read (’translated’) at one ribosome

two tRNAs
temporarily held
in ribosome

peptide bond formed between amino
acids held at the ribosome

Several ribosomes may move along the mRNA at one time.
This structure (mRNA, ribosomes plus growing protein

chains) is called a polysome.

‘stop’ codon

Figure 22.103 Translation: protein synthesis

Language of Chemistry
There is a one-way flow of coded information from the nucleus to the cytoplasm. This was 
termed the ‘central dogma’ by Francis Crick (Figure 22.104). However, a group of viruses, 
known as retroviruses (including HIV – Chapter 24), contain RNA, which is reverse 
transcribed into DNA by an enzyme known as reverse transcriptase.

DNA

replication
DNA is
self-replicating

transcription
the base sequence of DNA is copied
into a messenger (messenger RNA)

mRNA protein

translation
information in mRNA is coded
into an amino acid sequence

messenger RNA moves from the nucleus
to the cytoplasm and is ‘read’ in ribosomes

Figure 22.104 The central dogma  n
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n Extension: Sickle cell anaemia
Sickle cell anaemia (Figure 22.105) is a genetic disorder in which red blood cells are distorted 
and have a reduced ability to transport oxygen. In normal hemoglobin, the amino acid at position 
6 in the β-polypeptide chain is glutamic acid. In sickle cell anaemia, this amino acid is valine. 
This change in one amino acid has come about because of a faulty sequence of nucleotides in the 
section of DNA that codes for hemoglobin synthesis. This disease is inherited: it can be passed 
from parents to their children. A selective advantage of this faulty sequence of nucleotides is that 
it protects carriers of sickle cell anaemia from the worst effects of malaria, which is constantly 
present in the areas of Africa where sickle cell anaemia is most common. 

T
C

C

G

G
A T

C

C

G

G
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Leu

Thr
Pro
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5

6part of normal
gene for
β-hemoglobin

antisense strand
(template for

transcription of
mRNA)

mRNA formed
by complementary

base pairing

transcription

transcription

translation

glutamic
acid

valine

translation normal
hemoglobin

(healthy red cell)

sickle cell
hemoglobin
(sickle cell)

tRNA–amino acid
complex 
showing complementary
anticodons part of the resulting

protein sequence, showing
the amino acid residues
assembled
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A T
C
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G

G

A
C

C
T
G

G
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His

Leu

Thr
Pro

1

2

3

4
5

6part of mutated
gene for
β-hemoglobin

sickle cell
hemoglobin
(sickle cell)

assembled

Figure 22.105 Sickle cell anaemia: an example of a single mutation

DNA profi ling 
DNA profiling (Figure 22.106) 
uses the techniques of genetic 
engineering to identify a person 
from a sample of their DNA. It is 
widely used to eliminate or charge 
suspects in crimes in which blood, 
tissue or body fluid samples, for 
example semen and blood, are 
available. It can also be used to 
establish evolutionary relationships 
between people and establish 
whether a person is the biological 
mother or father in a paternity case.

B.8.5 Outline the 
steps involved 
in DNA profiling 
and state its 
use.

Figure 22.106 A simulation of DNA fi ngerprinting in a school laboratory. 
Bacteriophage lambda DNA is treated with restriction enzymes and the fragments then 

electrolysed. The DNA fragments are visualized using Fast Blast DNA stain (Bio-Rad)

Figure 22.106 
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Large portions of a person’s DNA are identical to every other person’s DNA. In addition, large 
sections of DNA are not genes and do not code for proteins. However, small sections or fragments 
of our human DNA are unique to a particular individual. These non-coding fragments of DNA 
are termed polymorphic because they vary from person to person. DNA profiling is essentially the 
process of separating an individual’s unique, polymorphic fragments from the common ones.

The process of DNA profiling is summarized in outline form:

A sample of cells is obtained from 	n

blood, semen, hair root or body 
tissues, and the DNA is extracted 
from the disrupted cells.
The DNA is copied and 	n

amplifi ed by an automated 
process called polymerase chain 
reaction (PCR) (Figure 22.107). 
This technique separates the 
strands of the DNA (using high 
temperature) and then uses a 
heat-stable DNA polymerase 
to make thousands of exact 
copies of the original DNA. This 
process produces suffi cient DNA 
to analyse.
The DNA is then cut into small, 	n

double-stranded fragments using 
restriction enzymes. These enzymes recognize certain sequences within the non-coding DNA 
which often contains many highly repetitive regions of DNA sequences.
The resulting DNA fragments of varying lengths, and are separated by gel electrophoresis into 	n

a large number of invisible bands.
The gel is treated with alkali to split double-stranded DNA into single strands.	n

A copy of the strands is transferred to a membrane and selected radioactively labelled DNA 	n

probes are added to the membrane to base pair with particular DNA sequences. The excess 
probes are washed away.
The membrane is overlaid with X-ray fi lm which becomes selectively ‘fogged’ by emission of 	n

ionizing radiation from the based-paired radiolabels.
The X-ray fi lm is developed, showing up the positions of the bands (fragments) to which probes 	n

have base paired.

DNA profiling can be used to identify the parents of a child since the child will inherit half of 
its DNA from the father and half from the mother. Figure 22.108 shows the DNA profiles of a 
mother and a daughter together those of two men, one of whom is the father.

Ignoring the three bands in Eileen’s DNA profile which occur in the same position as her 
mother’s, you will see that all four of the remaining bands correspond with those of Tom, whilst 
only one matches with those from Harry. It is therefore unlikely that Harry is Eileen’s father.

Eileen (daughter) Susan (mother) Tom Harry

Figure 22.107 A PCR machine

Figure 22.108



725nucleic acids

Language of Chemistry
The original name for DNA profi ling was DNA fi ngerprinting, but it was changed due to the 
confusion with actual fi ngerprinting. n

History of Chemistry
The process of DNA profi ling was invented by British biochemist Sir Alec Jeffreys 
(1950–) at the University of Leicester in 1985. He was knighted in 1994. Before his 
methods were commercialized in 1987, his laboratory was the only centre in the world 
carrying out DNA profi ling. During this period of about two or three years it was very busy, 
receiving inquiries from all over the world.

Applications of Chemistry
An important group of enzymes is known 
as restriction endonculeases. They are 
usually just known as restriction enzymes 
and occur naturally in bacteria. They 
protect bacteria against viral DNA by 
cutting it into small pieces, thereby 
inactivating it. Many restriction enzymes 
have been isolated and purifi ed from 
bacteria. Restriction enzymes ‘cut’ DNA 
at certain specifi c target sequences 
called restriction sites. Their action 
results in either blunt ends or sticky ends 
(Figure 22.109). Restriction enzymes can 
be used to ‘cut out’ specifi c genes from an 
organism and then, using other enzymes, 
the genes can be introduced to another 
organism (Chapter 26). 

Figure 22.109 The role of restriction 
endonucleases (restriction enzymes)
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TOK Link
The term genome refers to the all DNA sequences present in 
the chromosomes of a cell. The genome includes the genes 
and all of the non-coding sequences. In 1990 the Human 
Genome Project set out to identify all of the genes in human 
chromosomes (Figure 22.110) (around 30 000 of them) 
and to sequence the three billion base pairs which make 
up human DNA. As a result of advances in the technology 
used to sequence DNA, the task of producing the complete 
human genome was completed two years ahead of schedule 
in 2003. The Human Genome Project has been an example 
of successful international cooperation, with scientists in 18 
countries all working on sequencing the DNA. 

    Figure 22.110 The set of human chromosomes

Applications of Chemistry
Tests using gene probes (Figure 22.111) are being developed to diagnose inherited diseases. Some of the new 
treatments developed using knowledge from the Human Genome Project target precise cells in the body, such as 
cancer cells. Others work most effectively in people with a particular genetic makeup. In future, medicines may 
even switch genes on or off to control disease. In gene therapy the idea is to overcome genetic diseases by modifying 
the mutated DNA which causes disorders such as thalassemia and cystic fi brosis. Results from the Human Genome 
Project should help scientists make progress in this exciting new area of treatments.

Figure 22.111 Gene probe technology

genome sliced into fragments 
by restriction enzyme

fragments separated by 
electrophoresis

electrophoresis gel treated 
with sodium hydroxide (this 
breaks the hydrogen bonds 
between complementary DNA 
strands of the fragments)

(the distribution of DNA 
fragments can be shown by 
adding dye. The dye shows the 
sites of all fragments, but does 
not identify a single gene.)

copy of distribution of 
single-stranded DNA fragments 
taken on to nitrocellulose sheet 
(called Southern blotting)

X-ray plate applied to nitrocellulose 
sheet to find where the radioactively 
labelled gene probe has lined up with 
complementary gene sequences; this 
shows up the position of the required 
gene on the electrophoresis gel

radioactively labelled gene 
probe for required gene applied 
to nitrocellulose sheet (with 
DNA strands)

position of gene 
disclosed by presence of 
radioactivity which has 
‘fogged’ the X-ray plate

position of all fragments 
seen on stained gel

–

+
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 22.9  Respiration
B.9.1 Compare aerobic and anaerobic respiration of glucose in terms of oxidation/reduction and energy released.

Cellular respiration is the chemical reactions occurring inside living cells that result in the 
release of energy. The processes are controlled by enzymes and can occur under two conditions:

anaerobically – no molecular oxygen required	n

aerobically – molecular oxygen required.	n

Glucose is the main nutrient that undergoes cellular respiration. (Other nutrients, such as amino 
acids and fatty acids, can also be respired.) The products of cellular respiration are different under 
anaerobic and aerobic conditions and in different organisms.

Aerobic
In plants and animals:

C6H12O6 + 6O2 → 6CO2 + 6H2O

The enzymes involved in aerobic respiration are present in the cytoplasm and mitochondria of the 
cells. Mitochondria are membrane-bound structures involved with aerobic respiration, in particular 
the electron transport chain (page 729). The glucose is oxidized and the oxygen is reduced.

Anaerobic
In plants and yeast:

C6H12O6 → 2C2H5OH + 2CO2

In animals:

C6H12O6 → 2C3H6O3

In plants and yeast ethanol is the anaerobic respiration product of glucose (this is the basis of 
fermentation); in animals the anaerobic respiration product of glucose is lactic acid, which is 
formed during vigorous exercise. The two anaerobic pathways both occur in the cytoplasm under 
the control of specific enzymes. Aerobic and anaerobic respiration are compared in Table 22.11.

Anaerobic Aerobic

Molecular oxygen requirement Nil Essential

Useful energy from each glucose 
molecule

Small (2 ATP molecules) Very large (38 ATP molecules)

Chemical products Organic Inorganic

Site of reaction Cytoplasm Mitochondria

Table 22.11 Comparison of the two stages of cellular respiration

Language of Chemistry
Anaerobic respiration is also termed glycolysis, which refers to the splitting of a glucose 
molecule (with six carbon atoms) into two molecules of pyruvic acid (each with three carbon 
atoms). Glyco- refers to glucose and -lysis means splitting. n

It should be noted that aerobic and anaerobic respiration are not alternative metabolic pathways 
(Figure 22.112, overleaf). Anaerobic respiration comprises the first steps in a much longer series 
of reactions which only occur under aerobic conditions. Pyruvic acid, C3H4O2, is a common to all 
three respiratory pathways. Under suitable conditions the products of anaerobic respiration can be 
converted back to pyruvic acid.
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The summary in Figure 22.112 does not show the many individual enzyme-controlled steps 
that occur during respiration. The equations given previously are only summaries of the reactants 
and products. A number of the steps that make up respiration involve the removal of hydrogen 
atoms and the movement of high-energy electrons.

glucose

pyruvic acid

carbon dioxide + water + energy

anaerobic respiration (glycolysis)

aerobic respiration 

ethanol + carbon dioxide
 + water + energy

plants:

lactic acid + energy
animals:

n Extension:

 

 

Figure 22.114 The role 
of ATP in metabolism

ATP
The function of respiration is 
to generate ATP (adenosine 
triphosphate) from ADP 
(adenosine diphosphate) 
and phosphate. Adenosine 
triphosphate (ATP for short) 
(Figure 22.113) is a nucleotide 
widely used by cells as a short-
term store of energy that can be 
used in coupling reactions to 
drive unfavourable cell reactions 
(Gibbs free energy change is 
positive – Chapter 15).

Figure 22.113 The structure of ATP

ATP can be thought of as having the structure P~P~P–sugar–base, where ~P represents a 
high-energy bond. ATP can undergo hydrolysis to produce adenosine phosphate (ADP) and 
phosphate ions (Pi):

ATP + H2O → ADP + Pi

This reaction is extremely exothermic – large amounts of energy are released. However, it 
only occurs in the presence of enzymes which couple this release of energy to an unfavourable 
reaction, for example the synthesis of molecules (Figure 22.114).

ADP + Pi

(inorganic phosphate)

ATP

‘energy
currency’

energy used
to drive metabolism, 
pump ions across
membranes, or
cause muscle fibres
to contract

energy released
in respiration

(oxidative phosphorylation)

or

energy trapped
in illuminated chloroplasts

(photosynthetic
phosphorylation)

Once the ATP is hydrolysed to ADP it must be regenerated. The reverse reactions are very 
endothermic and are driven by photosynthesis or aerobic respiration. Both these process involve 
the phosphorylation of ADP to form ATP.

Figure 22.112 
A summary of aerobic 

and anaerobic pathways 
in plants and animals
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B.9.2 Outline the role of copper ions in electron transport and iron ions in oxygen transport.

Cytochromes
Cytochromes are a group of proteins involved in respiration. Cytochromes contain a heme group 
with a datively bonded iron ion which is able to reversibly interconvert between iron(ii) and 
iron(iii):

Fe2+  Fe3+ + e−

The structure of the heme group is shown in Figure 22.115.  
It is also found in chlorophyll (Chapter 26) (the green 
pigment that absorbs light energy during photosynthesis) 
and hemoglobin, a protein involved in oxygen transport 
in mammals.

Cytochromes are found in both animal and plant cells and 
participate in a critical part of aerobic respiration known as 
electron transport. The cytochromes and related proteins, for 
example cytochrome c oxidase, form the electron transport 
chain, a series of proteins which accept electrons from one 
molecule and pass them on to another molecule.

The final member of the electron transport chain (cytochrome c oxidase) is involved in the 
final step of aerobic respiration, the reduction of oxygen to water:

O2(g) + 4H+(aq) + 4e− → 2H2O(l)

Applications of Chemistry
Some cytochromes are inhibited by the presence of cyanide ions, which bind strongly 
to the iron(iii) ion, thereby preventing electron transport. This is fatal even at low 
concentrations. Potassium cyanide was used by Adolf Hitler in 1945 to commit suicide in 
his bunker in Berlin.

History of Chemistry
David Keilin (1887–1963) was born in Moscow but later became a British citizen. He was 
a professor of biology at Cambridge University, where he specialized in entomology, the 
study of insects. He is best known for the discovery of the cytochromes in muscle tissue, 
which he made in the 1920s using visible spectroscopy (Chapter 21).

Hemoglobin
Hemoglobin is a large globular protein present in red blood cells that transports oxygen from 
the lung to the body cells. Each hemoglobin molecule contains four polypeptide chains and 
four heme groups, each of which contains an iron(ii) ion. Each of the four heme groups forms a 
temporary dative covalent bond with an oxygen molecule and are responsible for the bright red 
colour of oxygenated blood.

The reaction between hemoglobin (Hb) and oxygen can be represented by this simple 
equilibrium expression:

Hb(aq) + 4O2(g)  HbO8(aq)

The forward reaction is favoured in the capillaries surrounding the lungs due to the high 
concentration of oxygen; the reverse reaction is favoured in capillaries near body cells where 
oxygen concentrations are relatively low.

Figure 22.115 Structure of the 
heme group

N N
Fe

N N



730 Human biocHemistry

In oxy-hemoglobin the iron(ii) ion is hexa-coordinated. Five of the coordination sites are 
occupied by nitrogen atoms: four from the heme ring system and one from a histidine residue of 
the polypeptide chain (known as globin). The sixth coordination site is occupied by an oxygen 
molecule which is reversibly bonded. Other ligands, such as cyanide, nitrogen monoxide and 
carbon monoxide, are irreversibly bonded at the same site (due to their similar size). This makes it 
impossible for the hemoglobin to transport oxygen, which is why these substances are toxic.

n Extension: Action of the heme group
In hemoglobin, each heme group is partially buried in a ‘pocket’ lined with hydrophobic amino 
acid side-chains. These prevent the entry of water molecules, which would rapidly oxidize the 
iron(ii) ion to iron(iii). Hemoglobin with oxidized iron is known as methemoglobin and is 
unable to carry oxygen.

The binding of oxygen to hemoglobin by iron is a cooperative process – the binding of 
each additional oxygen molecule makes the next uptake of an additional oxygen easier. This 
phenomenon occurs because of changes in the shape of the protein chains. There are also changes 
in the size and position of the iron(ii) ion within the heme group when it bonds to oxygen.

SUMMARY OF	 n Each protein has a unique amino acid sequence determined by a single gene. 
KNOWLEDGE n  Amino acids are the monomers of proteins, linked together by a peptide bond (-CONH-). 

Amino acids differ in polarity and size, depending on their variable side-chain (R).
n Amino acids have the general formula NH2-CHR-COOH. All amino acids except glycine 

potentially exist as enantiomers.
n Amino acids can act as buffers by accepting or donating protons in aqueous solution.
n Amino acids exist as zwitterions in aqueous solution: H3N+-CHR-COO−

n Proteins are condensation polymers of amino acids.
n Proteins can be hydrolysed by acid into amino acids and analysed by electrophoresis 

or chromatography. The separation by electrophoresis is based upon the characteristic 
isoelectric point of amino acids and the separation by chromatography is based upon the 
solubility of amino acids. 

n The isoelectric point of an amino acid is the pH value at which the overall charge of the 
molecule is neutral.

n There are four levels of protein structure: primary, secondary, tertiary and quaternary. 
The primary structure refers to the amino acid sequence. The secondary structural 
elements are α-helices and β-sheets, which are held together by hydrogen bonds. The 
secondary structure may also involve disulfide bridges (-S-S-). The tertiary structure 
refers to the non-covalent and ionic interactions between amino acid residues of a single 
protein chain. The quaternary structure refers to the association of two or more protein 
chains.

n Proteins play important roles in the body: structural, acting as hormones, transport, 
energy source and antibodies in the immune system.

n Proteins may be denatured: loss of three-dimensional shape and loss of biological activity.
n  Carbohydrates contain carbon, hydrogen and oxygen only.
n Carbohydrates can be classified into monosaccharides, disaccharides and polysaccharides.
n Monosaccharides and disaccharides are sweet and soluble and are known as sugars.
n Monosaccharides are simple sugars that cannot be hydrolysed into simpler sugars, for 

example, glucose and fructose.
n Monosaccharides have the general formula CnH2nOn. (The number of carbon atoms is 

usually 3, 5 or 6).
n Monosaccharides contain two or more hydroxyl groups (-OH) together with an aldehyde 

group (-CHO) (for example, glucose) or a ketone group (>C=O) (for example, fructose).
n Carbohydrates contain chiral carbon atoms.
n Glucose exists in aqueous solution as an equilibrium mixture of a straight-chain form and 

a six-membered cyclic ring. The equilibrium lies strongly to the right.
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n In the glucose cyclization reaction, the carbonyl group is converted into a carbon atom 
(carbon atom 1) that has an alcohol group and an ether group.

n In α-glucose the -OH group of carbon atom 1 is below the ring; in β-glucose it is above 
the ring.

n Disaccharides are formed when two monosaccharides undergo an enzyme-controlled 
condensation reaction.

n The two disaccharides residues are joined by a glycosidic bond (-O-). It is formed by the 
reaction of a carbonyl group on one monosaccharide molecule with a hydroxyl group on 
another monosaccharide molecule.

n Disaccharides include lactose (glucose and galactose), maltose (glucose and glucose) and 
sucrose (glucose and fructose).

n Disaccharides and polysaccharides can be converted to individual sugars by appropriate 
enzymes or by heating with water or acid.

n Polysaccharides consist of long chains of monosaccharides, which may be linear or 
branched.

n Common polysaccharides include starch (plants), glycogen (animals) and cellulose (plants).
n Starch and glycogen are polymers of α-glucose and cellulose is a polymer of β-glucose. 
n Starch consists of glucose residues linked by α-(1-4) glycosidic links to form amylose 

(straight-chain) and amylopectin (α-(1-6) branches). Cellulose is a linear polymer 
consisting of β-(1-4) glycosidic bonds. 

n Cellulose is the major component of dietary fibre and cannot be digested by mammals. 
Certain strains of bacterial secrete cellulase. A high-fibre diet reduces the risk of a variety 
of medical conditions including diabetes, hemorrhoids and Crohn’s disease.

n Glucose is the main substrate for respiration in all living organisms. Glucose is stored in 
the form of glycogen and starch. Cellulose is the main component of plant cell walls. 
Glucose also acts as a precursor for molecules such as vitamin C, lipids and proteins.

n Lipids are a diverse group of compounds that are very poorly soluble in water, but very 
soluble in non-polar solvents.

n Lipids contain carbon, hydrogen and oxygen, but not in a simple ratio.
n Lipids include triglycerides (fats and oils), phospholipids (for example, lecithins) and 

steroids (for example, cholesterol).
n Triglycerides are esters between glycerol (propane-1,2,3-triol) (an alcohol with three -OH 

groups) and any three of several long-chain carboxylic acids. They are formed by enzyme-
controlled condensation reactions.

n During digestion lipases catalyse the hydrolysis of triglycerides and release glycerol and 
free fatty acids.

n Fatty acids are the carboxylic acids used to make molecules of triglycerides. They 
generally have just one carboxylic acid group on a chain of an even number of carbon 
atoms.

n Essential fatty acids cannot be synthesized by the body and are supplied by the diet.
n Linoleic acid is an essential omega-6 fatty acid: its final carbon–carbon double bond is 

the sixth bond from the end of the fatty acid. Linolenic acid is an essential omega-3 fatty 
acid: its final carbon–carbon double bond is the third bond from the end of the fatty 
acid. 

n Linoleic and linolenic are poly-unsaturated fatty acids found in plant and vegetable oils. 
They have many functions including the regulation of inflammation and development of 
cardiac cells in the heart.

n The fatty acids in triglycerides may be saturated (no carbon–carbon double bonds), 
mono-unsaturated (one carbon–carbon double bond) or poly-unsaturated (two or more 
carbon–carbon double bonds).

n Unsaturated triglycerides (oils) will undergo an addition reaction with iodine. The iodine 
number, which is the mass of iodine that reacts with 100 grams of oil, allows chemists to 
calculate the degree of unsaturation of an oil.

n Phospholipids are diglycerides with a phosphate group covalently bonded to the third 
hydroxyl group of the glycerol molecule. They are major components of cell membranes.
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n Cholesterol cannot dissolve in the blood. It has to be transported to and from the cells by 
carriers called lipoproteins. Low-density lipoprotein, or LDL, is known as ‘bad’ cholesterol. 
High-density lipoprotein, or HDL, is known as ‘good’ cholesterol. HDL contains a greater 
proportion of protein than LDL.

n When LDL levels are high cholesterol circulates in the blood and builds up in the walls 
of the arteries in the heart and brain. The deposits can block an artery leading to a heart 
attack or stroke.

n One gram of fat typically stores more than twice as much energy as one gram of 
carbohydrate. This is because lipids have a higher percentage by mass of carbon and 
hydrogen and hence produce more carbon dioxide and water molecules per molecule.

n Roles of lipids in the body include energy storage, insulation and protection of organs, 
and synthesis of steroid-based hormones, for example the sex hormones. Omega-3-
poly-unsaturated fats and poly-unsaturated fats (via lower levels of LDL cholesterol) 
both reduce the risk of heart disease. However, obesity and the risk of heart disease is 
increased by LDL cholesterol, trans fatty acid and saturated fats.

n Micronutrients are nutrients needed by living organisms in small quantities (generally less 
than 10 µg per day). Micronutrients include vitamins and trace minerals.

n Micronutrients often function as co-enzymes – small organic molecules that are 
temporary parts of active enzymes.

n Micronutrients include metals (iron, copper, zinc, manganese, molybdenum, chromium 
and cobalt) and non-metals (fluorine, iodine, selenium and boron).

n Macronutrients are nutrients required in relatively large amounts by living organisms. 
They include proteins, lipids, carbohydrates and macrominerals: sodium, magnesium, 
potassium, calcium (in the form of ions), phosphorus, sulfur and chlorine (in the form of 
chloride ions).

n Vitamins are organic compounds required as micronutrients by living organisms.
n A compound is called a vitamin when it cannot be synthesized in sufficient quantities by 

an organism, and must be obtained from the diet.
n Some vitamins are water-soluble (the B group and C); others are fat-soluble (A, D, E and 

K). Water-soluble vitamins are small molecules with polar groups. Fat-soluble vitamins are 
large molecules with non-polar groups.

n A diet which is deficient in a vitamin or a mineral results in a specific deficiency.
n Hormones are chemical messengers that are secreted directly into the blood stream by 

endocrine (‘ductless’) glands.
n Cholesterol and the sex hormones (estrogen, progesterone and testosterone) all contain 

a common steroid backbone. The molecules differ in the functional groups and their 
attachment to the steroid ring.

n Combined oral contraceptive pills prevent ovulation by suppressing the release of 
hormones that control the development of the follicle in the ovary.

n Anabolic steroids mimic the action of testosterone and increase protein synthesis within 
cells.

n Enzymes catalyse essential biochemical reactions in the cell.
n Enzymes have an active site that binds to the substrate.
n Enzymes are denatured by high temperature, presence of heavy metal ions and 

extremes of pH. Under these conditions they lose their precise three-dimensional shape 
(conformation).

n Metal ions interact with disulfide bridges and changes in pH affect the ionization state of 
amino acids.

n Enzymes have different affinities and specificities for substrates. The specificity for the 
substrate is determined by both the arrangement and type of amino acids within the 
active site.

n Enzyme activity is described by the lock and key models and induced fit models.
n The specificity of many enzymes is explained by the lock and key model: the enzyme’s 

active site and substrate have complementary shapes that allow the substrate to bind to 
the enzyme to form an enzyme–substrate complex and undergo catalysis.
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n The induced fit model suggests that the amino acids that form the active site change shape 
and maximize the binding during the interaction between the substrate and the active site.

n Enzymes function by creating an environment in which the transition state is stabilized.
n Enzymes show saturation kinetics in the presence of excess enzyme. There is a hyperbolic 

relationship between rate and substrate concentration.
n The Michaelis–Menten model allows enzyme activity to be assessed in terms of rate (Vmax) 

and binding efficiency (Km). Km is the concentration of substrate at one half the maximum 
rate of the reaction.

n Competitive and non-competitive inhibition affect Vmax and Km differently, and can be 
distinguished using the Michaelis–Menten model.

n Competitive inhibition occurs when the binding of the inhibitor to the enzyme prevents 
binding of the substrate to the active site. Vmax is unchanged, but Km is increased.

n A non-competitive inhibitor reversibly binds to both the enzyme–substrate complex, and 
the enzyme itself. Km is unchanged, but Vmax is decreased.

n Nucleic acids (DNA and RNA) are synthesized from nucleotides which are formed from a 
phosphate group, a ribose sugar and a nitrogenous base.

n Nucleotides and nucleic acids are formed by enzyme-controlled condensation reactions.
n Nucleic acids have a backbone of alternating phosphate and sugar groups from which 

nitrogen-containing bases project.
n DNA consists of two antiparallel strands held together by hydrogen bonding between 

bases.
n The bases in DNA show complementary pairing: adenine base pairs with thymine; 

guanine base pairs with cytosine.
n During replication enzymes unwind the double helix and free nucleotides form 

complementary base pairs. The two exposed DNA strands act as templates.
n Three adjacent bases (codon) in a strand of DNA acts as a code for a specific amino acid.
n During transcription the DNA double helix is unwound and complementary base pairing 

results in the formation of messenger RNA.
n Messenger RNA is single-stranded and identical in structure to DNA except thymine is 

replaced by uracil and dexoyribose is replaced by ribose.
n The messenger RNA is transported to the cytoplasm where ribosomes synthesize a 

protein corresponding to the sequence of codons.
n The amino acids corresponding to each codon are provided by transfer RNA molecules 

whose anti-codons base pair with the codons on the messenger RNA.
n DNA profiling is a technique used by scientists to distinguish between individuals of 

the same species using only samples of their DNA. DNA extracted from cells is cut 
into fragments using restriction enzymes which cut at specific DNA sequences. These 
restriction fragments are then separated according to size using gel electrophoresis. The 
pattern of fragment distribution is unique.

n The energy content of food can be determined by burning a weighed dried sample in 
excess oxygen and absorbing the heat into a known mass of water. The quantity of heat 
released by the food can then be calculated.

n Living organisms convert energy from one form to another.
n Respiration involves the transfer of energy from glucose and occurs inside all living cells. 

It is an enzyme-controlled oxidation process.
n Aerobic respiration involves molecular oxygen (which undergoes reduction); anaerobic 

respiration does not involve molecular oxygen. Aerobic respiration releases more energy 
than anaerobic respiration.

n Anaerobic respiration in yeast leads to the formation of ethanol and carbon dioxide:
 C6H12O6 → 2C2H5OH + 2CO2

n Anaerobic respiration in humans leads to the formation of lactic acid:
 C6H12O6 → 2C3H6O3

n The process of aerobic respiration involves anaerobic respiration and the formation of 
pyruvic acid (CH3COCOOH). If molecular oxygen is present then pyruvic acid is oxidized 
to water and carbon dioxide.
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n Aerobic respiration releases high-energy electrons which enter the electron transport 
chain, a series of carrier proteins. The electrons ultimately react with oxygen molecules 
and hydrogen ions to form water molecules.

	 n  Cytochromes are copper-containing electron transport chain proteins whose function 
depends on the equilibrium between copper(i) and copper(ii) ions

n Examination questions – a selection
Paper 3 IB questions and IB style questions 
Questions marked * are for Higher Level only

 Q1 2-Amino acids have the following general 
structure:

H

H
2
N

R
COOH

C

R represents the variable side-chains that are 
present in the 20 naturally occurring 2-amino 
acids.
a i  Most 2-amino acids are optically active 

molecules and exist naturally as one 
enantiomer. Explain what is meant by 
the term optically active. [1]

 ii  If R = -H in the above structure, 
the 2-amino acid is called glycine 
(aminoethanoic acid). Glycine is 
optically inactive. Explain why is this so. [2]

b i  At pH 7, 2-amino acids exist as 
zwitterions. Re-draw the structure shown 
above in its zwitterion form. [2]

 ii  Lysine is obtained when R = -(CH2)4NH2. 
This is an example of a basic amino 
acid. Suggest which group in lysine is 
responsible for this classification. [1]

 iii  Draw the full structure of lysine as 
it would exist when dissolved in a 
concentrated aqueous solution of 
hydrochloric acid (pH 0). [2]

 iv  State what the overall charge on a 
lysine molecule be if it were dissolved in 
a solution of pH 7.  [1]

 Q2 a Explain why wood pulp cannot be digested 
by humans. [1]

b i  State the names of two conditions 
which are more likely to occur with a 
low‑fibre diet. [2]

 ii  Give one example of a chemical present in 
dietary fibre other than cellulose.  [1]

c i  Describe the structural differences 
between amylose and cellulose. (Refer 
to the monomer and its linkage.) [4] 

 ii  State one biological role for each 
molecule in plants. [2]

 Q3 The structure below represents a naturally 
occurring phospholipid.
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a  State the major biological use for phospholipids 
in cells. [1]

b  Explain why the structure can be classified as a 
glyceride. [2]

c  Account for the partial solubility in water 
of phospholipids. [2]

d  State the name of a lipid which is not classified 
as a glyceride. State one use for this lipid in the 
human body. [2]

 Q4 a State three biological functions of 
triglycerides in humans. [3]

b Draw the full structural formula of a 
triglyceride using the symbol R to represent 
the fatty acid. [1]

c Briefly explain why triglycerides are virtually 
insoluble in water. [1]

d Hydrolysis of a triglyceride produced only 
the following fatty acid: 
CH3(CH2)7CHCH(CH2)7COOH

 i  State whether the triglyceride is saturated 
or unsaturated. Explain your answer. [2]

 ii  Suggest the physical state of this lipid 
(at room temperature and pressure) and 
suggest a possible natural source. [2]
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 Q5 a The general formula for saturated fatty acids is 
CnH2nO2. The molecular formula of arachidonic 
acid is C20H32O2. 
Determine the number of carbon–carbon 
double bonds in arachidonic acid. [1]

b Define the term iodine number and 
determine the value for arachidonic acid. [3]

c Arachidonic acid is an essential fatty 
acid. State one health benefit from 
omega-3 essential fatty acids in the diet. [1]

d State the function of lipoproteins in the 
blood. State the names of the two types of 
lipoproteins. [2]

 Q6 The equilibria which exists in an aqueous solution 
of d-ribose is shown in the structures below.
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a Identify the α and β forms of d-ribose. [2]
b  State, with a reason, whether or not the two 

ring forms of ribose are enantiomers.  [1]
c In structure B identify, by stating the numbers, 

the carbon atoms which are not chiral. [1]
d  Ribose has no calorific value but is used 

in biosynthesis. State the name of a 
biological polymer that contains large 
number of ribose molecules. [1]

e  An experiment was carried out using a 
calorimeter to determine the calorific value 
of a dried fruit bar with a mass of 40.0 g. The 
complete oxidation (combustion) of a 10 g 
sample of the fruit bar raised the temperature 
of 500 g of water to 88.5 °C. The initial 
temperature of the water was 17.0 °C. 
Calculate the calorific value (in kJ) of the fruit 
bar. (The specific heat capacity of water = 
4.18 J g−1 K−1.) [3]

 Q7 The hormone testosterone and its isomer 
epitestosterone both have the structure shown 
below. They differ in the configuration of the  
-OH group.

OH

CH
3

CH
3

O

a i  State what is meant by the term  
hormone. [1]

 ii  State how hormones travel from their 
endocrine gland to the body cells. [1]

b Name the organ which acts as an 
endocrine gland and is the major source 
of testosterone. [1]

c Testosterone is a member of a group of 
compounds called steroids. Certain anabolic 
steroids have useful medical applications. 
However, in recent years anabolic steroid 
abuse amongst athletes has become more 
common. Describe briefly a use and an 
abuse of anabolic steroids. [2]

d Name two functional groups present in 
testosterone and epitestosterone. [2]

e By referring to the structure of cholesterol 
in Table 21 of the IB chemistry data booklet, 
give one structural difference between 
testosterone and cholesterol. [1]

f Testosterone and epitestosterone are 
isomers analogous to α- and β-glucose. 
Describe how the two isomers are different. [1]

g State the name of a non-steroid hormone. 
Give the name of its endocrine gland and 
state its biological function. [3]

h Outline the mode of action of female oral 
contraceptives. [3]

 Q8* The sulfur-containing enzyme pyruvate 
decarboxylase catalyses the reaction: 

H
3
C

HOOC
C O

H
3
C

H
C O C OO

pyruvic acid ethanal carbon dioxide

+

a i  Describe the principle of a method by 
which the enzyme activity (rate) could be 
measured for this reaction.  [2]
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 ii  The action of an enzyme is usually highly 
specific. Outline what is meant by the 
term ‘specific’ and explain how an enzyme 
operates. (You may use the symbols E to 
represent enzyme, S for substrate and P for 
product.) [4]

b Describe and explain what would is likely to 
happen if the catalysis was carried out each of 
the following conditions:

 i at 90 °C [2]
 ii  in the presence of mercury(i) ions. 

(Mercury is a heavy metal.) [3]
c Pyruvate decarboxylase only functions in the 

presence of magnesium ions. 
State the name of one metal and one 
non-metallic element which act as dietary 
minerals. Give one biological function for each 
of the elements. State the name of a deficiency 
disease associated with each element. [4]

d Enzyme-catalysed reactions are sometimes 
reversibly slowed down by inhibitors. Many 
drugs are enzyme inhibitors.

 The following graph represents the rate of an 
enzyme-catalysed reaction at different substrate 
concentrations until saturation is achieved.
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 i  Explain how a competitive inhibitor would 
slow down such a reaction. On a copy of 
the graph, draw a line to show its effect. [3]

 ii  State the effect of a non-competitive 
inhibitor on the values of Vmax and Km. [2]

 Q9* The structure of a small part of a DNA molecule is 
shown below.
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cytosine base guanine base

a i  What type of bonding is represented by the 
dotted lines in the diagram? [1]

 ii  Explain the function of this type of 
intermolecular force in the process of 
DNA replication during cell division. [2]

 Biochemists isolated a double-stranded piece of 
DNA which they believe continued the beginning 
of the gene.  The start of the sequence of bases 
of one strand is given below. 
 5′- GAATTCCATGACATACCATTGG…..-3′

b i  Explain the significance of the labels 5′ 
and 3′. [2]

 ii  Write down the sequence of the 
complementary strand in the DNA 
molecule, labelling it in a similar fashion. [2]

 iii  Using the abbreviated genetic codes in the 
table below, identify the first three amino 
acids in the protein that this gene codes for.
 [2]

Amino acid Codon Amino acid Codon

Phenylalanine TTT Tyrosine TAC

Isoleucine ATA Proline CCA

Methionine (start codon) ATG Alanine GCT

Threonine ACA Histidine CAT  

Aspartic acid GAC Serine TCC

c Nucleotides are the monomers of DNA. State 
the names of two components present in 
DNA nucleotides, other than bases. Outline 
how nucleotides are linked together to form 
polynucleotides. [4]

bloodstain male
householder

female 
householder

suspect A suspect B

Figure 22.116 DNA analysis of fingerprints in a robbery investigation

d The DNA fingerprint of blood obtained from 
a broken window at the scene of a robbery 
is shown in Figure 22.116, together with the 
DNA fingerprints of the occupants of the house 
and two possible suspects. 
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 i  State what is meant by Dna profiling 
(genetic fingerprinting) and describe how 
a DNA profile is obtained. State one other 
use for DNA profiling. [4]

 ii  What are the chances of an accidental 
match of three bands in two DNA 
fingerprints? [1]

 iii  Explain what you know from comparing the 
DNA fingerprints in Figure 22.116. [2]

 Q10* a  Write an equation summarizing the aerobic 
respiration of glucose. [2]

b Give the name of an intermediate substance 
which will be formed during this process. [1]

c State the chemical names of the final products 
of anaerobic respiration in humans  
and yeast. [2]

d  State the name of the gas which is 
released during aerobic and anaerobic 
respiration. [1]

e  Identify the type of respiration which releases 
the most energy (per glucose molecule). [1]

f  Glucose is oxidized by a series of redox 
reactions involving the transfer of electrons by 
proteins. Identify one electron carrier and state 
the transition metal ion present. [2]

 Q11* The graph below represents the activity of the 
enzyme sucrase.
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a What is the significance of point X on the 
graph? [1]

b Explain, on a molecular level, why the 
reaction rate increases with substrate 
concentration from 0 to Y, but then remains 
constant. [2]

c Define the Michaelis constant (Km) and 
explain its significance for enzymes. [2]

d From the graph, determine the value of Km. [1]
e Write a balanced equation to represent 

the formation of glucose and fructose 

from sucrose in the presence of sucrase. 
Explain how the reverse of this process 
is extended to the formation of a 
polysaccharide like glycogen. [3]

 Q12 Figure 22.117 shows a two-dimensional 
chromatogram of an amino acid mixture. The 
amino acid mixture was separated with an 
aqueous mixture of butan-1-ol and ethanoic acid 
(in dimension 1). The chromatogram was allowed 
to dry and then the paper turned around by 
90° and a second solvent mixture of phenol and 
ammonia was applied.
a Define the term retention factor, rf. [1]
b  Calculate the rf values of glutamic acid and 

isoleucine (in aqueous butan-1-ol and ethanoic 
acid) (to one decimal place). [1]

c Calculate the rf values of asparagine, threonine 
and methionine (in aqueous phenol and 
ammonia) (to one decimal place). [1]

d State which amino acids were completely 
separated by developing the chromatogram 
in dimension 1 and dimension 2. [2]

e Name another technique that can be used to 
separate a mixture of amino acids. [1]
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Figure 22.117 Schematic representation of a two-dimensional paper 
chromatogram of amino acids from a mixture placed at point X 

 Q13 a Use displayed structural formulas to illustrate 
a condensation reaction between two alanine 
(R = -CH3) molecules to form a dipeptide. 
Clearly indicate the peptide linkage showing 
all the bonds. [2]

examination questions
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b State two functions of proteins in the body. [2]
c Describe (without diagrams) how the amino 

acids in a mixture of three amino acids could 
be identified using electrophoresis.  [4]

d Deduce how many different tripeptides can 
be formed using three 2-amino acids, glycine, 
alanine and proline, if each amino acid is used 
only once in each tripeptide. [1]

e Explain what is meant by, and describe the 
types of bonds and intermolecular forces which 
maintain, the tertiary structure of a globular 
protein, such as hemoglobin. [5]

 Q14 Fatty acids can be saturated or unsaturated. 
Three natural examples are:

C23H47COOH C25H51COOH C25H48COOH

a Explain the term unsaturated. [1]
b List the three fatty acids in decreasing order 

(starting with the highest value) of melting 
point. [1]

c Identify the type of intermolecular force 
present in each of the fatty acids. [1]

d By reference to the structure of the following 
molecules, explain the difference in melting 
point in each pair.

 C25H51COOH and C23H47COOH
 C25H51COOH and C25H48COOH [2]



STARTING POINTS	 n Metals differ in their chemical reactivity.
n The reactivity series arranges metals in order of chemical reactivity (their reducing ability – 

that is, their readiness to form positive ions by losing electrons).
n Most metals are found naturally as impure oxides; the metals can be extracted by a 

process of reduction.
n Chemical reactivity is a major factor in determining the method of extraction used for a 

particular metal.
n The most reactive metals, such as aluminium, are extracted by electrolysis from their 

molten compounds; less reactive metals, such as iron, can be extracted using carbon or 
carbon monoxide, which act as powerful reducing agents.

n Non-metallic oxide impurities can be removed from iron and steel during chemical 
reduction by an acid–base reaction using calcium oxide (formed from calcium carbonate 
by thermal decomposition).

n Metals and most alloys are held together by metallic bonding – the attraction between 
positive ions and delocalized valence electrons.

n Alloys are homogeneous mixtures of metals; steels are alloys of iron, carbon and other 
metals.

n Metals and alloys are made of small crystals (known as grains) and are malleable and 
ductile.

n The physical properties of iron can be changed by heat and mechanical treatment.
n Crude oil (petroleum) is a complex mixture of hydrocarbons.
n Crude oil can act as an energy source (following fractional distillation) and as a chemical 

feedstock (source of reactants).
n Cracking involves breaking down a long-chain alkane into smaller hydrocarbons.
n Petrol (gasoline) is a mixture of alkanes and other substances blended to give the best 

combustion properties.
n A polymer is a large molecule formed by the covalent linking of many small molecules, 

which are known as monomers.
n There are two types of polymer – addition polymers and condensation polymers. 

Addition polymers are manufactured from a variety of unsaturated molecules.
n Condensation polymers are manufactured using condensation (addition/elimination) 

reactions.
n Addition polymers can be made via an ionic or a free-radical mechanism.
n The properties of polymers depend on chain length, cross-linking (if present), 

intermolecular forces of attraction between chains, the nature of side-groups (and their 
orientation) and the degree of crystallinity.

n Catalysts are chemical substances that increase the rates of chemical reactions without 
themselves being consumed. They provide an alternative reaction mechanism with a 
lower activation energy.

n There are two very different types of catalyst – homogeneous and heterogeneous.
n In homogeneous catalysis, the reactants are in the same phase as the catalyst.
n In heterogeneous catalysis, the reactants are in a different phase to the catalyst.
n Voltaic cells (simple ‘batteries’) convert chemical energy into electrical energy and can 

generate a voltage and an electric current.
n Rechargeable ‘batteries’ utilize reversible redox reactions.
n Fuel cells are batteries based on combustion reactions.
n Liquid crystals represent a state of matter that lies between the liquid and solid states.
n The physical properties of liquid crystals depend on the orientation of their molecules. 

Their properties change with temperature and concentration.

Option C

23 Chemistry in industry and 
technology
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n Silicon is a semi-conductor with very low electrical conductivity – this can be greatly 
increased by the addition (termed ‘doping’) of very small amounts of elements from 
groups 3 or 5.

n Semi-conductors have energy levels termed the ‘valence band’ and the ‘conduction 
band’.

n The absorption of sunlight can promote valence electrons from silicon atoms into the 
conduction band.

n Concentrated salt solution (brine) is electrolysed commercially to form chlorine, hydrogen 
and sodium hydroxide – these are important raw materials for the chemical industry.

n The electrolytic cells used in the chlor-alkali industry are designed to prevent the chlorine 
produced from reacting with the sodium hydroxide produced.

n Nanotechnology is the manufacture of products on the nanoscale: 1–100 nm.
n The properties of matter depend in part on size and scale. The physical and chemical 

properties of matter are often different on the nanoscale compared with larger quantities 
of the same substance.

	 n  The quantum properties of the electrons in atoms and molecules become important at 
the nanoscale, affecting the optical, electrical and magnetic behaviour of nanomaterials.

  Introduction: Industrial and technological 
revolutions
The chemical industry can be looked at from many points of view. The ‘heavy’ industrial side, the 
iron and steel industry for instance, can be seen in terms of huge factories or oil refining plants 
giving out smoke and polluting the environment. Yet for the people who work in that section of 
the industry it is the source of their livelihoods. The less dramatic presence of a modern 
pharmaceutical plant may be less obtrusive and environmentally damaging, but all sides of the 
industry have played their part in the wealth and development of communities and nations. 
Economists may well see the industry as just another part of the total economy, seeing the sector 
in terms of facts and figures, profits and losses. In our daily lives we cannot help but make use of 
chemical substances. They impact on our lives to a greater or lesser extent as the food we eat, the 
clothes we wear, the buildings we live in, the transport we take and the medicines we use to 
maintain our health.

Whatever your view, it would be hard to exaggerate the importance of the chemical industry. 
This is true currently in terms of new developments but is also most certainly true historically. 
The Industrial Revolution that spread out from Ironbridge in the United Kingdom in the early 
1800s was built on changes in iron working brought about by the introduction of new features to 

the blast furnace devised by Abraham Darby. The better 
quality of the iron produced and the larger quantities of it 
made meant that more sizeable and challenging projects 
could be implemented using iron. The project that has 
become an iconic symbol of the Industrial Revolution was 
the Iron Bridge over the River Severn at Coalbrookdale 
(Figure 23.1) – the intensity of the foundries are vividly 
depicted in the oil painting Coalbrookdale by Night (painted 
by de Loutherbourg in 1801) that has come to symbolize 
the impact of the new era.

The availability of iron and steel fed the industrialization 
of Europe and helped create the wealth of those nations.

Iron had previously been available for construction for 
a considerable time, and it still continues to far outstretch 
all other metals in terms of its usefulness. There is only one 
other metal that is used to anything like the same extent as 
iron – and that is aluminium. Figure 23.1 The Iron Bridge over the River Severn at Coalbrookdale, UK
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The increase in availability of this metal followed the invention of the Hall–Héroult electrolytic 
process. The simultaneous discovery on both sides of the Atlantic Ocean in its own way 
revolutionised the use of metals in engineering. Aluminium has its own distinctive properties 
which make it useful in a wide range of manufacturing situations. It has been used in automobile 
construction and possibly the most expensive ‘car’ ever built was constructed from aluminium 
– the LRV (Lunar Roving Vehicle) was built for the Apollo missions to the Moon and remains 
sitting on the Moon to this day.

There are other instances where a technical development in industrial chemistry has had wide 
and far-reaching social and economic impact. Later in this chapter we will consider aspects of 
some relatively novel materials that have changed the way we package goods, dress ourselves and 
construct objects that we want to produce on a large scale. The plastics and polymers revolution 
has certainly changed the way we live and, alongside that, posed problems for the consumer-
driven society that it helped develop.

In Chapter 7 we referred to two major industrial processes for the manufacture of ammonia 
and sulfuric acid – the Haber process and the Contact process. The Haber process had massive 
consequences for agricultural technology, though the timing of the developments was also 
shrouded in war, while sulfuric acid is a major chemical feedstock for making a vast range of 
other chemicals. Both processes illustrate how this industrial sector can take essentially simple, 
and often cheap, raw materials and turn them into much more valuable items. The significance 
of sulfuric acid as a contributor to the manufacture of such a range of materials was shown in the 
old statement that it was ‘possible to judge the wealth of a country by the level of its sulfuric acid 
manufacture’. There is little doubt that this situation is no longer true, and one reason for that 
is the advent of a further technological revolution – this 
revolution is centred round electronics and the use of 
silicon-chip technology, liquid-crystal displays and other 
novel developments.

Miniaturization has brought a host of new portable 
devices and has led us into the radical world of 
nanotechnology – a world symbolized and opened up by 
the discovery of carbon-60, C60 (Figure 23.2).

The possibilities raised by this particular revolution 
challenge the imagination, and it remains to be seen 
what the exploitable developments and consequences 
of nanotechnology are. The chemistry of many of these 
changes in the progressive development of the resources 
around us will be referred to in this chapter. Whatever 
your view of the industry as a whole, it is impossible to 
avoid its influence on individuals, on the environment 
and on the economy of a country. One of the signs of 
the economic development of a country is the state of its 
chemical industry.

 23.1 Iron, steel and aluminium
The major construction metals
Some metals, such as copper (Figure 23.3), silver, gold and platinum, can occur ‘native’ as the free 
metal. However, the majority of metals are too reactive to exist uncombined in the Earth’s crust 
and occur naturally as compounds in mineral ores, which are usually oxides or sulfides.

Metals towards the middle of the reactivity series, such as iron and zinc, can be extracted 
by reducing the metal oxide with carbon, a cheap reducing agent. Reactive metals cannot be 
extracted from their compounds using carbon because the high temperatures necessary are not 
economical (see Ellingham diagrams in Chapter 15). Reactive metals, such as aluminium, are 
extracted from their purified molten ores by electrolysis – this method produces very pure products.

Figure 23.2 Fullerene technology – 
computer artwork of carbon-60; the first 
of the spherical and cylindrical fullerenes 

to be discovered. Such structures are 
being investigated for a wide range of 

technological and possible medical uses

Figure 23.3 A sample of 
copper in its native state
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Iron and aluminium are the two major metals extracted for construction use. The demand for 
iron (and steel) still far outstrips any other metal – a consequence of the extent to which they 
are used for construction. But aluminium is increasingly proving a viable alternative, with its 
distinctive properties of low density, strength and resistance to corrosion.

Language of Chemistry
Smelting uses heat and a chemical reducing agent – commonly a fuel that is a source of carbon 
(such as coke or, in earlier times, charcoal) to reduce the metal ore. The carbon or carbon 
monoxide derived from it removes oxygen from the ore to leave the metal behind. Smelting is 
a chemical process and should not be confused with melting, a physical process. n

Sources of iron
C.1.1 State the main sources of iron.

Iron is the fourth most abundant element, and the second most abundant metal. Iron forms 
approximately 5% by mass of the Earth’s crust. An ore is any naturally occurring source of a metal 
that a metal can be economically extracted from. The principal ores of iron (Figure 23.4) are 
haematite (Fe2O3), limonite (2Fe2O3.3H2O) and magnetite (Fe3O4). The main impurities present 
in the ores are sand (silicon dioxide) and aluminium oxide. Scrap metal iron is also collected and 
recycled.

Language of Chemistry
Haematite is a red ore of iron and its name comes from the Greek word aimatites, meaning 
blood-like stone. Limonite comes from the Greek leimon for meadows and the name was 
first used by the German scientist Hausmann in 1813 to describe this brown ‘meadow-ore’. 
Magnetite is the ore of iron which is magnetic, hence the name. n

History of Chemistry
Blast furnaces existed in China from about the 5th 
century BC, and in the West from the 11th century. 
They were introduced to England in 1491. The fuel 
used in the early blast furnaces was charcoal, and air was 
blown in through bellows. Abraham Darby, working at 
Coalbrookdale, revolutionised the process by replacing 
charcoal with coke, which could generate higher 
temperatures. Coke is formed by heating coal in the 
absence of air, and is richer in carbon than charcoal or 
coal (Figure 23.5). The efficiency of the process was further enhanced by the practice 
of pre-heating the blast. As we have already commented, the development of improved 
iron production heralded the beginning of the Industrial Revolution.

a b c

Figure 23.4 Samples of 
the major iron ores –  

a limonite, b haematite 
and c magnetite 

 Figure 23.5 A sample of coke – a 
solid fuel formed by heating coal in 

the absence of air

coal coke
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The blast furnace

C.1.2 Describe and explain the reactions that occur in the blast furnace.

Iron is extracted from iron ore on an industrial scale in 
a blast furnace (Figure 23.6). The manufacture of iron 
from iron ore takes place in two stages. First, the iron ore 
is prepared by crushing and heating. The crushing process 
produces small lumps which are then heated to remove 
water and volatile impurities.

In the second stage, the iron ore is reduced to iron by 
carbon monoxide in the blast furnace. The reduction is 
carried out at a temperature of approximately 700 °C. The 
overall reaction for the reduction of iron(iii) oxide from 
haematite is represented by this equation:

Fe2O3(s) + 3CO(g) →	2Fe(l) + 3CO2(g)

The carbon monoxide is produced in the blast furnace 
from coke (an impure form of carbon) and air. The air is 
pre-heated to about 600 °C and injected (blasted) into the 
furnace through pipes called tuyères. The air may also be 
enriched with oxygen, and some methane can be included 
to replenish some of the coke. The coke burns in the hot 
compressed air, forming carbon monoxide. The reaction is 
exothermic and the temperature increases to over 1700 °C:

2C(s) + O2(g) → 2CO(g)

In the hottest regions of the furnace, carbon itself, in the 
form of coke, can also reduce haematite directly:

Fe2O3(s) + 3C(s) → 2Fe(l) + 3CO(g)

The iron produced by the reduction of the ore is impure 
due to the presence of silicon dioxide and aluminium 
oxide. These are removed by adding limestone (calcium 
carbonate) to the furnace. At the high temperatures inside 
the furnace the limestone undergoes thermal decomposition 
forming calcium oxide (lime) and carbon dioxide:

CaCO3(s) → CaO(s) + CO2(g)

The calcium oxide combines with impurities forming ‘slag’ – this contains calcium silicate and 
calcium aluminate:

CaO(s) + SiO2(s) → CaSiO3(l)
CaO(s) + Al2O3(s) → CaAl2O4(l)

The molten iron and the molten slag sink to the base of the furnace. The molten slag is less dense 
than the metal and floats on top of the molten iron. The two immiscible layers are tapped off 
periodically at different levels.

Blast furnaces are operated continuously (unless they are undergoing maintenance). The raw 
materials are iron ore, coke and limestone (known as the charge) – these are constantly being 
added to the top of the furnace mixture.
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Figure 23.6 A diagram 
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Applications of Chemistry
Slag has many commercial uses, and is rarely thrown away as a waste product. It is often 
reprocessed to separate any other metals it may contain. The remnants of this recovery can 
be used in ballast for railway tracks and as fertilizer. It has been used as a road-base material. 
Ground granulated slag is often used in making concrete in combination with cement.

The basic oxygen process

C.1.3 Describe and explain the conversion of iron into steel using the basic oxygen converter.

This is the most common method by which carbon steels 
are produced. In this process the basic oxygen converter 
(Figure 23.7) is tilted so that molten furnace iron and scrap 
iron can be added – a process known as charging.

The converter is then returned to the vertical position 
and a water-cooled lance (a type of pipe) is lowered into the 
converter. This is used to blow oxygen and powdered lime 
(calcium oxide) onto the surface of the molten iron – it is 
called the ‘oxygen blow’. A very exothermic reaction occurs 
and the impurities (carbon, phosphorus and silicon) are 
oxidized:

2C(s) + O2(g) → 2CO(g)
4P(s) + 5O2(g) → P4O10(s)
Si(s) + O2(g) → SiO2(s)

The charge in the converter is kept in the molten state 
by the heat energy released in the oxidation of the non-
metal impurities. Silicon dioxide and oxides of phosphorus 
combine with the calcium oxide forming a slag. The carbon 
is oxidized to carbon monoxide and leaves as a gas.

The lance is then removed and the converter is tilted 
once again to remove the slag. After a second oxygen blow 
the converter is tilted and the molten steel poured into a 
ladle. This process is called ‘tapping’ the steel.

n Extension: The extraction of other metals
Zinc, lead and copper can all occur in mineral form as sulfide ores. For instance, the principal 
source of zinc is the mineral zinc blende (zinc sulfide). The initial step in the extraction from 
these ores is to convert the ore to the metal oxide. Carbon, in the form of coke, is then used to 
reduce the oxide to the metal in a blast furnace.

Titanium is extracted from its ore by reduction, but the process is more complicated. The 
main source of metallic titanium is the black ore, ilmenite. The metal oxide is produced by pre-
treatment of the ore and then converted to titanium(iv) chloride – titanium is then extracted by 
the Kroll process, involving reduction with molten magnesium. This preparation is based on the 
displacement (Chapter 9) of a less reactive metal, titanium (present initially in the form of its 
ions), by a more reactive metal, magnesium (in the form of its atoms).
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Figure 23.7 Diagram of a basic oxygen converter for making steel
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Alloys

C.1.4 Describe alloys as a homogeneous mixture of metals or a mixture of metal and non-metal.

An alloy is typically a homogeneous mixture of metals or a mixture of a metal and non-metal, 
usually carbon but sometimes phosphorus. Alloys usually have different properties from those of 
the component elements, and melt over a range of temperature. Alloys are generally made by 
mixing the metal with the other elements in molten form, and allowing the mixture to cool and 
the alloy to solidify.

Language of Chemistry
Alloys are usually divided into ferrous and non-ferrous alloys. Ferrous alloys include the steels, 
which are alloys of iron containing up to 2% carbon. The majority of non-ferrous alloys are 
based on copper. Familiar alloys of copper are brass (copper and zinc) and bronze (copper and 
tin). Bronze is an alloy that man has used considerably over long periods of history. It is still 
used to produce statues and sculpted artwork. n

The composition of steels can be determined by using atomic emission spectroscopy (Chapter 21). 
This involves making the steel sample into an electrode for an electric arc, so that each element 
present emits a characteristic line or emission spectrum. The intensities of the lines are related to 
the concentrations of atoms of each element.

Alloying

C.1.5 Explain how alloying can modify the properties of metals.

Most pure metals are not used in engineering 
because they do not have the required properties. 
For example, the pure metal may readily undergo 
corrosion or be too soft. However, the properties 
of a metal may be improved by the formation of 
an alloy. Alloys are often harder than the original 
metals because the irregularity in the structure 
helps to stop rows of metal atoms from slipping 
over each other (Figure 23.8).

For example, brass is stronger than copper 
and is more easily worked because of its higher 
malleability – brass is also more resistant to 
corrosion. Duralumin (an alloy of aluminium 
with magnesium and copper) is much stronger 
than aluminium, but the presence of copper 
makes it prone to corrosion. Stainless steel 
contains iron with chromium, nickel and a small 
amount of carbon. It is extremely hardwearing 
and resistant to corrosion even when heated – 
its resistance to corrosion can be improved by 
increasing the chromium content.

force
applied
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force
applied

here

pure metal

alloy

a

b

c

Figure 23.8 a The position of the atoms in a pure 
metal before a force is applied; b after the force 

is applied, slippage has taken place; c in an alloy, 
slippage is prevented because the atoms of different 

size cannot easily slide over each other
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The structure of metals

C.1.6 Describe the effect of the heat treatment of steel.

Metals are giant structures of atoms held together by metallic bonding (Chapter 4). The term 
‘giant’ implies that large but variable numbers of atoms are involved – depending on the size of 
the piece of metal. Metals are crystalline and the atoms pack into various types of lattices.

Atoms are moving in the
molten metal. Atoms are
in random positons.

Some atoms group
together. A small cluster
with a regular pattern
is formed.

The clusters have become
bigger. More clusters
form as the metal cools
down.

The clusters grow even
more. Grains are formed.

The grains meet as the
metal becomes solid.
Grain boundaries are 
present between the grains.

metal cooling

However, not all the atoms in a piece of metal are arranged in a regular way. Any piece of metal is 
made up of a large number of crystal grains, which are regions of regularity (Figure 23.9). Hence 
metals are described as polycrystalline. At the grain boundaries, atoms are misaligned. The grains 
of a piece of polished metal can be seen easily with a microscope – however, the best place to see 
metallic crystal grains is on a galvanised lamp post (Figure 23.10) where the large grains of zinc 
are clearly visible.

The properties of steel depend on its grain structure. The structure of steel may change with its 
composition and with mechanical working (e.g. rolling, forging, heating, hammering and drawing).

A third important process for changing a metal’s structure, and hence changing and 
controlling its properties, is known as heat treatment. The remarkable versatility of steel is in 
large part due to its response to heat treatment. If some steel is to be formed into an intricate 
shape, it can be made very soft and ductile by heat treatment; on the other hand, if it is to resist 
wear then it can be made very hard by heat treatment.

Many methods of heat treatment are used, but they all involve heating and keeping the metal 
at a selected temperature until the structure becomes uniform, and then cooling it at a controlled 
rate to produce or keep the required microcrystalline structure of grains.

The rate of cooling is the main difference in these treatments. Iron and carbon combine 
reversibly at high temperatures forming a hard brittle compound known as iron carbide 
(cementite), Fe3C.

3Fe(s) + C(s)  Fe3C(s)

The mechanical properties of steel result from laminated structures of iron and iron carbide. The 
forward reaction is endothermic, so that on slow cooling, the position of equilibrium (Chapter 7) 
shifts towards the formation of carbon, which separate as small flakes of graphite, and iron. Rapid 
cooling, however, prevents adjustment of equilibrium. The iron carbide is preserved, making the 
steel harder and much more brittle. The three main methods of heat treatment are known as 
annealing, quenching and tempering.

Annealing involves maintaining the sample of steel at a specified temperature for a specific 
length of time, and then gradually cooling it at a controlled rate. The steel is softened, becoming 
very ductile, but the hardness, toughness and tensile strength are gradually reduced. Annealing 
relieves internal stresses, producing a more or less uniform grain structure throughout the metal. 
Annealing is often used to soften steel and prepare it for machining, cold working or further heat 
treatment. It may also be used to develop a particular microstructure in steel.

Quenching involves plunging a piece of heated steel into a liquid bath, causing sudden cooling 
(Figure 23.11). The product has strong internal stresses, and is very hard and brittle being easily 
fractured. To be useful, the steel needs to be toughened.

Figure 23.9 The process 
of formation of grains as 

a metal cools

Figure 23.10 The grains 
of zinc on a galvanized 
lamp post can be seen 

clearly
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Tempering is carried out by reheating quenched 
steel to a specified temperature for a given time to 
permit the structural changes to reach equilibrium, 
and then cooling slowly. By tempering, it is possible 
to remove the internal stresses and to replace 
brittleness by toughness, while retaining most of the 
hardness. 
 
 

TOK Link
A Samurai sword is a wonderfully delicate and complex piece of engineering. In his pivotal book (and television series) the ascent of man, 
Professor Jacob Bronowski describes in detail the intellectual and cultural beauty of the sword-maker’s art in working steels in the foundry 
to produce a Samurai sword. The precision is all the more remarkable in that the techniques involved were worked out from practical 
experimentation before there was any theoretical appreciation of why the techniques worked. The practices involved in tempering steels and 
producing the swords were passed from one generation to the next through a studied ritual that was strictly adhered to. It was consistent 
because the ceremony had beauty and was precise and unvaried. Heat-treating temperatures were set by visual clues that were handed down. 
The example of the making of a Samurai sword emphasizes that there are often practical ways of knowing that are independent of theory. It 
also emphasizes the importance of cultural history in the passing on of creative skills.

The properties and uses of iron and steel
C.1.7 Describe the properties and uses of iron and steel.

The iron produced by the blast furnace is run into moulds of sand (traditionally known as ‘pigs’) 
and the iron formed is called pig iron. Pig iron is about 90% pure and is hard, brittle and melts at 
about 1200 °C. Pig iron is not useful directly as a material.

Cast iron is produced by melting a mixture of pig iron, scrap iron, steel and coke. The molten 
iron is then cast into moulds and cooled. Cast iron tends to be brittle and has a low melting point, 

but it is corrosion resistant and it can be easily cast and is hard 
wearing. The Iron Bridge over the River Severn at Coalbrookdale 
(Figure 23.1) is constructed of cast iron. Cast iron has become an 
engineering material with a wide range of applications including 
manhole covers, pipes, machine and car parts (such as cylinder 
heads, blocks, and gearbox cases). Some examples from the 
heyday of ornamental ironwork still exist from the Victorian age 
(Figure 23.12).

Wrought iron is the purest form of commercial iron. It is 
produced by heating impure iron with haematite and limestone 
in a blast furnace. This increases the purity of the iron to about 
99.5% and its melting point to about 1400 °C. Wrought iron 
is a strong, malleable and ductile form of iron, but has been 
largely replaced by mild steel. One of its remaining uses is in the 
construction of ornamental gates and garden furniture.

History of Chemistry
Two internationally known iconic constructions made from wrought iron are the Eiffel Tower in Paris and the 
Iron Pillar of Delhi. The Eiffel Tower was completed in 1889 as the entrance arch for the World Fair of that year. 
The Iron Pillar, erected in AD 415, is seven metres high and weighs more than six tonnes. The pillar is 98% pure 
wrought iron and is a testament to the high level of skills achieved by Indian ironsmiths. It has withstood corrosion 
for over 1600 years. The pillar’s resistance to corrosion is due to a passive protective film formed on the surface 
of the iron. One factor responsible is the phosphorus content in the metal, coming originally from the wood used 
in the smelting process. Since no lime was added to remove the phosphorus as slag, this led to the formation of a 
corrosion-resistant layer of iron(iii) hydrogen phosphate hydrate (FePO4.H3PO4.4H2O).

Figure 23.11 A slab 
of red hot steel being 

quenched with a spray of 
cold water – quenching 

helps to harden the steel 

Figure 23.12 The cast iron gazebo in the  
Botanical Gardens, Singapore
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Most of the molten iron from a blast furnace is used to make one of a number of types of steel. Steels 
are a family of alloys of iron with carbon or various metals. The composition of alloy steels is carefully 
controlled to give the required combination of properties – some examples are listed in Table 23.1.

Alloying element Use

Manganese Rock drills, rock-crushing equipment, railway and tramway points and crossings

Nickel Gears, steering components, transmission parts, drills and armour plate

Chromium/nickel 
(stainless steel)

Aircraft fittings, turbine blades, ball-bearings; stainless steel for cutlery, tools and surgical 
instruments, regulator valves, saucepans, chemical plant construction including reaction 
vessels

Molybdenum High-speed steels, forging dies

Tungsten Tool and die steels

Silicon Structural steels (1–1.55% Si), spring steels (2% Si), electrical steels (2–4% Si), laminated 
cores of electric motors, generators and transformers, corrosion resistance steels (up to 14% 
Si) for reaction vessels in the chemical industry

Vanadium Steels for general engineering purposes, high-pressure boilers, locomotive parts, gears and 
turbines

Cobalt High-speed tool steels

History of Chemistry

Stainless steel – the perfect solution?
Stainless steel items are very much 
part of many homes, particularly those 
which come into regular contact with 
water – such as the kitchen sink, cutlery 
(Figure 23.13) and the drum of a washing 
machine, for instance. They are made of 
stainless steel because the alloy needs no 
further protection. Surgical instruments, 
and the specialist vessels of chemical 
plants, are similarly made out of this alloy 
for the same reason.

Stainless steel was developed in 1913 by a Sheffield chemist called Harry Brearley. 
Sheffield is a steel-making town in the north of England. He was investigating the rapid 
wear of rifle barrels and decided to test a steel containing a high level of chromium to see 
if this would prolong their life.

In testing this particular steel alloy, Brearley found that it was resistant to corrosion 
with acid. He immediately realised that he had found a steel that would make excellent 
cutlery. Stainless steel does not rust because it forms a surface layer of chromium(iii) oxide 
(Cr2O3). Unlike rust, this oxide layer adheres closely to the metal surface. The oxide layer 
is invisible to the naked eye, being only a few nanometres thick, and allows the natural 
brightness of the metal to show through. Even so, it is impervious to air and water and 
so protects the metal beneath it. Furthermore, if you scratch the surface film it quickly 
reforms and restores the protection. There are strong similarities here to the protective 
oxide layer on the surface of aluminium.

Unfortunately stainless steel is expensive and therefore cannot be used in all the situations 
where we would want to prevent rusting. Perhaps the largest-scale use of stainless steel is 
the cladding of the ornamental crown of the Chrysler Building in New York.

Table 23.1 Examples of 
some steels

Figure 23.13 Stainless steel cutlery in the kitchen
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Occurrence of aluminium

C.1.8 Describe and explain the production of aluminium by the electrolysis of alumina in molten cryolite.

Aluminium is the most abundant metal and the third most abundant element on Earth. It is in 
compounds that form approximately 8% of the Earth’s crust. Aluminium is relatively reactive 
and does not occur naturally as the metal. It is found in the form of hydrated aluminium silicates 
in rocks, such as clays and micas, but the percentage of aluminium is too low for commercial 
extraction. The main ore is bauxite, hydrated aluminium oxide, Al2O3•xH2O (where x ranges 
from 1 to 3). It is formed by the weathering of clays – large bauxite deposits are found in Jamaica 
and Australia.

Purification of bauxite
Crude bauxite contains iron(iii) oxide, silicon dioxide (silica) and other impurities. In the Bayer 
process, the bauxite ore is first crushed and then mixed with concentrated aqueous sodium 
hydroxide solution. The mixture is pumped into a ‘digester’ where it is heated under high 
pressure. The soluble complex tetrahydroxoaluminate(iii) ion is formed:

Al2O3(s) + 2OH−(aq) + 3H2O(l) → 2[Al(OH)4]−(aq)

Iron(iii) oxide is removed from the mixture as ‘red mud’ by allowing it to settle out. The solution 
is then filtered and transferred to a precipitation tank where it is seeded with crystals of pure 
aluminium hydroxide. On seeding, the aqueous sodium tetrahydroxoaluminate(iii) solution 
decomposes, forming aluminium hydroxide. This grows into large crystals on the seed crystals:

[Al(OH)4]−(aq) → Al(OH)3(s) + OH−(aq)

The sodium hydroxide formed in this process is recycled. The aluminium hydroxide crystals 
are filtered, washed and then ‘roasted’ in a rotary kiln at about 1000 °C. Pure aluminium oxide 
(alumina) is formed in a dehydration reaction:

2Al(OH)3(s) → Al2O3(s) + 3H2O(l)

It is worth noting that this purification process is based on the fact that iron(iii) oxide is, like 
the majority of metal oxides, a basic oxide and does not react with sodium hydroxide solution. 
In contrast, aluminium oxide is an amphoteric oxide and so reacts with alkali to produce a salt, 
sodium tetrahydroxoaluminate(iii) – sometimes called sodium aluminate.

Reduction of aluminium oxide by electrolysis
The melting point of aluminium oxide is 2045 °C. The use of pure molten aluminium oxide as an 
electrolyte is thus not practicable or economical. The temperature is significantly decreased by 
using a solution of aluminium oxide in molten cryolite as the electrolyte. This has a melting point 
of 970 °C – this lowering of the operating temperature of the cell is a colligative effect (Chapter 
17) and is an example of the depression of a freezing point. Cryolite is an aluminium ore with 
the formula Na3AlF6. Cryolite is a rare natural mineral identified with the once large deposit at 
Ivigîût on the west coast of Greenland, which ran out in 1987. Now, because natural cryolite is 
too rare to be used for this purpose, synthetic sodium aluminium fluoride is produced from the 
common mineral fluorite (calcium fluoride).

Language of Chemistry
Cryolite (ice-stone) occurs in Greenland. The name is derived from the Greek words cryò, 
meaning chill, and lithòs, meaning stone. Bauxite is named after the town Les Baux in southern 
France where, in 1821, a sample of the red clay-like sediment was obtained. n
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Reduction of aluminium oxide by electrolysis
The electrolysis is carried out in a 
Hall–Héroult cell (Figure 23.14). 
Liquid aluminium is produced at the 
graphite cathode (negative electrode) 
where it is tapped off. The aluminium 
is over 99% pure. The molten 
cryolite in the electrolyte remains 
unchanged, and so more aluminium 
oxide can be added as required. 
Oxygen is produced at the graphite 
anodes (positive electrodes) which 
gradually burn away and have to be 
replaced periodically.

The half-equations at the 
electrodes are:

cathode (negative electrode): 	n

Al3+(l) + 3e− → Al(s)
anode (positive electrode): 2O	n

2−(l) → O2(g) + 4e−

 2C(s) + O2(g) → 2CO(g)
 C(s) + O2(g) → CO2(g)

The overall equation for the cell reaction is:

4Al3+(l) + 6O2−(l) → 4Al(s) + 3O2(g)

The process consumes enormous quantities of electricity. A direct current of over 1000 000 A 
at a potential difference of about 5 V is used. Between 13 000 and 17 000 kilowatt-hours (kWh) 
are required to produce 1 tonne of aluminium. The process is therefore only economic where 
electricity is inexpensive – for example, where hydroelectric power is available.

History of Chemistry
Pure aluminium was first produced in 1827 by the German chemist Friedrich Wöhler 
(Chapter 10) (1800–1882). His process involved the reduction of anhydrous aluminium 
chloride with potassium:

AlCl3(s) + 3K(s) → 3KCl(s) + Al(s)

Aluminium was once considered to be a precious metal, more valuable than gold. 
Napoleon III, Emperor of France, is reputed to have given a banquet where the most 
honoured guests were given aluminium utensils, while the others had to make do with 
gold.

The Hall–Héroult process involving the electrolysis of molten alumina was discovered 
independently and almost simultaneously in 1886 by the American chemist Charles Hall 
(1863–1914) and the French Paul Héroult (1863–1914). Hall was just 23 years old when 
he developed the process using cryolite to lower the melting point of alumina. In 1888, 
Hall opened the first large-scale aluminium production plant in Pittsburgh which would 
eventually evolve into the Alcoa Corporation. Héroult continued to be inventive in his 
approach to the industrial extraction of metals and invented the electric arc furnace which 
is used to recycle steel.

molten aluminium

carbon anode +
aluminium oxide

dissolved in
molten sodium

aluminium fluoride
(cryolite)

carbon cathode
molten aluminium
tapped off here

– –

Figure 23.14 Cross-sectional 
diagram of an electrolysis cell for 

extracting aluminium
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Properties and uses of aluminium

C.1.9 Describe and explain the main properties and uses of aluminium and its alloys.

Aluminium is one of the most versatile and widely used of all metals. It is used extensively in 
the transport industries – in the construction of aircraft, metro train carriages, ships and cars, for 
example. Concorde, the iconic supersonic airliner, was constructed out of aluminium alloy. The 
metal is used in the chemical industry as a reducing agent and in the food industry for packaging. 
In home it is found in the form of kitchen foil, cooking utensils and window frames, for example. 
Its wide use is due to a number of physical and chemical properties which make it especially 
attractive compared with other metals.

Aluminium is light yet strong (Figure 23.15) and the strength-to-weight ratios of aluminium 
alloys are higher than for any other commercial metal. It is highly workable and is both malleable 
and ductile – it can be rolled, pressed or extruded to any shape. It resists corrosion – when 
exposed to air, aluminium and its alloys form a very thin but protective film of aluminium oxide 
on the surface. This film is colourless, strong and does not flake – it seals off the metal from 
oxygen and prevents further oxidation. Aluminium is an excellent conductor of both electricity 
and heat – it is such a good conductor of heat that it is used to make heat exchangers in the 
chemical and oil industries.

Aluminium is highly reflective and is an excellent reflector of thermal (radiant) energy. For 
this reason, it is commonly used in roofing to insulate buildings. Aluminium foil is also used to 
jam radar. It is non-magnetic and so can be used in navigational equipment. It is non-toxic and 
can be used for making food and brewing equipment and in packaging.

Aluminium readily forms alloys with other metals. The metals used include copper, 
magnesium, zinc and nickel. The addition of copper, nickel and zinc harden and increase the 
strength of the metal, while magnesium improves its corrosion resistance. Two common alloys 
of aluminium are duralumin (95% aluminium, 4% copper, and 1% magnesium, silicon and iron 
together) and magnalium (83% aluminium, 15% magnesium and 2% calcium). Duralumin 
is widely used in the aircraft and car industries. Magnalium is used in engineering and as a 
combustible metal when finely powdered.

Production of iron and aluminium

C.1.10 Discuss the environmental impact of iron and aluminium production. 

The processes surrounding the extraction of both metals involve the loss of landscape due to 
mining, processing and transporting the ores and other minerals involved. In addition, there is noise 
and air pollution (greenhouse effect, acid rain) involved in the wider aspects of these operations.

Iron production
There is atmospheric pollution from the various stages of the extraction. For example, carbon 
dioxide (global warming), carbon monoxide (poisonous) and sulfur dioxide from the sulfur 
content of the ores (poisonous and contributes to acid rain) are all potentially released from 
the furnaces used in this industry. Carbon dioxide is produced in the blast furnace itself, but is 
recycled to heat the air that is blown in at the bottom of the furnace. It is not released into the 
atmosphere because the carbon monoxide it contains is toxic. However, it is more difficult to 
control the gases released in the subsequent steel-making furnaces, so some atmospheric pollution 
is possible. Although the slag is often sold, some may be dumped. Scrap iron is increasingly 
recycled with savings in cost and energy and a reduction in pollution.

Aluminium production
The production of aluminium is a costly process because of the huge quantities of electricity it 
uses. Energy and material costs are incurred in constantly replacing the carbon anodes. Energy 
and material costs are also incurred in producing the cryolite, some of which gets lost during the 

Figure 23.15 Aluminium 
is light and yet strong; it is 
also resistant to corrosion. 

These properties make 
it useful for uses such as 

those illustrated here
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electrolysis via discharge of fluoride ions. The initial 
purification of alumina from the bauxite ore causes a 
waste disposal problem in that the highly alkaline waste 
product is difficult to dispose of. This waste, known as 
‘red mud’ because of its oxidized iron content, gives rise 
to storage problems and is an on-going environmental 
liability. It is often left as lagoons of contaminated waste 
(Figure 23.16), though some companies do wash away 
the alkali and bury the waste.

Fine cryolite dust is a potential hazard to workers 
in an aluminium smelter and to people living in 
the vicinity. Cryolite is harmful by inhalation and 
ingestion (eating or drinking). It is toxic to the human 
body over long exposure times. The emission of cryolite dust is controlled by using wet scrubbers 
and very tall chimneys so as not to affect the surrounding area.

There is a claimed, but unproven, link between environmental aluminium and a degenerative 
brain condition called Alzheimer’s disease. It is hypothesized that aluminium may be an influence 
on the early onset of this disease. People who work in aluminium smelting plants may experience 
dizziness, loss of coordination and balance and unusual fatigue. This could be the result of 
aluminium accumulating in nervous tissues.

A high percentage of used aluminium is recycled (Chapter 25). The process involves simply 
re-melting the metal, which is far less expensive and energy intensive than creating new 
aluminium via electrolysis – which must first be mined from bauxite ore and then refined using 
sodium hydroxide. Recycling scrap aluminium requires only 5% of the energy used to make new 
aluminium. The environmental benefits of recycling aluminium are also enormous. Only around 
5% of the carbon dioxide is produced during the recycling process compared to when producing 
raw aluminium – an even smaller percentage when the complete cycle of mining and transporting 
the aluminium is taken into account.

 23.2 The oil industry
C.2.1 Compare the use of oil as an energy source and as a chemical feedstock. 

Crude oil remains one of the most important raw materials in the world today – it is a complex 
mixture of hydrocarbons. It supplies us with fuels for a range of transport types and for electricity 
generation. In addition, it is an important chemical feedstock for the production of important 
organic polymers, pharmaceuticals, dyes and solvents.

Crude oil was formed over geological periods of time (that is, millions of years) from the 
remains of marine animals and plants. These creatures died and were sedimented at the bottom of 
the oceans where they eventually became trapped under layers of rock. Under these conditions of 
high temperature and high pressure, this organic matter decayed in the presence of bacteria and 
the absence of oxygen to form crude oil (petroleum) and natural gas.

a anticline b fault

gas
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water
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gas, oil and water in pores
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Figure 23.16 A lake of ‘red mud’, the waste 
from the pre-treatment of bauxite with sodium 

hydroxide

Figure 23.17 Crude oil 
is found in underground 

reservoirs in certain 
geological situations. 
It permeates the rock 

in these reservoirs and 
is usually found in 

association with  
natural gas
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Crude oil is a limited resource and eventually reserves will be so depleted that chemists will 
need to consider other sources of carbon, both as a fuel and as a chemical feedstock. Indeed, 
addressing the balance of these two uses is an issue if we are to conserve this non-renewable 
resource for as long as possible.

Crude oil varies greatly in appearance depending on its composition – it is usually black or dark 
brown. In the underground reservoirs it is usually found in association with natural gas, which 
forms a gas cap over the crude oil (Figure 23.17). Crude oil may also be found in a semi-solid form 
mixed with sand and water, as in the Athabasca oil sands in Canada, where it is usually referred 
to as crude bitumen. Venezuela also has large amounts of crude oil close to the surface in the 
Orinoco oil sands. These ‘oil sand’ resources are called ‘unconventional’ crude oil to distinguish 
them from oil which can be extracted using traditional oil-well methods. Their mining by open-
cast methods is controversial but their existence is very significant. The Athabasca fields provide 
more than 10% of Canada’s energy needs.

The proportions of hydrocarbon ranges in crude oil (petroleum) differs from one oil field to 
another, with samples varying in the balance between the lighter, more profitable, fractions and 
the heavier oils and bitumen fractions. The distribution of the different fractions in the oil from a 
particular field may well not match the local or international demand and so post-distillation 
methods of chemically modifying the initial fractions are economically important. Figure 23.18 
shows this practical mismatch for the crude oil obtained from the North Sea fields. In general, the 
heavier fractions are less useful and so cracking techniques for shortening the length of the 
hydrocarbon chains become very significant economically.

The processes involved in the fractional 
distillation of crude oil and the subsequent uses 
of the various fractions have been discussed 
earlier in Chapter 10. Also included there was 
a discussion of some aspects of the efficient use 
of petrol (gasoline) in the car engine. In those 
discussions, the use of cracking to modify the 
hydrocarbon product from the refinery was 
mentioned. Cracking is one useful route by 
which the fractions from crude oil can serve 
as a feedstock, not only helping to control a 
supply of useful short chain alkanes but also 
providing us with a range of alkenes for polymer 
production.

Currently we still use about 85% of the 
refined fractions from crude oil as fuels, but as 
supplies decrease and emphasis is placed on 
using alternative energy sources, this proportion 
may fall. Our reserves of crude oil will last 
longer if we conserve energy and recycle 
materials such as plastics. These considerations 
offer the possibility that we can exploit these 
resources more purposefully and retain their 
availability for longer. Alternative feedstock 
sources may also be developed. For instance, 
it may be possible to manufacture polymers 
from coal, of which there are still large reserves 
worldwide, and from renewable biological 
materials such as wood, starch and cotton.Figure 23.18 The proportions of the different fractions in North Sea crude oil 

alongside the market demand in the United Kingdom 
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Cracking

C.2.2 Compare catalytic cracking, thermal cracking and steam cracking. 

As we have seen, cracking is an economically important part of processing the fractions from 
crude oil. It enables the products of refining to be matched to the needs of the market place and 
the industries that require starting materials derived from it. Fractional distillation is a physical 
process and although some of the fractions distilled can be used directly, further treatment and 
blending is generally required (Chapter 10). Cracking is a chemical process – a type of thermal 
decomposition – aimed at generating shorter alkane chains and alkenes. Hydrocarbons with 
molecules up to 12 carbon atoms length are those most in demand because they are more volatile, 
and therefore make the best fuels. The supply of these molecules can be increased by breaking 
down, or cracking, the larger molecules present in the heavier fractions. For example:

C7H16  →  C5H12  +  C2H4

 heptane pentane ethene

The reaction shown in Figure 23.19 
is a straightforward example starting 
from a relatively short alkane to 
illustrate the type of reaction. Note 
that the alkene splits off the end of the 
molecule. The process is not a highly 
specific one. Ethene is not always the 
alkene product; it is possible to obtain 
propene and butene as products that 
are useful in their own right. In certain 
circumstances hydrogen can also break 
off the end of the alkane molecule. 

Some more complex examples of possible reactions are:

C16H34  →  C11H24  +  C2H4  +  C3H6

 undecane ethene propene

C12H26  →  C8H18  +  C4H8

 octane butene

C10H22  →  C8H18  +  C2H4

 octane ethene

Cracking can also produce branched-chain alkanes, which tend to burn more evenly in a 
car engine than their straight-chain isomers (Chapter 10). Straight-chain molecules have a 
greater tendency to auto-ignite under increased pressure in the engine as the fuel–air mixture is 
compressed by the piston. This misfiring is known as knocking (or pinking). Cracking can be used 
to blend petrol of a higher octane number.

There are several types of cracking, each giving different products.

Thermal cracking
This is carried out by heating the long-chain alkanes found in the heavy fractions to temperatures 
of 800–850 °C at pressures of up to 70 atmospheres, and then cooling the mixture rapidly. Under 
such conditions, a free-radical reaction occurs and a mixture of products is formed that includes 
shorter-chain alkanes, alkenes and coke (an impure form of carbon). Ethene is a favoured 
product because it is the key starting material for the preparation of other chemicals – such as 
poly(ethene) and ethanol (Chapter 10).
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Steam cracking
This is really a different form of thermal cracking. The initial reaction mixture of ethane, butane 
and alkanes up to eight carbon atoms long is pre-heated, vaporized and mixed with steam at 
1250–1400 °C. The steam dilutes the feedstock and the reaction produces a higher yield of ethene 
and other short-chain alkenes. The addition of steam also reduces the amount of coke produced, 
which otherwise produces an unwanted lining in the reaction vessel.

Catalytic cracking
Using a catalyst in the cracking process allows the reaction to occur at lower temperatures, around 
500 °C, and gives a higher degree of specificity to the process by controlling the steps involved in 
the mechanism. The reactions are complicated and involve an ionic (carbocation) mechanism 
– carbocations are produced and then undergo a rearrangement reaction on the catalyst surface. 
Large and intermediate-sized alkanes are passed over a mixed alumina (Al2O3) and silica (SiO2) 
catalyst, which is in powdered form to increase its surface area. Zeolites (naturally occurring 
minerals containing aluminium, silicon and oxygen) are also very good catalysts for this process as 
their crystal structures contain an extensive network that offers the hydrocarbons a large surface 
area for reaction.

Catalytic cracking produces a mixture of alkanes, alkenes and molecules containing the 
benzene ring (arenes). A high proportion of branched alkanes is produced, which can then be 
blended into petrol to increase its octane number. However, some carbon is formed during the 
process and this can coat the catalyst and stop it working, or reduce its efficiency. The catalyst 
must be cleaned or regenerated frequently by steam jets followed by dry heating.

Hydrocracking
The feedstock is mixed with hydrogen at a pressure of about 80 atmospheres and cracked over a 
platinum or silica/alumina catalyst. This gives a high yield of branched alkanes, cyclic alkanes and 
aromatic compounds for use in unleaded petrol (gasoline). The presence of hydrogen ensures that 
no alkenes are produced in this type of cracking.

Reforming fractions
The move to unleaded petrol for use in cars has put an extra demand on refineries to produce 
hydrocarbons with a high octane value for blending into the various forms of petrol. As we have 
commented earlier (Chapter 10), such molecules tend to be either branched or cyclic alkanes, or 
arenes (aromatic hydrocarbons). Various forms of cracking favour the production of this type of 
compound and these processes are supplemented with other methods of reforming the immediate 
products of fractional distillation.

In these reforming processes, alkane molecules are rearranged to form branched or cyclic 
molecules. Isomerization is a process in which straight-chain molecules, such as butane, are 
converted into their branched isomer(s) – 2-methylpropane in this case. The process involves 
heating the alkanes in the presence of an aluminium chloride catalyst. Cyclization and 
aromatization are processes in which cycloalkanes and aromatic hydrocarbons are made from the 
straight-chain C6–C10 alkanes in the naphtha fraction from distillation. The naphtha vapour is 
heated to 500 °C and passed over a platinum catalyst on an aluminium oxide support. In a typical 
reaction under these conditions, hexane could be converted into cyclohexane initially, and then 
into benzene, for instance (Figure 23.20).
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n Extension: The mechanisms of cracking

Thermal cracking
Homolytic carbon–carbon bond fission produces alkyl radicals near the end of the chain. 
These alkyl radicals tend to split apart two carbon atoms along the chain, producing an ethene 
molecule and leaving a new alkyl radical with two fewer carbon atoms (Figure 23.21). This can 
then undergo further splitting, or a hydrogen atom can be transferred from another radical if two 
radicals collide and react.
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Catalytic cracking
The transfer of a hydrogen atom to the surface of the catalyst produces a carbocation. In a 
similar way to the free radicals formed during thermal cracking, carbon–carbon bond fission 
occurs at the next-but-one bond to the electron deficient positive carbon, producing a molecule 
of ethene and an alkyl carbocation with two fewer carbon atoms (Figure 23.22). The shift of a 
hydrogen atom from a carbon atom in the centre of the chain to the carbon atom of the primary 
carbocation produces a more stable secondary carbocation. Further rearrangements produce 
branched-chain alkanes. Rearrangement reactions are another fundamental type of organic 
reaction, in addition to substitution, elimination and addition.
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Language of Chemistry
The word ‘zeolite’ is derived from the Greek words zeo meaning to ‘boil’ and lithos meaning 
‘stone’ – zeolites release large amounts of steam when heated. A zeolite has a three-dimensional 
structure in which the silicon, aluminium and oxygen atoms form a framework of tunnels and 
cavities into which small molecules, such as water, can fi t. Many occur naturally as minerals, 
and they are mined extensively in many parts of the world. Others are synthetic and are made 
commercially for specifi c uses. Because of their unique porous properties, zeolites are used in a 
variety of applications with a global market of several million tonnes per year. Major uses are 
in catalytic cracking, ion-exchange (water softening and purifi cation), and in the separation 
and removal of gases and solvents. n
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 23.3 Addition polymers
One main use of the alkenes obtained from cracking crude oil fractions is to make addition 
polymers such as poly(ethene) and poly(propene). An introduction to the concept of addition 
polymerization is given in Chapter 10. More particularly, Figures 10.50, 10.51 and 10.52 give 
some detail of the structures and uses of some of the most useful of these addition polymers (see 
also Chapter 10, page 337, for more about the naming of addition polymers).

Modern society now relies heavily on these different types of addition polymer. Their 
properties depend not only on which functional groups are attached to the carbon–carbon double 
bond in the monomers, but also on the degree of branching and the way in which the side-
groups are arranged in the polymers. The properties can be further modified by using more than 
one monomer in the same chain (copolymers), by using additives such as plasticizers and by the 
injection of volatile hydrocarbons during their production.

Branching
The simplest addition polymer, poly(ethene), has chains that can partially align in the solid state 
to produce regions of crystalline structure. It is this mixture of crystalline and amorphous (non-
crystalline) structures that gives the plastic its mechanical properties, particularly its toughness 
(the significance of these structural features is discussed further on page 760). The ability of the 
chains to form this semi-crystalline structure depends in part on whether they are completely 
linear or contain branches. By controlling the reaction conditions during ethene polymerization, 
it is possible to form many different structures with varying degrees of branching. If ethene is 
polymerized at very high pressures, the reaction proceeds by a free-radical mechanism. Branched 
polymer chains are produced (Figure 23.23a) with many rather short (C4) branches and a few 
longer ones (Section 23.9).

This branching makes for an ‘open’ structure as it limits the interaction between neighbouring 
chains, and the intermolecular forces between the chains are only relatively weak van der Waals’ 
forces. The resulting low-density polymer (0.91–0.94 g cm−3) has a low melting point (around 
100 °C) and is a resilient and flexible plastic. Only about 50–60% of the plastic is crystalline. 
Low-density poly(ethene) (LDPE) is mainly used for making films for food packaging and damp-
proofing membranes, but it also finds use in items such as ‘squeezy’ bottles.

More linear and less branched forms of poly(ethene) are formed by using special catalysts in 
reactions at lower temperatures. Some catalysts can produce more or less perfectly linear chains 
with no branching (Figure 23.23b). These linear chains can pack together better than the 
branched chains of LDPE and give a more crystalline structure. In this high-density form (HDPE) 
the molecules have straight chains and the plastic is more rigid because there is a higher fraction 
of crystalline material. This high-density form (0.95–0.97 g cm−3) of poly(ethene) has a higher 
melting point (about 115 °C). This form of polyethene is used to make films for applications like 
supermarket carrier bags, but it is also used for water pipes along with containers, buckets and toys.

b  HDPEa  LDPE

The intermolecular forces between the
straight chains are relatively strong

branched
polymer chains

The intermolecular forces
between the chains

are weak

Figure 23.23 a The 
branched nature of the 

chains in low-density 
poly(ethene) makes for a 

flexible plastic product. In 
general, LDPE has about 

one C4–C6 branch per 
100 carbon atoms of the 

chain, with the occasional 
longer branch. b The 
unbranched chains in 

high-density poly(ethene) 
make for a more 

crystalline structure and a 
more rigid plastic

C.3.1 Describe and 
explain how 
the properties 
of polymers 
depend on 
their structural 
features. 
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The highly branched LDPE and the non-branched HDPE are actually two extremes. It is 
possible to produce a range of types of poly(ethene) with varying properties by modifying the 
extent and location of branching, and there are now a huge number of grades of poly(ethene) 
available with properties varying from extremely soft and rubbery to stiff and rigid. Poly(ethene) 
is the most versatile of all plastics.

Orientation of side-groups
The propene monomer has a methyl group in its molecule that is not present in ethene. 
Poly(propene), therefore, has a structural feature not present in poly(ethene). Different 
orientations of the methyl side-groups can produce products with differing characteristic 
properties. The way in which each methyl group is stereochemically positioned, relative to 
the ones on each side of it, is referred to as 
the tacticity of the polymer and is vital in 
controlling whether and how the chains can 
crystallize.

A form of poly(propene) can be produced 
in which the methyl groups are randomly 
orientated – the atactic form (Figure 23.24b). 
In this form, the random orientation of the 
methyl groups prevents crystallization. This form 
of the polymer is soft, flexible and rubbery. It 
finds limited uses in sealants, adhesives and some 
speciality paints.

If the methyl groups can all be orientated on the same side of the polymer chain in a highly 
regular (stereoregular) manner then we obtain a polymer which is said to be isotactic (Figure 
23.24a). As a result of its regular structure, isotactic poly(propene) is semi-crystalline and tough. 
It has a higher melting point (165 °C) than high-density poly(ethene). Isotactic poly(propene) 
can be moulded into objects such as car bumpers (Figure 23.25) and plastic toys, or drawn into 
fibres for clothes and carpets.

It is also possible to obtain a syndiotactic polymer in which the 
methyl groups alternate stereochemically along the chain. This 
form of poly(propene) is also semi-crystalline and tough, but is 
much more difficult to synthesize than the isotactic form and is 
quite new to the market.

The product of the propene polymerization reaction can be 
controlled by using different catalysts. This allows chemists to 
tailor-make polymers with precise properties. Ziegler–Natta 
catalysts are almost universally used and produce the isotactic 
form. Catalysts which make isotactic poly(propene) are typically 
heterogeneous. The monomer binds to the catalyst surface with the 
correct orientation to produce the more ordered polymer.

In theory, any polymer with a single substituent, such as 
poly(vinyl chloride) (PVC), can also exist in isotactic, syndiotactic 
and atactic forms. However, very high degrees of stereocontrol 
are needed for a polymer to be able to crystallize and most 
stereoregular polymers are very difficult or impossible to synthesize 
because of side reactions between monomer and catalyst which 
destroy the catalyst activity.
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Figure 23.24 a Planar representation of isotactic 
poly(propene) (with all the methyl groups on the 

same side of the carbon chain). b Part of a chain of 
atactic polypropene
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be made of the isotactic form of 
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Plasticizers

C.3.2 Describe the ways of modifying the properties of addition polymers. 

Poly(chloroethene) (more usually referred to as poly(vinyl chloride) or PVC) has properties that 
are a consequence of the side-group being a chlorine atom. The presence of the polar Cδ+-Clδ- 
bonds in the polymer molecules gives poly(vinyl chloride) very different properties from those of 
polyethene or polypropene. Every molecule has a permanent dipole allowing strong dipole–dipole 
interactions to occur between neighbouring chains. Also, chlorine atoms are relatively large and 
this restricts the ability of the chains to move relative to each other. The normal free-radical 
synthesis of PVC produces an atactic polymer which is amorphous. The consequences of these 
factors make the pure polymer hard, stiff and brittle. In this form it often called unplasticized 
PVC (UPVC) – it has very wide applications in products such as window frames, gutters and 
sewage pipes.

However, when plasticizers, such as di-(2-ethylhexyl)hexanedioate, are added (Figure 23.26) 
they act as lubricants and weaken the attraction between the chains, making the plastic more 
flexible. The plasticizer molecules fit between the polymer chains and separate them, allowing 
them to slip relative to each other more easily. By varying the amount of plasticizer added, a 
range of polymers can be produced with properties to suit particular purposes requiring rigidity to 
being fully pliable. Plasticized PVC is widely used in cable insulation (flex), floor tiles and as a 
soft fabric coating.
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Volatile hydrocarbons (blowing agents)
Poly(phenylethene) – also known as poly(styrene) – is another 
common addition polymer. It is atactic and amorphous because 
it is normally made by free-radical polymerization. One version 
of the polymer is produced by dispersing the monomer as tiny 
droplets in water and polymerizing to give tiny beads of solid 
polymer. If this process is carried out in the presence of pentane, 
the hydrocarbon becomes trapped in the polymer beads. These 
can be loaded into a mould, which is heated. The polymer 
softens and the pentane vaporizes to produce an expanded 
foam structure with very low density, known as expanded 
poly(styrene). This light material is a very good thermal 
insulator (Figure 23.27) and is used in many applications, 
including coffee cups. It is also used as packaging because it has 
good shock-absorbing properties, and in making theatre sets 
because it can easily be carved into shapes and is very light.

Figure 23.26 a A 
plasticizer used in 

the manufacture of 
PVC; di-(2-ethylhexyl)
hexanedioate. b The 
plasticizer molecules 

separate the polymer 
chains, allowing them 

to move freely past one 
another 

Figure 23.27 Styrofoam cups
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Thermoplastic and thermosetting polymers
Most of the plastics that we use, 
such as poly(ethene)[‘polythene’], 
poly(chloroethene)[‘PVC’]and 
poly(phenylethene)[‘polystyrene’], 
can be softened by heating and will 
then flow as viscous liquids – they 
solidify again when cooled. Such 
plastics are useful because they can 
be remoulded – they are known 
as thermoplastic polymers (or 
thermoplastics or thermosoftening 
polymers).

Another, more restricted, group of 
polymers can be heated and moulded 
only once, for example melamine–methanal resin (the material used in Formica). Such polymers 
are known as thermosetting polymers (or thermosets). The chains in these polymers are cross-
linked to each other by permanent covalent bonds (Figure 23.28) during the moulding process. 
They make the structures rigid when moulded, and no softening takes place on heating.

Language of Chemistry
Many polymers are mixtures of crystalline (ordered) 
regions and amorphous (random) regions (Figure 
23.29) in which the chains are further apart and 
have more freedom to move. A single polymer chain 
may have both crystalline and amorphous regions 
along its length. n

Figure 23.29 Crystalline and amorphous regions of a polymer

Let us look at the ability of polymers to form crystalline regions.

   Linear, unbranched, chain structures are most likely to form 	n

crystalline regions. Examples are isotactic poly(propene), in 
which polymer chains pack closely together because the methyl 
groups, -CH3, are regularly spaced along the chain; and Kevlar, in 
which the absence of both branched chains and bulky side-chains 
promotes the formation of crystalline regions.

   Branched polymer chains are not easy to pack together in a regular 	n

manner, although if the branches are regularly spaced then some 
crystallinity is possible. Poly(chloroethene) does not give rise to 
crystalline structures because the chlorine atoms are rather bulky 
and are irregularly spaced along the molecular chain.

   	n Cross-linked polymer chains cannot pack in a regular manner 
because of the covalent links between the chains so crystallinity is 
not possible.

High-density poly(ethene), HDPE, is composed of long molecules with 
very little branching – fewer than one side-chain per 200 carbon atoms 
in the main chain. The chains can pack closely together into a largely 
crystalline structure, giving the polymer a higher density (Figure 
23.30). Compared with low-density poly(ethene), LDPE, HDPE is 
harder and stiffer, with a higher melting temperature (about 115 °C) 
and greater tensile strength. It has good resistance to chemical attack, 
is brittle at low temperature and has low permeability to gases.

a b

Figure 23.28 a Thermosetting and  
b thermoplastic polymers have different properties

crystalline region amorphous region

The chains are aligned and packed closely together

amorphous
region

crystalline region
with folding

crystalline region
without folding

a

b

Figure 23.30 The organization of the chains in a high-
density poly(ethene), and b low-density poly(ethene)
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Advantages and disadvantages of polymer use
The discussion above illustrates how polymers can be tailor-made to perform a variety of 
functions, based on properties such as strength, density, thermal and electrical insulation, 
flexibility and resistance to corrosion and chemical attack. Table 23.2 summarizes some of the 
different plastics available and their uses.

Polymer Properties Uses

Poly(ethene)

LDPE: thermoplastic, low density, lower melting point 
(~100 °C), very flexible, low tensile strength, opaque, 
excellent insulator, unreactive

Plastic bags, cling film, electrical insulation

HDPE: thermoplastic, high density, higher melting 
point (~115 °C), more rigid, high tensile strength, 
more opaque, excellent insulator, unreactive

Buckets, plastic toys, water pipes, crates

Poly(chloroethene) 
or 
poly(vinyl chloride), 
PVC

Rigid PVC: thermoplastic, transparent, high density, 
tough, high impact strength, excellent insulator, 
unreactive

Used in electrical insulation, water pipes, floor tiles

Flexible PVC: thermoplastic, low tensile strength and 
density

Raincoats, cling film

Poly(propene)
Atactic: thermoplastic, soft and flexible, unreactive Used in sealants and roofing

Isotactic: thermoplastic Automobile parts, plastic rope, carpeting and clothing

Poly(phenylethene) 
or 
poly(styrene)

Thermoplastic, hard, transparent Rigid boxes, television and radio cabinets, toys, 
imitation glass

Expanded form: low density, opaque, good thermal 
insulator, opaque and shock absorber

Disposable cups, insulation and packaging

Poly(tetrafluoroethene), Teflon® Highly water-repellent, extremely low friction Non-stick pans, Gore-Tex® fabric

Table 23.2 The diverse uses of a range of different plastics

There are, however, some disadvantages to the use of these convenient and, in many ways, 
practical materials.

Depletion of natural resources
The majority of polymers are carbon-based and are currently synthesized from monomers derived 
from crude oil. In general, our dependence on fossil fuels needs to be reduced. However, the total 
plastics production in the world uses only a few percent of crude oil – mostly fractions which 
would otherwise be burned. The vast majority of oil is used in heating and transport, which would 
be much better targets for saving. There is a very rapidly growing interest in making polymers 
from biomass-derived carbon sources, but this is still a very small field. It is perfectly possible to 
make polyethene from ethene monomer derived from bioethanol and a number of companies are 
developing this area.

Disposal
Plastic rubbish is a common but unwelcome sight around the world. Over the past 30 years, 
plastics have taken over as replacement materials in many applications. This is not surprising 
because they are light, cheap and corrosion-resistant, and they can be easily moulded and dyed 
with bright colours. The problem arises from the fact that most plastics are biodegradable only 
over very long periods of time – there are no natural microorganisms that can break them down 
directly and they have to degrade oxidatively before they eventually become biodegradable.

Recycling
Some modern plastics are suitable for reuse. Soft-drinks bottles can be made from a plastic called 
poly(ethylene terephthalate) (PET). These are sturdy and have several advantages for this 
particular use. In some countries schemes for the reuse of these bottles are operated. However, 
such a reuse policy is not suitable for most plastics – we must either recycle our plastic waste 
or dispose of it. It is more economical and satisfactory to recycle than to use the alternative of 

C.3.3 Discuss the 
advantages and 
disadvantages of 
polymer use. 
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depositing plastic waste in landfill sites. But there are problems with recycling because most 
plastic waste is a mixture of different types. Identification numbers and symbols (Figure 23.31) 
have been introduced.

poly(ethylene
terephthalate)

high-density
poly(ethene)

vinyl polymers
such as PVC

low-density
poly(ethene)

poly(propene) poly(styrene) others such as
multi-layer plastics

Methods of sorting plastic waste by optical scanners or manually can be introduced. Once sorted, 
alternative treatments are available for recycling the different types of waste. The methods for 
recycling plastic waste are:

thermoplastic polymers – heat at low temperatures, obtain molten or softened polymer and 	n

remould into new thermoplastic product(s),
thermosetting polymers – heat at high temperatures (700	n  °C) in the absence of air to obtain 
new monomers and other chemicals, which are repolymerized into new product(s).

Waste plastics contain a large proportion of carbon and hydrogen and as such are a concentrated 
energy source. Incineration (Figure 23.32) can be used to burn or decompose plastic waste to obtain 
useful compounds and energy, though care must be taken not to release toxic fumes into the air. If 
the temperature is not high enough, extremely poisonous dioxins can be produced (Chapter 25), 
along with acidic and toxic gases such as hydrogen cyanide and hydrogen chloride. 

Pyrolysis is an alternative to incineration in which mixed plastics are decomposed at high 
temperatures in the absence of oxygen. The process is potentially less polluting than incineration 
and can yield useful products. Different polymers pose different problems when incinerated or 
pyrolysed.

waste plastic

 
products

dust
separator

fractionating column
fuel gas

recycled
fuel gas

recycled fuel gas

carbon
waxes and

tars

furnace

burner

compressed air

propene
(C3H6)

benzene
(C6H6)

methylbenzene
(C7H8)

Biodegradability
Research is also being carried out to produce plastics that are biodegradable or photodegradable. 
Most plastics do not occur naturally and therefore are degraded only extremely slowly by 
microorganisms. In any case, under the anaerobic conditions present deep in landfills, 
biodegradation would be very slow or not occur at all. Anaerobic biodegradation is not 
particularly desirable as it produces methane, which is a much more significant greenhouse gas 
than carbon dioxide.

Figure 23.31 Different 
identification symbols 

help with the sorting of 
plastics for recycling

Figure 23.32 Incineration 
of plastic waste can yield 

useful fuels and other 
products
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n Extension: Rubber
The rubber tree (Hevea brasiliensis) is indigenous to South America but was brought to South 
East Asia in the early 18th century by European colonists. When its bark is stripped, it oozes 
a sticky latex, which is an emulsion of rubber in water. The purified rubber is not useful 
because it has a low melting point and low strength. Rubber is an addition polymer of the 
diene 2-methylbutadiene (commonly known as isoprene) – a ‘building block’ of a number of 
biomolecules, including the carotenes (Chapter 26)).

However, in 1839 the American Charles Goodyear (1800–1860) discovered the process of 
vulcanization, which involves heating natural rubber with sulfur. This produced a substance 
with a higher melting point and greater strength than natural rubber. Sulfur atoms cross-link the 
polymer chains together and this gives the material more strength and rigidity. The main use of 
vulcanized rubber is the manufacture of car tyres.

 23.4 Catalysts
A catalyst is a substance that increases the rate of a chemical without itself being consumed in 
the process. Catalysts function by providing an alternative mechanism for a reaction with lower 
activation energy barrier (Chapter 6).

Language of Chemistry
The Mandarin word for catalyst is tsoo mei, which are also the words for a ‘marriage broker’. 
This reminds us that catalysts are involved in the reaction and form temporary bonds with 
some or all of the reactants. n

Catalysts obey the laws of thermodynamics (Chapter 15) – they can only increase the rate at 
which a reaction reaches its equilibrium position, but cannot affect the value of the equilibrium 
constant, Kc.

Types of catalysts

C.4.1 Compare the modes of action of homogeneous and heterogeneous catalysts. 

Catalysts can be divided into two classes – homogeneous and heterogeneous. Homogeneous 
catalysts function in the same physical state (phase) as the reactants (Figure 23.33b). For 
example, the esterification reaction to synthesize an ester uses concentrated sulfuric acid to 
provide protons (H+) to act as a catalyst (Chapter 20). The ester, alcohol and sulfuric acid are 
all in aqueous solution. The depletion of ozone by chlorofluorocarbons is another example of 
homogeneous catalysis (Chapter 25).

reactants
products

catalyst

heterogeneous catalysis homogeneous catalysis

solvent

Figure 23.33 The 
difference between  

a heterogeneous and  
b homogeneous catalysis
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In contrast, a heterogeneous catalyst is in a different physical state (phase) from the reactants 
(Figure 23.33a). The catalyst is usually solid and the reactants are often gases. This is why 
heterogeneous catalysis is often called surface catalysis. For example, the Haber process involves 
the reaction between adsorbed reactant molecules and molecular fragments on the surface of a 
solid iron catalyst. The Contact process involves the reaction between sulfur dioxide and oxygen 
gases to form sulfur trioxide gas in the presence of a solid vanadium(v) oxide catalyst (Chapter 7).

Many catalysts, though not all, are transition metals or compounds of transition metals – this 
is because these elements have a variety of stable oxidation states and can form complex ions 
(Chapter 13) via the formation of dative bonds (Chapter 4).

The surface of a heterogeneous catalyst contains many active sites. These are areas where 
one or more of the reactants can be temporarily fixed to the catalyst surface. There is some 
sort of interaction between the surface of the catalyst and the reactant molecules which makes 
them more reactive. This might involve an actual chemical reaction with the surface, or some 
weakening of the bonds in the attached molecules (Chapter 16). The catalyst also holds the 
reactant molecules in a fixed orientation.

Language of Chemistry
In some parts of the chemical industry – for example, the manufacture of sulfuric acid and 
ammonia (Chapter 7) – there is a high and constant demand for the chemicals. Ammonia 
plants and sulfuric acid plants are designed to work continuously and parts of the plant will 
be shut down only in cases of emergency, or for essential maintenance. These plants use 
continuous-flow reactors. This approach minimizes labour costs, but often requires large 
initial (capital) expenditure. Continuous flow is only really suitable for processes in which the 
reactants are gases or liquids. In batch processing, relatively small amounts of a chemical are 
made in individual chemical reactors. Batch processing is useful when there is a demand for 
small quantities of very pure chemicals, such as pharmaceuticals (Chapter 24). It is easy to 
control the reaction conditions in a small reactor and clean it between batches. n

Homogeneous or heterogeneous?

C.4.2 Outline the advantages and disadvantages of homogeneous and heterogeneous catalysts. 

Homogeneous catalysts are potentially the most efficient type of catalyst because every catalyst 
molecule is potentially accessible to the reactants. In contrast, only the surface atoms, ions or 
molecules of a solid heterogeneous catalyst are accessible. However, in practice industrial solid 
catalysts are often coated, in the form of small solid particles, onto the surface of a cheap and 
inert support such as aluminium oxide (alumina) or silicon dioxide (silica). A powder can be used 
to maximize the surface area.

Language of Chemistry
Heterogeneous catalysts are typically ‘supported’ which means that the catalyst is dispersed on 
a second material that enhances the effectiveness and/or minimizes their cost. Sometimes the 
support is merely a surface across which the catalyst is spread to increase the surface area. More 
often, the support and the catalyst interact affecting the catalytic reaction. n

Hence, for the same amount of substance, a homogeneous catalyst provides a greater effective 
concentration of catalyst than a heterogeneous catalyst. Consequently, by employing a catalyst,  
industrial chemists can use milder, and hence cheaper, reaction conditions (for example, lower 
temperatures and pressures). This is a generalization and there are some situations where a 
homogeneous catalyst, or its promoter, is in fact a compound that requires particular care in 
reactor design. For example, the catalyst in the Monsanto process (Chapter 13) for making 
ethanoic acid from methanol and carbon monoxide requires iodomethane as a promoter, which 
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in turn requires the reaction vessel to be made of a special alloy. An additional benefit of catalysis 
is greater selectivity, that is, the catalyst will only catalyse a single reaction or a small group of 
related reactions.

In practice, many industrial catalysts are of the heterogeneous type. This is because at the end 
of a reaction, the catalyst must be separable from the products. In a heterogeneous reaction, the 
solid catalyst can be removed from the reaction mixture by simple filtration. This means that the 
chemical process used must be a batch process, rather than a more efficient continuous process. 
This not an issue when gaseous or liquid products are flowing over a solid catalyst surface – as in a 
continuous, heterogeneous process. However, if a homogeneous catalyst is used then the catalyst 
and products must be separated by distillation (Chapter 17). Distillation requires heat energy 
and a high distillation temperature may cause the catalyst to decompose. Having said all that, a 
common approach is to let the reactants flow over a solid bed containing the catalyst.

Language of Chemistry
Promoters are substances which enhance the activity of heterogeneous catalysts. For example, 
in the Haber process for the manufacture of ammonia, potassium is used as a promoter which 
increases the activity of the iron used as a catalyst.

Poisons are substances which decrease the activity of a catalyst. For example, lead acts as a poison 
for a catalytic converter (Chapter 25) by coating the platinum and palladium-based surface. n

Choosing a catalyst

C.4.3 Discuss the factors in choosing a catalyst for a process. 

The choice of catalyst for an industrial process will depend on several factors – all of which are 
designed to maximize yield and profit.

Selectivity
Selectivity is the ability of a catalyst to direct a reaction to yield a particular product. For 
example, ethyne on reaction with hydrogen in the presence of platinum as a catalyst forms 
ethane. However, in the presence of Lindlar’s catalyst (a palladium-based heterogeneous catalyst) 
ethyne is converted only to ethene (Figure 23.34).
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Efficiency
Catalyst efficiency is determined by two factors:

turnover number (TON) which measures how many reactant molecules can be converted into 	n

product molecules by a catalyst molecule;
turnover frequency (TON per unit time) which is a measure of the rate of turnover.	n

Obviously, industrial chemists try to maximize catalyst efficiency without compromising costs.

Ability to work under mild/severe conditions
Many industrial processes require the use of high temperatures, high pressures (if gases are 
involved) and the use of organic solvents or concentrated acids. The catalyst chosen must be able 
to function under these severe conditions without undergoing decomposition. A catalyst may 
become covered in soot or other surface coating, and may need to be cleaned in a regenerator. 

Figure 23.34 An 
illustration of catalyst 

selectivity
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Also, at high operating temperatures a heterogeneous catalyst may melt, thus reducing its surface 
area and/or efficiency.

Environmental impact
Many catalysts are transition-metal based and many of these are toxic at relatively low 
concentrations in water. Strong acids and strong alkalis are also used as catalysts in many sectors 
of the chemical industry. Waste water (effluent) with a very low or very high pH will affect many 
freshwater organisms.

Poisoning
Many heterogeneous catalysts are easily poisoned by chemicals that bind to the active sites and 
prevent catalysis. Catalyst poisoning can be minimized by the use of very finely divided solid 
particles and by purifying the feedstock. Catalyst poisoning is generally undesirable because it 
leads to a loss in usefulness of expensive metals or their complexes. However, partial poisoning of 
catalysts can also be used to improve the selectivity of reactions.

 23.5 Fuel cells and rechargeable batteries
How batteries work
When a voltaic cell is connected into a circuit it provides the energy for charge to flow around 
the circuit. The external circuit is the connecting wires and other electrical components, for 
example an electric motor or light bulb. In this, the flow of charge is electrons and this flow is 
called an electric current.

A voltaic cell (Chapter 9) has the following components:

a positive electrode (cathode) that receives electrons from the circuit as the cell discharges and 	n

does work – a reduction reaction takes place at this electrode while current is provided to the 
circuit
a negative electrode (anode) that donates electrons to the circuit as the cell discharges and 	n

does work – an oxidation reaction takes place at this electrode during discharge
a conducting electrolyte which allows ions to migrate between the two electrodes	n

sometimes a porous separator (analogous to a salt bridge) is inserted between the two electrodes 	n

to prevent them from making physical contact and causing a short circuit.

As the process continues, the active materials (the chemically reactive materials on the surface 
of the electrodes that participate in the redox reactions) gradually get used up and the reactions 
slow down until the battery is no longer able to move electrons around the external circuit. The 
battery is now described as being ‘discharged’.

Language of Chemistry
Strictly speaking, a battery consists of two or more voltaic cells connected together. However, 
the term ‘simple battery’ is often used to describe a voltaic cell. Primary batteries can be 
discharged, or used once, and then have to be replaced. The redox reactions that occurred 
cannot be reversed easily. Secondary batteries are rechargeable and have reversible redox 
reactions.

Primary batteries cannot be efficiently recharged because the redox reactions that occur 
involve the formation of solids or gases. Sometimes these substances tend to build up around 
an electrode (and increase the internal resistance and as a consequence the voltage drops). 
However, the battery may ‘recover’ partially as these substances slowly diffuse away. n

Language of Chemistry
The power P generated by a battery is measured in watts (W) and is calculated as the product 
of the voltage V and the current I in amps:

P = V × I
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However, since V = I × R (Ohm’s law), where R represents the resistance:

P = I 2 × R   and   P = V
2

R
Larger batteries (of the same type) deliver more power because, although their voltage is 
unchanged, the maximum current they can deliver increases proportionally.

The energy E (in joules) generated by a battery is calculated as the product of the power P in 
watts and time t in seconds:

E =P × t
= V × I × t n

Fuel cells

C.5.1 Describe how a hydrogen–oxygen fuel cell works. 

A fuel cell converts the chemical energy of a fuel 
directly into electrical energy. Fuel cells are designed so 
that the substances to be oxidized and reduced at the 
electrodes are stored outside the cell and are continually 
supplied to the electrodes. A fuel cell is therefore a flow 
battery that continues to operate so long as reactants 
are introduced.

One of the most successful types of fuel cells uses 
the reaction between hydrogen gas and oxygen gas to 
form water, and is known as the hydrogen–oxygen fuel 
cell. A cross-section of a hydrogen–oxygen fuel cell 
is shown in Figure 23.35. The cell consists of porous 
carbon electrodes which are impregnated with catalyst 
(platinum, silver or cobalt(ii) oxide). Hydrogen and 
oxygen gases are bubbled through the electrodes into an 
electrolyte, which is a concentrated aqueous solution 
of sodium hydroxide. The fuel cell runs continuously 
so long as the two gases are supplied at a relatively high 
temperature and pressure.

The electrode reactions are:

Anode: H2(g) + 2OH−(aq) → 2H2O(l) + 2e−
 

(oxidation)

Cathode: O2(g) + 2H2O(l) + 4e− → 4OH−(aq) 
(reduction)

Multiplying the first half-equation through by 2, and then adding it to the second gives the 
overall (redox) reaction:

2H2(g) + O2(g) → 2H2O(l)

In some fuel cells, an acidic electrolyte is used – the electrode reactions are:

Anode: H2(g) → 2H+(aq) + 2e− 
(oxidation)

Cathode: O2(g) + 4H+(aq) + 4e− → 2H2O(l) 
(reduction)

Overall reaction: 2H2(g) + O2(g) → 2H2O(l) 
(redox)

The overall reaction is the same in both cases.

electrolyte
 NaOH(aq)

negative
electrode

platinum
catalyst

positive
electrode

H+ ions

electrons

electric motor
in car

hydrogen
(H2) in

H2 out

oxygen
(O2) in

O2 out

water
out

Figure 23.35 A hydrogen–oxygen fuel cell 
providing power to drive a car
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Applications of Chemistry
Fuel cells are very useful as power sources in remote locations 
– such as spacecraft, remote weather stations, large parks, rural 
locations – and in certain military applications. Household uses 
include smart phones (with high power consumption due to large 
displays) and notebook computers where alternating current (ac) 
charging may not be available for weeks at a time. Fuel cells are 
used in electric (Figure 23.36) and hybrid vehicles.

Figure 23.36 A Mercedes–Benz Ecobus uses a hydrogen-based fuel cell

History of Chemistry
The principle of the fuel cell was originally described by Welsh lawyer and physicist William Grove (1811–1896) 
in 1839. Grove experimented with the electrolysis of water (dilute sulfuric acid) using inert platinum electrodes. 
He generated hydrogen bubbles on the cathode and oxygen bubbles on the anode. Grove’s insight was to realize 
that this reaction was reversible and that the two gases could recombine at their electrodes and drive current in the 
opposite direction.

n Extension: Hydrogen as a fuel
Hydrogen is a potential renewable energy resource. It has the advantage of being pollution-free – 
its combustion product is water. Its great disadvantage is that it is difficult to transport and store, 
although there is hope that metal hydrides or carbon nanotubes may overcome this problem.  
A number of trial cars, using metal hydride storage systems, are currently being road tested.

The mass production of sufficient hydrogen to promote its widespread use as a fuel 
still requires research and development because some of the current methods are not 
environmentally favourable in terms of energy requirement for instance.

Lead–acid storage battery

C.5.2 Describe the workings of rechargeable batteries. 

The lead–acid battery is the familiar car battery that is used for powering the lights and ignition. 
It is also widely used a source of standby electrical power during a mains failure and for powering 
electrical vehicles. Lead–acid batteries are also used in lift controls, medical equipment and 
telecommunications networks.

History of Chemistry
Gaston Planté (1834–1889) was a French physicist who invented the lead–acid battery in 1859. This type of 
battery eventually became the first rechargeable electric battery marketed for commercial use. His early model 
consisted of a spiral roll of two sheets of pure lead separated by a linen cloth, immersed in a glass jar containing 
sulfuric acid solution.

Electrodes and half-equations
The electrodes of the lead–acid battery can be regarded as being lead at the negative electrode 
and lead(iv) oxide (‘lead dioxide’) at the positive electrode.

At the positive electrode, the lead(iv) oxide is converted into lead(ii) sulfate; at the negative 
electrode metallic lead is also converted to lead(ii) sulfate, which takes the form of fine white 
crystals. The lead that forms the negative electrode is known as ‘spongy lead’ due to its porous 
nature. Its high surface area increases the efficiency of the battery.
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Sulfuric acid (6 mol dm−3; 38% sulfuric acid by mass) is the electrolyte and acts as the source of 
sulfate ions for the discharge reactions. The density of the sulfuric acid solution decreases during 
the discharging process as current is drawn from the battery. The state of the charge of the battery 
can be easily established using a hydrometer – a float with a scale.

During the discharging process the following reactions occur:

Positive electrode: PbO2(s) + 4H+(aq) + SO4
2−(aq) + 2e− → PbSO4(s) + 2H2O(l)

(reduction)

Negative electrode: Pb(s) + SO4
2−(aq) → PbSO4(s) + 2e−

(oxidation)

Net reaction: Pb(s) + PbO2(s) + 4H+(aq) + 2SO4
2−(aq) → 2PbSO4(s) + 2H2O(l)

(redox)

During charging, the reverse reactions occur. The battery can be recharged by connecting it to an 
external source of direct current with a voltage greater than the standard voltage – typically 12 V 
for a car battery.

The recharging reactions are:

Negative electrode: PbSO4(s) + 2H2O(l) → PbO2(s) + 4H+(aq) + SO4
2−(aq) + 2e−

(oxidation)

Positive electrode: PbSO4(s) + 2e− → Pb(s) + SO4
2−(aq)

(reduction)

Net reaction: 2PbSO4(s) + 2H2O(l) → Pb(s) + PbO2(s) + 4H+(aq) + 2SO4
2−(aq)

(redox)

The lead–acid cell is rechargeable because lead(ii) sulfate, PbSO4, formed during the discharge 
operation is a very insoluble solid (it has a low solubility product; Chapter 17) and adheres to 
the electrodes. Hence, it is able to lose or gain electrons during charging and recharging. The 
discharging and recharging of the lead–acid cell is summarized in Figure 23.37.
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Each cell of a traditional lead–acid car battery contains a cathode consisting of a number of 
grid-like plates connected in parallel. These slot into a similar arrangement of anode grid-like 
plates, with each pair of plates being separated by a thin sheet of porous insulating material – for 
example, glass fibre or plastic.

To enhance the output of the lead–acid battery, the anode and cathode plates are arranged 
in an alternating manner. The anode and cathode plates are connected to each other separately 
so as to increase the electrode surface area in contact with the sulfuric acid electrolyte. This 
increases the current-delivering capacity of the cell. The cells are further connected in series so as 
to increase the voltage of the battery. In a 12 V lead–acid battery there are 6 lead–acid cells.

Figure 23.37 A lead–acid 
cell – a discharging; 

b recharging
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n Extension: Characteristics of lead–acid batteries
Because concentrated aqueous sulfuric acid is a good conductor of electricity, the internal resistance 
of a lead–acid battery is very low. This means that it can produce very large currents, making it 
suitable for powering the starter motor in car. Although lead–acid batteries represent more than half 
of all the batteries sold worldwide and are widely recycled, they have a number of drawbacks.

Specifically, they have a relatively low power-to-weight ratio which puts them at a 
disadvantage when used to power electric vehicles. Traditional lead–acid batteries cannot be 
recharged rapidly since they electrolyse the acid or discharge the lead(iv) oxide or lead(ii) sulfate 
present on the electrodes, which shortens the life of the battery.

Another problem with lead–acid batteries is that of ‘sulfating’. This process, the formation 
of lead(ii) sulfate on both electrodes during discharge, is a normal part of the battery process. 
However, if a battery is allowed to remain in a discharged (‘flat’) state for a prolonged period of 
time, the lead(ii) sulfate crystals continue to grow. These larger crystals reduce the surface area 
of the battery plates and do not completely dissolve when the battery is charged. The condition 
can be prevented by recharging the battery immediately following discharge.

There are kinetic limitations on the recharging of traditional lead–acid batteries. Specifically, 
when current is delivered at a higher rate than lead(ii) sulfate can be converted back to lead(iv) 
oxide and lead, then the excess current causes water to undergo electrolysis. A mixture of 
hydrogen and oxygen gases are produced, which need to be vented out of the battery through 
a one-way valve. However, the latest generation of lead–acid batteries are sealed and contain a 
special silica gel that converts the oxygen and hydrogen back to water.

Language of Chemistry
The voltage of a battery is determined by its redox chemistry, but the cell capacity depends on 
the quantity of active material it contains. It is measured in ampere-hours and is the product 
of the current (in amps) multiplied by the time (in hours) it was discharged for. The way that 
cells are connected together determines their overall voltage and capacity. If the positive 
terminal of one cell is connected to the negative terminal of the next, then a series-connected 
battery is formed. The voltage of this type of battery is the sum of the individual cell voltages. 
The cell capacity is unchanged from the value for each individual cell. Batteries can also be 
connected together by connecting the negative terminal from one cell to another cell via the 
negative terminal of the next cell. This results in a battery made from cells joined together in 
parallel. The overall battery capacity is the sum of the capacities of the individual cells, but the 
battery voltage remains as the voltage of each individual cell. n

n Extension: Voltage of a lead–acid battery
The reduction and oxidation reactions that occur inside a simple battery each produce a fixed 
standard electrode potential E  measured as a voltage. The sum of the two electrode potentials 
is the voltage of the battery.

For example, the discharge reaction and associated standard electrode potential at the 
positive electrode of a lead–acid battery is:

PbO2(s) + 4H+(aq) + SO4
2−(aq) + 2e− → PbSO4(s) + 2H2O(l) E  = +1.685 V

The reaction at the negative electrode and associated standard electrode potential is:

Pb(s) + SO4
2−(aq) → PbSO4(s) + 2e− E  = +0.356 V

Adding the two half-equations and cancelling electrons gives the overall cell reaction for the 
discharge process:

Pb(s) + PbO2(s) + 4H+(aq) + 2SO4
2−(aq) → 2PbSO4(s) + 2H2O(l)

E cell = +1.685 V + (+0.356 V) = 2.041 V

Note that the concentration of the sulfuric acid electrolyte can also affect the voltage of a lead–
acid battery – as its concentration decreases, so does the voltage.
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Nickel–cadmium battery
Nickel–cadmium batteries, known as Ni–Cads, are a form of cell widely used in portable power 
tools and medical devices. They contain a cathode made from nickel(iii) oxide hydroxide 
(NiO(OH)), an anode made from cadmium, and an aqueous solution of potassium hydroxide 
which acts as a salt bridge. A single Ni–Cad cell has a standard voltage of 1.2 V.

The reactions occurring are:

Oxidation half-equation: Cd(s) + 2OH−(aq) → Cd(OH)2(s) + 2e− 
(during discharge)

Reduction half-equation: NiO(OH)(s) + e− + H2O(l) → Ni(OH)2(s) + OH−(aq) 
(during discharge)

Multiplying the second half-equation by 2, and then adding it to the first gives the overall cell 
reaction:

Cd(s) + 2NiO(OH)(s) + 2H2O(l) → Cd(OH)2(s) + 2Ni(OH)2(s)

In the compound nickel(iii) oxide hydroxide (NiO(OH)) used in these cells, the nickel is present 
as the Ni3+ ion (oxidation state +3). In the reduction half-equation, the Ni3+ ions are reduced to 
Ni2+ ions in the form of nickel(ii) hydroxide.

The advantages of the Ni–Cad cell compared to the lead–acid battery are its high number of 
charge and discharge cycles (often thousands), and its long shelf-life – it can be stored for months 
without discharging. However, its disadvantages are its greater cost and the ‘memory effect’. The 
cadmium present in Ni–Cad batteries also poses environmental problems (Chapter 25).

Nickel–metal hydride (Ni–MH) batteries are the newest, and most similar, competitor to Ni–
Cad batteries. Compared to Ni–Cads, the Ni–MH batteries have a higher capacity, are less toxic 
and are now more cost-effective. However, a Ni–Cad battery has a lower self-discharge rate.

Language of Chemistry
Ni–Cad batteries suffer from what is known as the ‘memory effect’. This effect occurs when a 
battery is partially discharged, and then recharged. The Ni–Cad battery ‘remembers’ the lower 
state and will not fully charge. Ni–Cad batteries should be completely discharged prior to being 
fully charged. This phenomenon occurs due to the formation of a passive (very unreactive) surface 
on the electrodes. This forms a barrier to further cell reactions during the charging process. n

n Extension: Gibbs free energy and batteries
The Gibbs free energy (Chapter 15), ∆G , is directly related to the overall cell voltage, E cell:

∆G = −zFE cell

where F represents the Faraday constant (the charge carried by one mole of electrons) and z 
represents the number of electrons transferred (in a single redox reaction).

For example, in the Ni–Cad cell, the two half-equations and the standard electrode  
potentials are:

Ni3+ (aq) + e− → Ni2+(aq) E = +0.52 V
Cd(s) → Cd2+(aq) + 2e− E = +0.83 V

Multiplying the nickel half-equation by 2, and then adding it to the cadmium half-equation 
gives the overall cell reaction:

2Ni3+(aq) + Cd(s) → 2Ni2+(aq) + Cd2+(aq)
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The overall cell voltage is calculated by adding the two standard electrode potentials – note 
that you do not multiply the nickel standard electrode potential by 2:

E = (+0.52 V) + (+0.83 V) = +1.35 V

The equations show that the number of electrons transferred, z, is 2. So the Gibbs free energy, 
∆G , is calculated as follows:

∆G  = -zFE cell

∆G  = -2 × 96 500 C mol−1 × 1.35 V
 = -260 550 J mol−1

 = -260 kJ mol−1

A negative value for ∆G means that the reaction is favoured thermodynamically and will occur 
spontaneously; a positive value indicates that the reaction is not favoured thermodynamically 
and will not occur spontaneously. In simple terms, (under standard thermodynamic conditions) 
a negative value of ∆G indicates the reaction will ‘go’; a positive value of ∆G means the reaction 
will ‘not go’.

However values of Gibbs free energies give no information about rates of reaction – many 
thermodynamically favoured reactions are very slow. In addition, thermodynamically unfavoured 
reactions can be made to ‘go’ by changing the reaction conditions – for example, the temperature 
or the concentration (Chapter 19).

Lithium and lithium–ion batteries
Lithium batteries
Lithium has many features that make it attractive for use as an anode in a battery. The metal has 
the most negative standard reduction electrode potential of all metals – which means it is the 
most powerful reducing agent (Chapter 19). Lithium metal has a low density and is non-toxic in 
its oxidized form (lithium ions).

Lithium batteries are disposable (primary) batteries that have lithium metal, or lithium 
compounds, as the anode (Figure 23.38). They are favoured because of their very high voltages 
and long shelf-lives. Depending on the design and the chemical compounds used, lithium cells 
can produce potentials from 1.5 V to 3.7 V, twice the voltage of an ordinary zinc–carbon battery 
or alkaline cell. The disadvantages of lithium batteries are the nature of the reactions of lithium 
with water or with oxygen in the air, requiring the use of sealed cells. The reaction of lithium 
with water produces hydrogen gas and these batteries can be dangerous if they are punctured. 
Organic liquids with dissolved lithium salts are used as electrolytes. The reaction of the 
lithium electrode with oxygen can produce a thin layer of the oxide on the metal, reducing the 
effectiveness of the electrode.

Many different materials have been used as cathodes in commercial and experimental lithium 
batteries. The most common type of lithium cell used in consumer applications uses metallic 
lithium as the anode and heated manganese(iv) oxide as the cathode. The overall cell reaction is:

2Li(s) + 2MnO2(s) → Li2O(s) + Mn2O3(s)

An alternative chemistry is used in the lithium–iodine cell that has been used in the construction 
of commercial heart pacemakers. The electrolyte is lithium iodide and is formed inside the cell by 
direct reaction of the electrodes:

2Li(s) + I2(s) → 2LiI(s)

The advantages of this type of cell in this context are that the cells are very reliable, there is a 
solid electrolyte and no gas is generated even under short circuit conditions.

One final variant is the lithium–iron cell used in ‘Energiser’ lithium batteries. These are 
intended as a longer lifetime replacement for alkaline batteries, and some types are rechargeable. 

Figure 23.38 A lithium 
battery
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The cathode is often a paste of iron(ii) persulfide (FeS2) powder mixed with powdered graphite. 
The overall cell reaction is:

4Li(s) + FeS2(s) → 2Li2S(s) + Fe(s)

Lithium–ion batteries
As already mentioned, lithium batteries in which the 
anode is made of metallic lithium pose some safety issues. 
The latest generation of batteries based on lithium do 
not contain any lithium metal, just lithium ions which 
migrate between the two electrodes during charge or 
discharge. These lithium–ion batteries (Figure 23.39) 
should be viewed as a separate category of battery. They 
are rechargeable and were introduced for use in mobile 
phones, midi-disc players, video cameras and laptop 
computers. Lithium–ion batteries are secondary batteries, 
whereas lithium batteries are primary cells.

Commercially the most widely used material for the anode is graphite, while the cathode can 
be one of several materials – possibly the most used is the layered oxide, lithium cobalt oxide 
(LiCoO2). Lithium ions flow through the electrolyte between these electrodes and can migrate 
into the structure of the electrode material itself. When a lithium–ion cell is discharging, the 
lithium ions are moving out from the anode, through the electrolyte and are into the cathode – 
the opposite is true as the cell is recharged. The process of lithium ions moving into an electrode 
material such as graphite is known as intercalation (or insertion). The fact that graphite has a 
layered structure lends itself to this type of phenomenon.

Thus the essential feature of the lithium–ion battery is that at no stage in the charge–discharge 
cycle is there any lithium metal present. Rather, lithium ions are intercalated into the positive 
electrode in the discharged state and into the negative electrode in the charged state and move 
from one to the other across the electrolyte. Lithium–ion batteries operate based on what is 
sometimes called the ‘rocking chair’ or ‘swing’ effect. This involves the transfer of lithium ions 
back and forth between the two electrodes.

Lithium–ion batteries are not as durable as nickel–metal hydride or nickel–cadmium designs, 
and can be extremely dangerous if mistreated. For this reason development continues and a 
variation on the principle of the lithium–ion battery is the lithium–ion polymer rechargeable 
battery. This type has technologically evolved from lithium–ion batteries. The major difference 
is that the lithium–salt electrolyte is not held in an organic solvent as in the lithium–ion design, 
but in a solid polymer (Figure 23.40).

from
electrolyte

from 
electrode

in 
electrolyte

2CoO2(s) + 2e– + 2Li+  Co2O3(s) + Li2O(s) 2Li                 2Li+    +    2e– 

device powered
by the battery

electron flow in
the external circuit

e–e–

Li+

Li+

Li+ Li+

Li+

Positive electrode
Layer lattice of CoO2 into 
which Li+ ions can move

Polymer electrolyte 
with Li+ ions

Negative electrode
Carbon (graphite) with a layer 
lattice containing lithium atoms

Figure 23.39 A lithium–ion battery

Figure 23.40 Schematic 
diagram of a lithium–ion 
polymer battery showing 
the battery discharging. 
The electrode processes 

are reversible so that the 
battery can be recharged 
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The advantages of the lithium–ion polymer battery over the original lithium–ion design 
include lower cost manufacturing and being more robust to physical damage. Lithium–ion 
polymer batteries started appearing in consumer electronics around 1996. One problem with the 
early versions of this type of battery was the length of time required to recharge them. However, 
more recent developments have shortened the charging time to just 5 minutes to reach 90% 
charge. This should make these batteries a useful proposition for the electric vehicle market. 
The Hyundai Motor Company is planning to use this type of battery in its hybrid electric cars. A 
hybrid vehicle is one that uses two or more distinct power sources to move the vehicle. The most 
common form is the hybrid electric car, an automobile driven by a gasoline internal combustion 
engine and electric motors powered by batteries.

Language of Chemistry
The structure of graphite is distinctive and consists of layers of interconnected six-membered 
rings of sp2-hybridised carbon atoms. Each sheet is termed a graphene sheet – the graphene 
sheets are held together by weak van der Waals’ forces. Graphite intercalation compounds are 
complex materials having the formula the XCy where an element or molecule X is inserted, or 
intercalated, between the graphite layers.

In this type of compound, the graphite layers remain largely intact and the ‘guest’ molecules 
or atoms are located between layers. There are various stages in the insertion of the guest atoms 
(X) into the graphite structure as not every layer is necessarily occupied by guests. One structure 
which is important in the context of electrodes is where the guests accommodated are metal 
atoms. At the first stage of intercalation of relatively small metal atoms, such as lithium, the 
stoichiometry is XC6; so, LiC6 for the structure of the anode of a lithium-ion battery.

The process of intercalation is reversible and this is important in understanding the 
functioning of the electrodes discussed above. Different layered structures, other than graphite, 
can also show the same phenomenon. n

Fuel cells or rechargeable batteries?

C.5.3 Discuss the similarities and differences between fuel cells and rechargeable batteries. 

The hydrogen–oxygen fuel cell does not contribute to air pollution since its only combustion 
product is water. However, other fuel cells based on alkanes or alcohols release carbon dioxide, 
a major greenhouse gas (Chapter 25). The efficiency of fuel cells is approximately 80%, which is 
much higher than conventional batteries. Unlike conventional batteries, electrical energy can be 
obtained from the fuel cell continuously, so long as the supply of fuel and oxygen is maintained. 
Fuel cells have no ‘memory effect’ when they are refuelled and are low maintenance. However, 
they can be larger than comparable batteries and the presence of catalysts and membranes makes 
them relatively expensive.

n Extension: Thermodynamic efficiency
The thermodynamic efficiency of a fuel cell is the ratio of the Gibbs free energy to the enthalpy 
of the reaction. For example, for the hydrogen–oxygen fuel cell:

efficiency = ∆G / ∆H
 = -229 kJ mol−1 / -242 kJ mol−1

 = 0.95 or 95%
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 23.6 Liquid crystals
The liquid-crystal state
C.6.1 Describe the meaning of the term liquid crystals. 

The solid and liquid states of matter were discussed in Chapter 1. When a crystalline solid melts, 
the ordered lattice arrangement of the particles is broken down, being replaced by the more 
disordered state of the liquid. Whereas in a solid the particles can only vibrate about a fixed point 
in a lattice, in a liquid they are able to move. However, some crystals, when heated, melt to give 
a turbid (cloudy) phase which retains some of the order of the solid state. On further heating this 
turbid phase changes to the normal clear liquid.

solid crystal    liquid crystal    liquid
 melting temperature clearing temperature

This turbid state of matter has properties intermediate between those of the solid and liquid 
states, and is called the liquid-crystal state. The applications of liquid crystals can now be seen in 
many areas of modern living.

There are many different types of liquid-crystal phases, which can be distinguished by their 
different optical properties. When viewed under a microscope using a polarized light source, 
different liquid-crystal phases will appear to have distinct textures (Figure 23.41; Chapter 20). 
The contrasting areas in the textures correspond to domains, where the liquid-crystal molecules 
are oriented in different directions. Within a domain, however, the molecules are well ordered.

The effect of liquid crystals on polarized light is central to the application of these molecules in 
liquid-crystal displays.

Applications of Chemistry
‘Smart windows’ are currently being used in Singapore in the light 
rail transit (LRT) train (Figure 23.42). The main objective is to fog 
the windows when the LRT train passes residential flats to protect 
the privacy of the residents. The liquid crystals are dispersed as 
microdroplets in a transparent plastic film between glass plates. 
The liquid crystals react to an application of a voltage by aligning 
in a parallel manner and letting light pass. The reverse is true – 
when no voltage is applied the liquid crystals in the film orient 
themselves randomly and the windows darken. Although this 
technology allows for manual control, there are no intermediate 
settings. In other words, the windows can only be transparent or 
opaque, with no gradation between.

History of Chemistry
In 1888 the Austrian botanist Friedrich Reinitzer  
(1857–1927) noticed that crystals of cholesteryl benzoate 
(Figure 23.43) melted at 145.5 °C to form a cloudy liquid, 
which was stable up to 178.5 °C, where it changed again to 
form a clear liquid. This was the first example of a liquid-
crystalline phase.

Figure 23.43 The structure of cholesteryl benzoate

Figure 23.41 Polarized 
light micrograph of a 

liquid crystal

Figure 23.42 LRT coach with ‘smart windows’

O

O

HH

H H



776 Chemistry in industry and teChnology

Liquid-crystal displays

C.6.2 Distinguish between thermotropic and lyotropic liquid crystals. 

The displays on many everyday items, such as calculators and digital alarm clocks, depend on 
liquid-crystal technology. Two types of liquid crystals can be referred to as thermotropic and 
lyotropic liquid crystals – they both consist of organic molecules. Thermotropic liquid crystals 
exhibit a phase transition into the liquid-crystal phase as the temperature is changed (as discussed 
for cholesteryl benzoate) (Figure 23.43). Lyotropic liquid crystals exhibit phase transitions as a 
function of both temperature and the concentration of the liquid-crystal molecules in a solvent 
(typically water). Liquid crystals retain many of the physical properties of solid crystals, however 
these properties can be easily modified. For example, in a digital clock a small electric field can 
alter optical properties by changing the orientation of some of the molecules. As a result, some 
areas of the display become dark while others remain light, allowing the shapes of the different 
numbers to be displayed. Over the past 40 years liquid crystals have gone from being an academic 
curiosity to the basis of big business.

Consideration of the kinetic theory should indicate to you that the liquid-crystal phase 
is stable over only a small range of temperature. On heating, the directional consistency of 
orientation is lost and the normal liquid state is formed where the molecules have too much 
kinetic energy to be constrained in the same alignment by the intermolecular forces. The 
challenge to research in the early stages of this technology was to find molecules capable of this 
behaviour, particularly over a temperature range that included room temperature. Examples of 
liquid crystals can be found both in the natural world and in technological applications. Most 
modern electronic displays are liquid-crystal based.

Lyotropic liquid-crystalline phases are abundant in biological systems. For example, many 
proteins and cell membranes are liquid crystals. Other well-known liquid crystal examples 
are solutions of soap and various related detergents, as well as the tobacco mosaic virus. DNA 
solutions and the concentrated protein solution extruded by spiders to form silk fibres (Figure 
23.44) were found to form liquid-crystal states under certain conditions. Intriguingly, in this latter 
case the water molecules appear to act as a plasticizer in enabling the silk fibres to move over each 
other as the web is woven. This phenomenon may well be related to the level of organization 
required for the self-assembly of certain complex biological structures.

Language of Chemistry
There are several specific terms applied to the liquid-crystal state. A thermotropic liquid-
crystal state is where a substance displays a turbid state over a short temperature range after the 
solid has melted. In this fluid, but turbid, state the molecules retain a degree of organization 
or orientation in one dimension (Figure 23.45). This liquid-crystal state produces thread-like 
patterns when viewed in polarized light under a microscope. This is known as a nematic liquid-
crystal state (from the Greek nema meaning ‘thread’).

Certain molecules produce liquid-crystal states in solution (usually in water). Here the liquid-
crystal state is a function of both concentration and temperature and is referred to as a lyotropic 
liquid-crystal state. n

Thermotropic and lyotropic liquid crystals

C.6.3 Describe the liquid-crystal state in terms of the arrangement of the molecules and explain thermotropic 
behaviour. 

Molecules that show thermotropic liquid-crystal behaviour are all typically long, thin rigid 
polar organic molecules. Figure 23.45 shows the behaviour of such ‘rod-like’ molecules as the 
temperature increases around the transition between solid and liquid. As the substance changes 
from the solid state to the liquid-crystal state, the arrangement of the molecules is more irregular, 

Figure 23.44 Liquid 
crystal properties appear 
to play a key role in the 

processing of silk fibres as 
a spider spins its web
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but the orientation is approximately the same. The analogy of putting a large number of pencils 
in a closed rectangular box has been used – imagine them being shaken.

Solid – the molecules have a
regular arrangement and 

orientation

Liquid crystal – the molecules 
have an irregular arrangement and 

a regular orientation

temperature increasing 
temperature decreasing 

Thermotropic liquid crystals are formed in a temperature range between the solid and liquid state.

Liquid – the molecules have an
irregular arrangement and 

orientation

When the box is opened, the pencils will still be facing in about the same direction, but there will 
be no definite spatial organization. They are free to move, but generally line up in about the same 
direction. This gives a simple model of the nematic type of a liquid phase. The molecules are 
randomly distributed, as they are in a liquid, but the intermolecular forces are sufficiently strong 
to hold the molecules in one orientation.

The formation of a liquid-crystal state by the silk fibroin protein in solution demonstrates a 
further aspect of the liquid-crystal phenomenon. The liquid crystals formed by pure substances 
over a certain temperature range after melting are called thermotropic liquid crystals (Figure 
23.45). However, some substances can form a type of liquid-crystal state in solution. This is 
a different set of circumstances in which the rod-like molecules are present as the solute in a 
solution. At low concentrations, the molecules generally have a disordered orientation and an 
irregular arrangement. If the concentration is increased sufficiently, the molecules will adopt an 
ordered structure and solid crystals will form. At intermediate concentrations, a lyotropic liquid-
crystal state may be possible where the molecules have an irregular arrangement with a regular 
orientation (Figure 23.46). The level of organization in this state can be disrupted by changing 
either the temperature or the concentration of the system.

Solid – the molecules have a
regular arrangement and 

orientation

Liquid crystal – the molecules 
have an irregular arrangement and 

a regular orientation

concentration increasing 
concentration decreasing 

The phase transitions of lyotropic liquid crystals depend on both temperature and concentration.

Liquid – the molecules have an
irregular arrangement and 

orientation

Lyotropic liquid crystals are found in many everyday situations. Soaps and detergents, for 
example, form lyotropic liquid crystals when they combine with water. Many biological 
membranes also display lyotropic liquid-crystalline behaviour. The molecules that can form a 
lyotropic liquid-crystal state generally consist of two distinct parts – a polar, often ionic, ‘head’ 
and a non-polar, often hydrocarbon, ‘tail’ (Figures 23.47a and 23.47c). When dissolved in high 
enough concentrations in water, the molecules arrange themselves so that the polar heads are in 
contact with the polar solvent, water, in an arrangement called a micelle (Figure 23.47b).

Figure 23.45 A 
representation of the 

transition of a substance 
to the thermotropic 

liquid-crystal state

Figure 23.46 The 
formation of a lyotropic 

liquid-crystal state by 
certain substances in 

solution
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Liquid-crystal devices
C.6.4 Outline the principles of the liquid-crystal display device.
C.6.5 Discuss the properties needed for a substance to be used in liquid-crystal displays. 

From the discussion above we have learnt about 
the molecular requirements for a substance to show 
liquid-crystal properties under suitable circumstances. 
4'-pentylbiphenyl-4-carbonitrile is a commercially 
available nematic crystal of the type used in liquid-crystal 
displays – the compound has the structure shown in 
Figure 23.48.

4'-pentylbiphenyl-4-carbonitrile is used in liquid-crystal  
display devices because it shows the following appropriate properties:

it is chemically stable	n

it has a liquid-crystal phase stable over a suitable range of temperatures	n

its molecules are polar, allowing it able to change its orientation when an electric field is applied	n

it responds to changes of voltage quickly – it has a fast switching speed.	n

The rod-like molecules of 4'-pentylbiphenyl-4-carbonitrile 
are suitable for liquid-crystal displays because their ability 
to transmit light depends on their relative orientation.The 
molecule is polar, so its orientation can be controlled by 
the application of a small voltage across a small film of the 
material. When there is no applied voltage, light can be 
transmitted and the display is clear. When a small voltage is 
applied, the orientation of the molecules changes and light 
can no longer be transmitted through the film. The display 
then appears dark. The areas of the display that are light and 
dark can thus be controlled, enabling different shapes to be 
displayed (Figure 23.49).

Figure 23.47 a Soap 
molecules, such as 

sodium stearate shown 
here, have the structure 
of the type required to 
form a lyotropic liquid-
crystal state in aqueous 

solution. b Soap and 
detergent molecules can 
form micelles in aqueous 

solution. c A molecule 
of a synthetic detergent 
shows similar structural 

features to a soap 
molecule

Figure 23.48 The structure of 
4'-pentylbiphenyl-4-carbonitrile

the molecule is polar because nitrogen
has a higher electronegativity than carbon

C
5
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Figure 23.49 The liquid-crystal displays on 
a Mandarin–English electronic translator
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As we have seen earlier, the nematic 
state for a thermotropic liquid-crystal exists 
within only a small range of temperature. 
This limits the operating temperature 
of liquid-crystal display devices, but has 
been exploited in the skin thermometer to 
get a quick estimate of body temperature 
(Figure 23.50).

Figure 23.50 A strip thermometer for measuring skin temperature. The crystals are designed so that they expand 
and begin to reflect light at a specific activation temperature. Each cell’s crystals have a slightly different activation 

temperature. Skin thermometers are less accurate than mercury or digital types of thermometer

Applications of Chemistry
An LCD TV is a flat-panel television that uses liquid-crystal display (LCD) technology. 
Electric voltage is applied to individual liquid-crystal cells (each cell is a pixel), which 
allow the liquid crystals to pass or to block light to create images. Liquid-crystal displays 
do not produce their own light, so an external light source, such as a fluorescent bulb, 
is needed for the image created by the LCD to be visible to the viewer. Unlike standard 
CRT (cathode-ray tube (Chapter 2)) televisions, there are no phosphors that light up and 
this is why LCD panels are thin and require less power to operate. Because of the nature 
of LCD technology, there is no radiation emitted from the screen itself, unlike traditional 
televisions. Unlike a traditional CRT television, the images on an LCD television are not 
scanned by an electron beam. The pixels of an LCD television are merely turned on or off 
at a particular refresh rate.

 23.7 Nanotechnology
Richard Feynman (1918–1988), the Nobel Prize-winning physicist, gave a groundbreaking talk 
in 1959 about the physical possibility of making, manipulating and visualizing matter on a small 
scale and arranging atoms ‘the way we want’. He famously predicted that one day we would 
be able to fit an entire encyclopaedia onto the head of a pin. Feynman challenged scientists 
to develop a new field where devices and machines could be built from tens or hundreds of 
atoms. Some of the key points in the history of that field, now called nanotechnology, can be 
summarized in the following timeline.

Some important events in nanotechnology history
1900 Max Planck proposes energy quantization (Chapter 21)
1905–30  Development of quantum mechanics 

by Heisenberg, Born and Schrödinger 
(Chapter 12)

1959  Feynman’s talk – ‘There is plenty of room 
at the bottom’

1974  Norio Taniguchi conceives the word 
‘nanotechnology’

1981  Invention of the scanning tunnelling 
microscope by Binnig and Rohrer

1985  Discovery of carbon-60 (Chapter 4) by 
Kroto, Curl and Smalley (Figure 23.51)

 

Figure 23.51 A geometric model of carbon-60 – an  
iconic image of nanotechnology
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1986  Invention of the atomic force 
microscope (Chapter 2) by Binnig, 
Quate and Gerber

1989  Eigler of IBM writes the letters of his 
company using individual xenon atoms  
(Figure 23.52)

1991  Discovery of carbon nanotubes by 
Sumio Iijima

2005  Beam of electrons used to shape 
metallic nanowires

What do we mean by ‘nanotechnology’?

C.7.1 Define the term nanotechnology. 

Nanotechnology involves research and technology development in the 1–100 nm range. It creates 
and uses structures that have novel properties because of their small size, and builds on the ability 
to control or manipulate on the atomic scale.

Language of Chemistry
A nanometre (nm) is a British billionth of a metre (10−9 m) and the diameter of a nanoparticle 
ranges from 1 nm to 250 nm. To put this in perspective – the relative size of a nanoparticle 
compared with a football is roughly equivalent to the difference in magnitude between a 
football and Earth. The word ‘nano’ is derived from the Greek word meaning ‘dwarf’. n

Nanotechnology is very much an interdisciplinary subject drawing on the approaches and techniques 
of chemistry, physics, biology and materials science. For the chemist, who mentally visualizes 
the world of atoms and molecules and models their interactions, 1 nm (10−9 m) is relatively large, 
whereas 1 µm (10−6 m) is considered small on an engineering scale. The general thinking about 
nanotechnology suggests two approaches to producing nanomaterials. The top-down approach starts 
with a sample of bulk material and breaks it into smaller pieces. The bottom-up approach builds the 
material from atomic or molecular species – by manipulating atoms or using self-assembly phenomena, 
for example. The second of these approaches became more feasible with the development of ways 
of manipulating individual and small groups of atoms. Instruments such as the scanning tunnelling 
microscope and the atomic force microscope have broken new ground in visualizing the nanoscale 
world and given insight into the levels of manipulation that were feasible. The understanding that 
materials behave very differently to their bulk properties on the nanoscale level was also important 
for making progress in the field. The physical rules when working at these levels are very different 
from those that apply to our everyday macroscopic world. Quantum effects and large surface-area-to-
volume ratios can lead to the same material having a range of size-dependent properties. The colour of 
a material, for example, can depend on the size of the particles involved to a quite remarkable level.

One illustrative example of the combined power of many small effects is the amazing climbing 
ability of geckos (Figure 23.53). This has attracted interest for centuries, but only in the past few 
years has progress been made in understanding the mechanism behind this ability, which relies on 
submicrometre keratin hairs covering the soles of geckos’ feet. Each hair produces an extremely 
small force due to van der Waals’ forces of attraction with the surface. But millions of hairs acting 
together create a formidable force of adhesion – sufficient to keep geckos firmly on their feet, 
even when upside down on a glass ceiling.

Attempts have been made to devise a new type of adhesive by mimicking the gecko 
mechanism. A prototype ‘gecko tape’ has been made by microbuilding dense arrays of flexible 
plastic pillars, the geometry of which is optimized to ensure their collective adhesion. An 
atomic force microscope (AFM) has been used to manufacture a dry adhesive tape made of 
polymer ‘hairs’ and mimic the ‘gecko principle’. This tape has been used to produce a prototype 
‘Spiderman’ toy capable of hanging from a ceiling, despite its weight of 40 grams.

Figure 23.52 The IBM logo written in individual 
xenon atoms

Figure 23.53 The gecko 
has an amazing ability to 

climb
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Quantum effects
By modifying materials at the nanoscale 
level, physical properties such as 
magnetism, hardness and conductivity 
can be changed radically. These 
changes arise from confining electrons 
in nanometre-sized structures. On the 
nanoscale, electrons act like standing 
waves (Chapter 12). When electrons act 
like waves, they can pass through insulation 
that blocks flowing electrons (in a process known as quantum tunnelling). Some elements, such as 
gold and silver, can show change at the nanoscale. For example, silver nanoparticles (Figure 23.54) 
show changes in colour over the range of nanoparticle diameter from 20.0 nm to 90.0 nm. Physical 
properties – strength, crystal shape, solubility, thermal and electrical conductivity – along with 
magnetic and electronic properties also change as the particle size changes.

The development of nanotechnology
Making products on the nanometre scale is, and will become, a large and increasingly important 
sector of the economy for developed countries. It is predicted that by 2015, nanotechnology 
could be a one trillion dollar industry. Nanotechnology materials are expected to result in lighter, 
stronger, smarter, cheaper, cleaner and longer lasting products. Researchers and technologists 
believe that nanotechnology will have several phases of development. The first consisted of 
using nanostructures, simple nanoparticles, designed to perform one task. In the second phase, 
researchers will construct nanoscale ‘building blocks’ – flat or curved structures, bundles, sheets or 
tubes. The third phase will feature complex nanosystems with many interacting components.

Presently there are more than 200 companies that sell a total of 700 products using 
nanotechnology applications. In 2005, 32 billion dollars worth of products containing 
nanomaterials were sold. The range of nanoproducts currently available is surveyed below.

History of Chemistry
To many people, the American scientist Richard (‘Rick’) Smalley (1943–2005) was the 
foremost leader in the field of nanotechnology – he has often been described as the ‘father 
of nanotechnology’. Smalley was a professor at Rice University who was involved in the 
discovery of carbon-60 (Chapter 4). He was responsible for lobbying the US Congress for 
federal funding of nanotechnology and was a strong promoter of the potential benefits of 
nanotechnology in medicine and other areas.

Current applications of nanotechnology
The following summary gives some idea of how nanotechnology has penetrated into a wide range 
of human activities.

Sporting goods – nanoparticles made of carbon are used to stiffen certain key areas of tennis 	n

racquets and hockey sticks.
Car paint and waxes – new car paints have improved scratch-resistant qualities compared to 	n

conventional car paint. Nano car-waxes, made with nano-sized polishing agents, provide a 
better shine due to their ability to fill in tiny blemishes (scratches or pits) in car-paint finishes.
Antibacterial cleanser – a number of antibacterial cleaners use nanoemulsion technology to kill 	n

bacteria. The cleaners are non-flammable, non-corrosive and non-toxic.
Medical bandages – special dressings for burns provide antibacterial protection using silver-	n

based nano particles.
Sunscreens and cosmetics – several companies have marketed sunscreens, deodorants and anti-	n

aging creams all based on nanoparticles. These particles penetrate the skin rapidly.

Figure 23.54 Silver nanoparticles show different colours 
depending on the particle size
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Future applications of nanotechnology

Environment – emerging nanotechnologies may result in the development of new approaches 	n

to detecting air pollution and cleaning polluted waste streams and groundwater. Magnetic 
nanoparticles have been developed that can absorb and trap organic contaminants in water. 
They could be used to clean up hazardous and toxic waste sites.
Solar energy – photovoltaic cells convert solar energy to electrical energy. They are currently 	n

expensive and their efficiency is low. The use of nanoparticles may increase their efficiency.
Vehicles – nanoscale powders and nanoparticles will be used to improve the physical properties 	n

of cars, aircraft, ships, trains and spacecraft. These vehicles will be lighter, faster, and more 
fuel-efficient and be constructed of lighter and stronger materials. This will help in reducing 
the mass of the finished vehicle, energy efficiency and safety.
Medical applications – many medical procedures could be handled by nanomachines that 	n

would repair arteries, rebuild and reinforce bones. In the field of cancer nanotechnology 
research, scientists are testing and experimenting with new approaches to diagnose, treat and 
prevent cancer in the future. Nanoparticle-based approaches are being developed to target and 
selectively kill cancer cells.

The properties of nanomaterials

C.7.2 Distinguish between physical and chemical techniques in manipulating atoms to form molecules.
C.7.3 Describe the structure and properties of carbon nanotubes. 

One of the first advances in nanotechnology was the invention of the scanning tunnelling 
microscope (STM). This instrument does not ‘see’ atoms, but ‘feels’ them. An ultrafine tip scans 
a surface and records a signal as the tip moves up and down depending on the atoms present. 
The STM also provides a physical technique for manipulating individual atoms. They can be 
positioned accurately in just the same way as using a pair of tweezers.

In 1989, scientists at the IBM Research Centre in San Jose, California, manipulated 35 atoms 
of the noble gas xenon to write the letters ‘IBM’ (Figure 23.52). The letters were 500 000 times 
smaller than the letters used in the printing of this book. To place the atoms in the form of letters, 
the scientists used a special tip on the end of an STM to push them into place. The ‘bumps’ in 
Figure 23.52 are individual xenon atoms, each one is half a nanometre away from its neighbours.

This new-found ability to ‘see’ and manipulate individual atoms and molecules gave confidence 
to research in the revolutionary new field of nanotechnology research. The invention of the 
atomic force microscope (AFM) from its precursor the STM reinforced this growing confidence.

These inventions suggested that the ‘bottom-up’ approach to devising nanostructures was a 
feasible approach in this area of research. The ‘bottom-up’ approach is also encouraged by the 
phenomenon of self-assembly seen in several biological and chemical systems.

n Extension: Self-assembly
Self-assembly is an important example of the ‘bottom-up’ approach in nanotechnology. It is the 
spontaneous formation of precise and well-defined molecular structures from small molecules. 
Nature provides a number of examples of self-assembled structures, such as viruses (Chapter 
23), ribosomes (sites of protein synthesis in cells) and cell membranes, which all form via 
molecular recognition involving complementary shapes and favourable intermolecular forces. 
In recent years, chemists have developed a number of elegant syntheses that have resulted in 
the formation of a range of different molecular structures, many of which could form the basis of 
future ‘molecular machines’ and ‘molecular motors’.
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Language of Chemistry
Quantum corrals are two-dimensional structures 
built atom by atom on an atomically clean metallic 
surface, often copper, using a scanning tunnelling 
microscope. These two-dimensional structures 
‘corral’ electrons in the surface states of noble 
(unreactive) metals, which lead to standing-wave 
patterns in the electron density inside the quantum 
corral. (A corral is a pen for holding horses). 
Figure 23.55 shows 48 iron atoms positioned into a 
circular ring in order to ‘corral’ some surface state 
electrons and force them into quantum states of the 
circular structure. n

Applications of Chemistry
The atomic force microscope (AFM) is one of 
the foremost tools for imaging, measuring and 
manipulating matter at the nanoscale. The AFM 
(Figure 23.56) measures the forces operating between 
the probe tip and sample. The probe is a sharp tip, 
usually made of silicon or silicon nitride, at the end 
of a cantilever that bends in response to the force 
between the tip and the sample being viewed. Any 
deflection from the sample is measured and the AFM 
records the structure of the surface – its lumps and 
pits (topography). The AFM can be operated in air 
or in a vacuum. The tip is slowly scanned very close 
to the surface (non-contact mode) or on the surface 
(contact mode). The force between the atoms on the 
surface of the material and those on the tip cause the 
tip to deflect. The deflection is usually recorded by the 
use of a laser focused on the top of the cantilever and 
reflected onto photodetectors.

While the invention of the STM and the AFM demonstrated scientists’ ability to manipulate 
individual atoms and molecules physically, the synthesis of carbon nanotubes has given us one 
way of controlling chemical reactions on a very small scale. The world’s smallest ‘test tube’ 
has been made from a carbon nanotube. One end of the tube has a fullerene cap that contains 
both pentagons and hexagons so that that end of the tube is closed off. These particular carbon 
nanotubes were engineered to have a diameter just large enough to allow spherical carbon-60 
molecules to pass to into them. Each of these ‘nano-test tubes’ had a volume of 1 × 10−21 dm3 
(a zeptolitre). The researchers used these nanotubes to promote the linear polymerization of 
carbon-60 epoxide (C60O) molecules. Without the physical constraint of the made-to-measure 
nanotube, these molecules polymerize quite randomly into a tangled three-dimensional polymer. 
In the polymer, the carbon spheres are joined together by oxygen bridges. However, under the 
appropriate conditions at 260 °C, and with the molecules lined up in the nano ‘test tube’, the 
carbon-60 epoxide molecules polymerize to form an unbranched linear polymer (Figure 23.57) 
which can be visualized in an electron microscope. A quite sophisticated piece of molecular 
engineering!

Figure 23.55 A ‘quantum corral’ in which 48 iron atoms corral electrons on a 
copper surface (this image was originally created by the IBM Corporation)

laser source photodiode array

reflected
laser beamcantilever arm

interaction between tip
and sample surface

sample surface

probe tip

Figure 23.56 The operation of an atomic force microscope
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Fullerenes
Fullerenes are a structural form (allotrope) of pure carbon. 
Theoretically, a wide range of molecular shapes can be 
engineered at the molecular level using fullerenes. The structure 
of carbon-60 (buckminsterfullerene, C60) was discussed in 
Chapter 4. The addition of pentagons into the hexagonal 
structure of graphite allows the carbon atoms to form a closed, 
approximately spherical cage. The discovery and synthesis of C60 
was one of the key developments in nanochemistry.

Following the discovery of C60 a whole family of structurally 
related carbon nanotubes was discovered. These resemble a 
rolled-up sheet of graphite, with the carbon atoms arranged in repeating hexagons (Figure 23.58). 
The nanotubes, which have a diameter of 1 nm can be closed at either end if pentagons are 
present in the structure.

A whole series of carbon-based molecules, including structures with multiple walls of 
concentric tubes have been produced. Carbon nanotubes have been shown to have very useful 
properties. Bundles of carbon nanotubes have tensile strengths between 50 to 100 times that 
of iron because of the strong covalent bonding within the walls of the nanotube. Different 
nanotubes have different electrical properties because at the nanoscale the behaviour of electrons 
is very sensitive to the dimensions of the tube. Some nanotubes are conductors and some are 
semi-conductors.

Their properties can also be altered by trapping different atoms inside the tubes. For example, 
silver chloride can be inserted into a tube and then decomposed by light to form an inner coating 
of silver. The resulting nanotube is a thin metallic electrical conductor. As these nanotubes have 
relatively large surface areas and can be made with specific dimensions, they have the potential to 
be very efficient and size-selective heterogeneous catalysts. Their mechanical (stiffness, strength, 
toughness), thermal and electrical properties suggest a wide variety of applications from batteries 
and fuel cells, to fibres and cables, to pharmaceuticals and biomedical materials.

Two types of nanotubes
There are two main types of carbon nanotubes – single-walled carbon nanotubes and multi-
walled carbon nanotubes. Most single-walled nanotubes have a diameter of close to 1 nm, with 
a tube length that can be many thousands of times longer. In fact, single-walled nanotubes 
can reach a length of over 1 cm. The structure of a single-walled nanotube can be visualized by 
wrapping a one-atom-thick layer of graphite called graphene into a cylinder. A graphene is a two-
dimensional single sheet of sp2-bonded carbon atoms.

A single-walled nanotube is cylindrical with at least one end typically capped with a 
hemisphere of the carbon-60 structure. The diameter of the nanotube is only a few nanometres 

ba

Figure 23.57 The 
formation of a linear 

polymer, (C60O)n, within a 
carbon nanotube. 

The two views show: 
a the whole structure; 
b the outer nanotube 

faded so that the polymer 
inside  can be seen more 

clearly

b

Figure 23.58 Carbon nanotubes
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wide and can extend up to 50 µm in length. Nanotubes have the following physical, chemical and 
mechanical properties that make them such a potentially useful nanomaterial:

Electrical conductivity – depending on their precise structure, carbon nanotubes can be either 	n

metallic conductors or semi-conductors. The electrons can travel much faster in nanotubes 
than in metals, and they do not dissipate or scatter. Carbon nanotubes could find an important 
use in conducting circuits as they can sustain a current density of up to 109 A cm–2 (compared to 
copper at 106 A cm–2).
Thermal conductivity – the thermal conductivity of nanotubes is superior to that of diamond. 	n

This is despite diamond, an electrical insulator, being an excellent thermal conductor because 
the increased vibrations caused by heat are rapidly transferred throughout a structure in which 
all the atoms are bonded to each other in an extensive lattice. In some tests, nanotubes have 
been shown to have a thermal conductivity at least twice that of diamond.
Mechanical – nanotubes are the stiffest, strongest and toughest fibre currently known. With 	n

their small size nanotubes are six times lighter than steel but they are up to 100 times stronger, 
giving them a strength : weight ratio 600 times greater than that of steel.

Language of Chemistry
The carbon nanotubes described here are formed by curving over individual sheets of graphite, 
otherwise known as graphene. Graphene is a single atomic plane of graphite, which – and 
this is an essential part of the definition – is sufficiently isolated from its environment to be 
considered free-standing. It is the thinnest known material and the strongest ever measured. 
Graphene can sustain electric current densities six orders of magnitude higher than that of 
copper, and it also shows record thermal conductivity and stiffness. We have learned that, 
similar to the surface of graphite, graphene can adsorb and desorb various atoms and molecules 
– for example NO2 and NH3.

Graphene is a one-atom-thick planar sheet of sp2-bonded carbon atoms that are arranged in a 
hexagonal crystal lattice. It is the ultimate incarnation of a surface in that it has two faces with no 
bulk between them. It has, somewhat jokingly, been referred to as an atomic-scale chicken wire 
made of carbon atoms and their bonds.

Single-walled carbon nanotubes can be considered to be graphene cylinders – some have a 
hemispherical graphene cap (that includes six pentagons) at one or both ends. The manipulation 
of graphene and fullerenes means that a wide range of novel structures can be constructed, 
including ‘nanobuds’ (Figure 23.59). n

Production of carbon nanotubes
Laser ablation
A high-power laser is used to vaporize carbon from a graphite target at high temperature in an 
inert atmosphere. The resulting ‘soot’ is collected by a water-cooled collector. This method is 
used to form single-walled nanotubes.

Electric arc discharge
In the electric arc discharge method, a large electric current flows between two graphite rods in an 
inert atmosphere of helium at low pressure. One graphite rod acts as the anode (a negative terminal 
from which electrons flow) and the other rod acts as the cathode (a positive terminal to which 
electrons flow). During the discharge, a hot, bright arc of electricity vaporizes carbon from the anode 
and produces gaseous carbon atoms. The carbon condenses on the cathode to form nanotubes.

Chemical vapour deposition (CVD)
In this method of making carbon nanotubes, metal catalyst particles are placed on a surface, 
such as a silicon wafer, and heated to a high temperature in a hydrocarbon gas. Nanotubes grow 
out from the catalyst, growing longer and longer as more carbon atoms are released from the 
C-H bonds of the hydrocarbon gas. This method produces both multi-walled and single-walled 
nanotubes depending on the temperature.

Figure 23.59 An example 
of a ‘nanobud’ structure – 
a fullerene ‘budding’ off a 

carbon nanotube
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Applications of Chemistry
Ferrofluids (Figure 23.60) are colloidal mixtures (Chapter 26) composed of 
nanoscale magnetic particles suspended in a carrier fluid, usually an organic 
solvent or water. The ferromagnetic nanoparticles are coated with a chemical 
known as a surfactant to stop them clumping together (due to van der Waal’s 
forces (Chapter 4) and magnetic forces).

In medicine, ferrofluids are used as contrast agents for magnetic resonance 
imaging (MRI) (Chapter 21) and can be used for cancer detection. The 
ferrofluids are in this case are composed of iron oxide nanoparticles and 
called SPION, for ‘superparamagnetic iron oxide nanoparticles’.

Figure 23.60 Ferrofluid – containing iron particles

Language of Chemistry
The term ‘ferrofluid’ is derived from a combination of the Latin word ferrum meaning ‘iron’, and 
the word ‘fluid’. It is a liquid which becomes strongly polarized in the presence of a magnetic 
field. A ferrofluid has the fluid properties of a liquid and the magnetic properties of solids. n

Nanorobotics
Nanorobotics is a possible future technology that involves 
creating robots (‘nanobots’) at, or close to, the nanoscale. 
Research suggests that they can be injected into a patient 
to perform medical treatment on a cellular level. Potential 
medical applications for nanobots (Figure 23.61) may 
include early diagnosis and target drug delivery for cancer, 
monitoring of diabetes and surgery. However, there may 
be serious problems facing the potential usefulness of such 
nanobots arising from the buffeting that such devices 
would receive in the molecular world. They would be 
subjected to the collisions we detect in the phenomenon 
called Brownian motion (Chapter 1). The frequent 
impacts from such collisions would seriously interfere 
with the useful work the nanobots may be designed to 
achieve. The concept of nanorobotics has generated its 
own science fiction literature – Greg Bear’s 1985 novel Blood Music and Michael Crichton’s Prey 
(2002) both describe situations where such experimentation has got out of control.

Nanosomes
Nanosomes are microspheres used to deliver active 
ingredients into skin tissue. Nanosomes are very small, 
uniform liposomes made of a small sphere of phospholipids. 
They are two hundred times smaller than human cells and 
penetrate into the deepest layers of the skin and release the 
active ingredients gradually over a 15-hour period. This 
technology dramatically boosts the effectiveness of the active 
ingredients since they are absorbed much deeper in the skin. 
Figure 23.62 shows Spectral DNC, a new topical product that 
delivers the drug minoxidil into the scalp to make hair grow.

Figure 23.61 Artist’s impression of 
hypothetical ‘nanobots’ operating in 

the bloodstream

Figure 23.62 Nanosomes can be a means of 
delivery for various skin treatments
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Applications of Chemistry
One very practical use of nanomaterials produces the touch-sensitive screen of the 
Apple i-Phone (Figure 23.63). Conductive indium tin oxide is ‘painted’ in the form of 
a line onto the touch-screen surface which is electrically charged by a capacitor. When 
a fi nger touches the screen, the conductivity changes and the position of the fi nger 
detected. Indium oxide is the transparent conducting electrode for most displays, but the 
world’s supplies of indium are limited. Polmers with tiny carbon nanotubes are possible 
replcements for the electrode material.

Figure 23.63 Conductive nanomaterial is ‘painted’ onto the touch-sensitive screen of this Apple i-Phone

Nanotechnology – all good news?
There are undoubtedly many potential benefits from the use of nanotechnology. However, there 
are concerns that the introduction of large quantities of nanostructured materials, especially 
nanoparticles, may have legal, ethical and social consequences.

It has been demonstrated that the injection of carbon nanotubes directly into lung tissue 
leads to tissue damage. Some nano-based cleaning products were withdrawn after some patients 
experienced respiratory problems. There are a number of organizations and institutions involved 
in nanotechnology safety research including the Environmental Protection Agency. The pace of 
research and development in nanotechnology is so rapid that these bodies have found it hard to 
keep up with reviewing the safety aspects of nanotechnology.

There are a number of other separate, and possibly severe, risks associated with 
nanotechnology – economic disruption from an abundance of cheap and better products; 
personal risk from criminal or terrorist use; environmental damage from unregulated and untested 
nanotechnology products and free range self-replicators (‘grey goo’).

TOK Link
A large push for increased government investment in nanotechnology research occurred in the US in 2001. President Clinton funded a 
new initiative called the National Nanotechnology Initiative (NNI) which created an increase of more than 200 million US dollars for the 
government’s investment in nanotechnology research and development. Participants in NNI are found in over 60 facilities and institutions 
in the US. Nanotechnology research is often multidisciplinary involving engineers, doctors, chemists and physicists. Nanotechnology is also 
expensive due to the cost of clean rooms and equipment such as scanning tunnelling microscopes. The main reason for government interest 
in nanotechnology is perhaps strategic – to achieve an advantageous position so that when nanotechnology applications begin to have a 
signifi cant effect in the world economy, their country will be able to exploit these new opportunities to the full. Currently nanotechnology 
research is dominated by the military.

‘Utilitarianism’ is an ethical principle which holds that the right choice is whichever action produces the greatest total amount of social benefi t 
(‘the greatest happiness, for the greatest number’). It can be argued on utilitarian grounds that nanotechnology research should be publicly 
funded because of the immense potential benefi ts that nanotechnology may bring to society and the environment. Utilitarianism would give 
clear priority to funding those aspects of nanotechnology that would be most likely to result in good to the community, with the least amount 
of harm or cost.

However, many of the more complex nano-based products are likely to be very expensive initially and lead to development of an ‘underclass’ 
too poor to purchase nanotechnology products. There may also be a nano-divide between countries – nano-poor (poor and developing 
countries) and nano-enabled countries (rich developed countries). Nanotechnology raises a number of ethical issues – for example how should 
the benefi ts of, and/or the control over, nanotechnology be justly distributed? What are the ethical implications of altering human nature via 
nanotechnology?

 23.8 Condensation polymers
Comparing condensation and addition polymerization
C.8.1 Distinguish between addition and condensation polymers in terms of their structures. 

In Chapters 10 and 20 we discussed the nature of addition polymerization and condensation 
polymerization – and in Section 23.3 we looked further at addition polymerization. Addition 
polymerization generally occurs with unsaturated monomers containing a carbon–carbon double 

C.7.4 Discuss 
some of the 
implications of 
nanotechnology. 
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bond. This usually involves a single monomer and so the polymer produced is a homopolymer – 
as with poly(propene) and poly(chloroethene) for example. Condensation polymerization occurs 
when the monomers contain two reactive functional groups – for example in the formation of 
polyamides, such as nylon, and polyesters such as polyethylene terephthalate, PET (Chapter 
20). Such polymerization often involves two monomers and involves the elimination of water 
each time a link is made (hence the name for this type of polymerization). Most condensation 
polymers are copolymers.

In Chapter 20 we saw that it was possible to make nylon from monomers where the molecule 
eliminated in each amide link was hydrogen chloride (HCl) rather than water. For this reason, 
amongst others, the more modern name for this type of polymerization is ‘step polymerization’.

There are other important condensation polymers that we have not discussed earlier – these 
include phenol-methanal plastics (Bakelite) and polyurethanes.

Language of Chemistry
Polymerization processes are often classified into three types – condensation, addition and 
ring-opening. We have seen examples of all of these in Chapters 10 and 20; the formation of 
nylon-6 is an example of ring-opening polymerization. A related classification is based on the 
mechanism involved and this divides polymerization processes into step reactions and chain 
reactions:

Step reactions are those in which chain growth occurs in a slow, stepwise manner. Two 	n

monomers react to form a dimer, which then reacts with another monomer to form a trimer, or 
with another dimer to form a tetramer. Condensation polymerization, irrespective of the small 
molecule that is eliminated each time a link is made, is one example of step polymerization.
Chain polymerization 	n takes place by the repeated addition of unsaturated molecules to a 
growing chain. n

Forming condensation polymers
C.8.2 Describe how condensation polymers are formed from their monomers. 

Phenol–methanal plastics
These are prepared by adding acid or alkali to a mixture of phenol and methanal. Under these 
conditions the methanal is first substituted into the phenol molecule in the 2- or 4-position of the 
benzene ring (Figure 23.64a). Then the product undergoes a condensation reaction with another 
molecule of phenol with the elimination of water – further polymerization takes place to build 
up a long chain (Figure 23.64b), followed by covalent cross-linking to form a three-dimensional 
structure (Figure 23.64c).
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Phenol–methanal plastic (Bakelite) is a rigid plastic used for making electrical plugs and similar 
fixtures. It is chemically and thermally stable, with a high melting point. Famously it was used for 
the classic old telephones that are now antique pieces and for the casings for radios and clocks 
(Figure 23.65).

History of Chemistry
Bakelite was the first plastic made from synthetic components. It is a phenol–
methanal resin and was the result of research carried out between 1907 and 1909 
by a Belgian chemist, Dr Leo Baekeland (1863–1944). Baekeland had originally 
set out to find a replacement for shellac (made from the excretion of lac beetles). 
Chemists had begun to recognize that many natural resins and fibres were 
polymers, and Baekeland investigated the reactions of phenol and methanal.

Bakelite is a thermosetting plastic and was used to mould the ‘bodies’ of 
telephones, radios and electric plugs. It is still used for moulding electrical sockets 
and circuit boxes, but its use for larger objects has largely been superseded by more 
modern products. Bakelite was particularly linked to the ‘art deco’ period and the 
‘retro’ appeal of old Bakelite products has made them quite collectible in recent years.

Art deco was a popular international art design movement from 1925 until the 1940s affecting architecture and 
interior design – as well as the visual arts such as fashion, painting and films. At the time, this style was seen as 
elegant, glamorous, functional and modern. Many classic examples still exist in the form of architecture in many 
major cities. The Empire State and Chrysler buildings in New York are two of the largest and best-known examples 
of the style.

Polyurethanes
Polyurethanes are formed from the reaction of polyhydric alcohols, such as diols or triols 
(Chapter 20), with compounds containing more than one isocyanate functional group (-NCO). 
Generally the reaction is of the type shown in Figure 23.66.

Figure 23.64b The 
formation of the long 
chain of the phenol–

methanal plastic

Figure 23.64c  
Cross-linking produces a 

rigid thermosetting plastic

Figure 23.65 Antique radio casings 
were made out of Bakelite  
(phenol–methanal plastic)

R

R'

HO OH
+

RO O
n

nn CO ON N C

R'C N N C

O H H O

Figure 23.66 The 
formation of a 

polyurethane chain
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In one sense, polyurethanes are addition polymers because no small molecules such as water 
are released in the reaction. However, they are best described by the the broader definition of 
being a step polymer. Usually they are made in situ and formed into a mould of the shape required. 
Polyurethane chemistry is also used in the manufacture of textiles – for example, spandex or 
elastane (often known as lycra) is an elastomeric material based on polyurethane chemistry.

The properties of condensation polymers

C.8.3 Describe and explain how the properties of polymers depend on their structural features. 

The relationship between the structure of a polymer and its functional properties has been 
discussed previously (Chapter 20). When polymers are able to form giant three-dimensional 
structures, as for example in phenol–methanal plastics, the resulting polymer is extremely strong 
and rigid. These polymers are also insoluble and generally resistant to chemical attack. The 
following are some examples of addition and condensation polymers that brought novel properties 
to the use of such materials.

Kevlar
One example of a polymer with novel qualities is Kevlar (Figure 23.67), the material from which 
lightweight bulletproof vests, and composites for motor-cycle helmets and body armour are made 
(Chapter 20). Kevlar is a polyamide made by condensing 1,4-diaminobenzene with benzene-
1,4-dicarbonyl chloride (or the corresponding carboxylic acid). Kevlar forms a strong three-
dimensional structure due to hydrogen bonding between the long, rigid chains.

History of Chemistry
Poly(ethyne), the conducting polymer, was discovered accidentally in the 1970s when a graduate student of 
Professor Hideki Shirakawa (1936–) accidentally polymerized ethyne with 1000 times the required amount of 
catalyst. In 1976 Shirakawa collaborated with physicist Alan Heeger (1936–) and chemist Alan MacDiarmid 
(1927–2007) and discovered that oxidation of this material with iodine results in a 108-fold increase in 
conductivity. The three were awarded the Nobel Prize for Chemistry in 2000 for their discoveries.
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Conducting polymers
Ethyne (C2H2) is an unsaturated molecule containing a carbon–carbon triple bond. When 
a stream of ethyne is directed on to the surface of a Ziegler–Natta catalyst at −78 °C, cis-
poly(ethyne), with the repeating unit -(C2H2)n- is formed. This form of the polymer is unstable 
but it can be converted to the more stable trans form (Figure 23.68).

cis-poly(ethyne) is red, unstable and on
warming is converted into the trans form

trans-poly(ethyne) is blue and is the
stable form of the polymer

The conjugated system of alternating double and single carbon–carbon bonds means that π bonds 
are formed between adjacent carbon atoms, and a band of delocalized pi (π) electrons stretches 
the full length of the molecule. Poly(ethyne) itself is a semi-conductor. To make it into a 
conductor, some electrons must be removed from the conducting band of delocalized pi electrons. 
This is done by doping – adding an oxidizing agent, such as iodine, which will remove some 
electrons. On doping, the conductivity increases to a value approaching that of the best available 
metal conductor, silver.

Other conductive polymers have been experimented with, including those based on the 
aromatic amine, pyrrole, C4H5N. Poly(pyrrole) can be made into a conductor by doping with 
iodine in a similar way to poly(ethyne).

Conducting polymers are sometimes called ‘synthetic metals’. They combine the conductivity 
of metals with some of the properties of plastics – flexibility, low density, freedom from corrosion 
and low cost. Poly(ethyne) is actually an inconvenient material for making commercial electronic 
devices because it cannot be melted and shaped into required articles, and it is slowly oxidized on 
contact with air. Many other doped conjugated polymers are conducting, and research workers are 
looking for plastics with better mechanical properties. One novel approach has been to deposit 
silver nanoparticles on poly(pyrrole) films. Studies show that the electrical and the electronic 
properties of poly(pyrrole) are improved remarkably.

PEEK
PEEK, poly(ether-ether-ketone), is a polymer that can withstand very high temperatures. It is a 
further example of a copolymer and its structure is shown in Figure 23.69.
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The heat-resistant properties of PEEK mean that it is used for such diverse purposes as making 
plastic kettles, the nose cones of missiles and parts of car engines.

Perspex
Perspex is the addition polymer of methyl 2-methylpropenoate (commonly called methyl 
methacrylate), CH2C(CH3)CO2CH3. It is an important plastic because it is transparent and can 
be used instead of glass. It is more easily moulded than glass and is shattered less easily. It is used 
for making aeroplane windows, lightweight lenses and replacement lenses for cataract sufferers.

Figure 23.68 The two 
forms of poly(ethyne)

Figure 23.69 The 
synthesis of PEEK 

from 4,4'-difluoroben-
zophenone and the 
the disodium salt of 

hydroquinone



792 Chemistry in industry and teChnology

Applications of Chemistry
Sutures, or ‘stitches’, are used to close wounds to help them to heal. They were traditionally made from cat gut – 
natural fibres from the intestines of sheep or goats. However, cat gut is relatively inert and needs to be removed after 
normal healing of the tissues – this is a painful and delicate procedure. A replacement for cat gut is a condensation 
copolymer of glycolic acid (hydroxyethanoic acid) with lactic acid (2-hydroxypropanoic acid) (Figure 23.70). Its 
fibres are strong and its hydrolysis products are totally absorbed by the body after the wound has healed. The sutures 
dissolve slowly because the pH near the wound is only slightly acidic.
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O O

O
O

O
OOH
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H2OHO HO

Polyester: Acid-catalysed hydrolysis degrades the
polymer backbone by breaking ester C    O bonds

+ (n – 1)+  

Other polymers that dissolve in particular conditions have also been developed. These 
include poly(ethenol), which is used to make disposable hospital laundry bags – its 
repeating unit is shown in Figure 23.71. This polymer dissolves in hot water and so 
minimizes the amount of handling of potentially hazardous contents that hospital staff 
are involved in – the whole bag and contents can be placed in the wash. Poly(ethenol) 
can also be referred to as poly(vinyl alcohol) (PVOH).

Figure 23.71 The repeating unit of poly(ethenol)

Modifying condensation polymers

C.8.4 Describe ways of modifying the properties of polymers. 

We described some of the ways in which the properties of addition polymers could be modified 
earlier in this chapter. These included:

control of the various types of high-density poly(ethene) and low-density poly(ethene)	n

the forms of poly(propene) that differ in their stereoregularity	n

the use of plasticizers to produce different forms of poly(vinyl chloride).	n

In condensation polymerization, it is possible to produce different forms of a polymer by varying 
the monomer(s) used. For instance, the choice of monomer(s) can influence the properties of 
manufactured nylon, with nylon-6,6, nylon-6,10 and nylon-6 all being produced.

In a similar way to addition polymers, condensation polymers can be modified by a variety 
of means during their manufacture. For example, air can be blown into polyurethane to make 
polyurethane foam for use in cushions and thermal insulation. The fibres of polyesters can be 
blended with other manufactured polymers, or natural fibres such as cotton, for making clothes 
that are more comfortable, durable and retain the colour from dyeing better.

The future for polymers

C.8.5 Discuss the advantages and disadvantages of polymer use. 

The considerations discussed earlier in this chapter concerning the disposal and recycling of 
addition polymers apply equally well to condensation polymers. Indeed, the comment made 
about toxic fumes from incineration applies especially to polyurethane foams because there is the 
possibility of releasing hydrogen cyanide into the atmosphere when they are burned.

The advantages of the polymers that have been developed are evident in the way that they 
have essentially revolutionized our lives. Novel polymers are still being sought and areas of 
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Figure 23.70 
Poly(glycolic/lactic) acid 
– a copolymer used for 
self-dissolving sutures
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development include those of conducting polymers such as poly(ethyne), biodegradable and 
photosensitive polymers, dendrimers and ‘smart’ polymers. Dendrimers are nanometre-sized, 
highly branched molecules with a very symmetrical structure. Those with polar functional groups 
are being investigated as an approach to targeted drug delivery – drug molecules can be loaded 
inside a dendrimer, as well as attached to the functional groups on its surface.

 23.9 Mechanisms in the organic chemicals industry
The mechanisms we will consider here are those we have made reference to earlier in the chapter 
in connection with the formation of low-density and high-density poly(ethene). This is useful 
because it illustrates how the type of catalysis used – and hence the mechanism favoured – 
influences the properties of the polymer produced.

Manufacture of low-density polythene

C.9.1 Describe the free-radical mechanism involved in the manufacture of low-density polyethene. 

The manufacture of LDPE is carried out at very high pressures (1000–3000 atm) and a temperature 
of about 750 °C. An initiator such as an organic peroxide (benzoyl peroxide) or, more likely at 
high temperatures, a trace of molecular oxygen is used to start a free-radical mechanism for the 
polymerization. When using benzoyl peroxide under these conditions, the weak oxygen–oxygen 
single bond breaks homolytically to form benzoyl free radicals (Figure 23.72a). The diagram for 
the initiation step shows how a molecule of benzoyl peroxide breaks at its central bond. In the 
subsequent propagation steps, these benzoyl free radicals are represented as RO•.
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These initial free radicals react with an ethene molecule to propagate new radicals (these are the 
propagation steps of the mechanism) (Figure 23.72b). The shift in electrons shown results in the 
attachment of the RO• radical to an ethene molecule creating a new, and longer, free radical. 
This mechanism repeats itself, generating new free radicals elongating the chain in the process.

Termination takes place when two radicals combine to reform a molecule (Figure 23.72c). 
The average polymer molecule contains between about 4000 and 40 000 carbon atoms with 
many short branches. Chain branching is a consequence of free-radical polymerization because 
the long-chain primary (terminal) radicals produced can abstract (remove) hydrogen atoms from 
-CH2- groups within the chain. The growing primary radical is particularly unstable and may 
react on itself via a cyclic mechanism to form a more stable radical – the process is known as 
‘backbiting’ (Figure 23.73). The product of this process is an internal (secondary) radical site at 
which branching can then occur. Subsequent polymerisation from the new internal radical sites 

Figure 23.72 The 
mechanism for the 

formation of low-density 
poly(ethene). a A benzoyl 

peroxide molecule 
splits to form two free 

radicals. The O-O bond 
is relatively long and, 
hence, weak b Chain 
propagation c Chain 

termination 
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generates randomly branched alkanes that do not pack together efficiently and give low density. 
The branches affect both the degree of crystallinity and the density of the material. 
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LDPE generally has a density of about 0.92 g cm−3 and is used mostly for packaging.

The manufacture of high-density poly(ethene)

C.9.2 Outline the use of Ziegler–Natta catalysts in the manufacture of high-density poly(ethene). 

HDPE is manufactured by polymerizing ethene at a lower temperature (about 600 °C) and 
pressure (1–50 atm) than used for making LDPE. A Ziegler–Natta catalyst may be used for 
this reaction – these catalysts often consist of a mixture of titanium(iv) chloride, TiCl4, and 
triethylaluminium, Al(C2H5)3 or trimethylaluminium, Al(CH3)3.

The maximum coordination number of titanium is six – it can be surrounded by six ligands. 
The two compounds react together in an inert solvent and exchange ligands:

Al(C2H5)3 + TiCl4 → (C2H5)2AlCl + H5C2TiCl3

The mechanism (Figure 23.74) is complicated and is still under active research. A key feature of 
the mechanism is that an ethene (and other alkenes) molecule makes use of its π bond to form a 
dative bond to an empty orbital on a titanium atom.
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Once the alkene molecule is held in place, the π bond breaks and a σ bond is made with 
another ethene molecule at a neighbouring site. The regular nature of the geometry of the 
polymer is a consequence of the constant stereochemistry in which the ethene molecules bond to 
the transition metal atom.

The resulting polyethene is known as high-density polyethene because it consists of linear 
chains with very little of the branching that features in low-density polyethene. Since the 
packing is more efficient, the polymer has a higher density and a more rigid structure due to the 
stronger van der Waals’ forces.

n Extension: Tacticity
The stereospecific nature of the Ziegler–Natta coordination polymerization can be illustrated 
with chains of polypropene. We have seen earlier (Section 23.3) that there are three possible 
structural arrangements – atactic (sometimes also called heterotactic), syndiotactic and 
isotactic. The irregular atactic arrangement is the type of product which usually results from a 
free-radical polymerization, whereas the more orderly arrangements are produced using Ziegler–
Natta catalysts.

The isotactic polymer is a stereoregular arrangement with an extremely symmetrical ordering 
of the methyl groups, which are always on the same side of the polymer backbone. The novel 
syndiotactic arrangement (Figure 23.75) is one with a regular repeating pattern of methyl groups 
on one side of the carbon backbone, then on the other.
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Figure 23.75 Syndiotactic arrangement of methyl 
groups in polypropene – the alkyl groups alternate 
on each side of the backbone in a regular manner in 
this structure

The mechanism shown in Figure 23.74 leads naturally to isotactic polypropene. Syndiotactic 
material is made by making changes to the catalyst (substituting vanadium for titanium), 
lowering the temperature and/or the addition of a Lewis base – sometimes amines are used, but 
even weaker electron-pair donors such as methoxybenzene may be effective.

History of Chemistry
Karl Ziegler and Giulio Natta were jointly awarded the Nobel Prize for Chemistry in 1963 
for their independent work on industrial catalysts for addition polymerization.

Ziegler was born near Kassel in Germany and attended the University of Marburg. His 
groundbreaking work on catalysis and polymer chemistry was carried out mainly while 
he was Director of the Max Planck Institute in Mulheim/Ruhr between 1943 and 1969. 
He was a chemistry enthusiast as a young man and moved quickly to a professorship 
after his degree. He worked on the different forms of poly(ethene), patenting the high-
density form. Consequently he became a very rich man and gave generously to continuing 
research in his later years.

Giulio Natta was an Italian chemist born in Imperia. In 1938 he was appointed head 
of the Department of Chemical Engineering at the Polytechnic Institute of Milan. It 
was here that he accomplished improvements on the earlier work of Ziegler that led to 
the development of Ziegler–Natta catalysts. In particular, he worked on the different 
stereoregular forms of poly(propene). Sadly, from 1956 onwards he suffered progressively 
from Parkinson’s disease – by the time of the Nobel award ceremony in 1963 he had to be 
assisted in deliver his presentation by his son and four colleagues.
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 23.10 Silicon and photovoltaic cells
Silicon

C.10.1 Describe the doping of silicon to produce p-type and n-type semi-conductors. 

Silicon is a non-metal in group 4 of the periodic table (Figure 23.76). It has a giant covalent 
structure closely related to that of diamond (Chapter 4). Each silicon atom (electron arrangement 
2,8,4) forms four tetrahedrally-directed single covalent bonds to four other silicon atoms 
(Figure 23.77). A macromolecular crystal in three dimensions is built up (Figure 23.77b).
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Silicon is near the dividing line between the metals and non-metals in the periodic table 
(Chapter 3). Silicon is therefore a metalloid and has some properties intermediate between metals 
and non-metals. In particular, silicon is a semi-conductor – this is a class of substances that have 
an electrical resistance between those of electrical conductors and insulators. Their conductivity 
rises with temperature because their resistance falls with an increase in temperature.

Semi-conductors
Semi-conductors that are composed of pure elements or compounds are described as intrinsic 
semi-conductors. Silicon is the most important intrinsic semi-conductor and is used for the 
production of a wide range of semi-conductor devices. These include the transistor, many kinds of 
diodes, the silicon-controlled rectifier and integrated circuits. Solar photovoltaic panels are large 
semi-conductor devices that convert light energy directly into electrical energy. However, the 
conductivity of pure silicon can be greatly increased by adding small amounts of other substances 
in a process known as ‘doping’. Doping is normally done by exposing silicon, in a furnace, to the 
vapour of the substance to be added. The substance is added in tiny carefully controlled amounts. 
This ensures that the atoms of the dopant will be well spaced out in the silicon lattice so that its 
structure is not weakened. There are two types of extrinsic semi-conductor: n-type and p-type.

n-type semi-conductors
In an n-type semi-conductor (Figure 23.78) the 
dopants are group 5 elements – such as phosphorus and 
antimony – which have five valence electrons.

When a dopant atom replaces an atom of silicon 
in the lattice, it uses four of the five valence electrons 
to form single covalent bonds with silicon atoms. The 
fifth valence electron is delocalized into the lattice 
creating a negative charge. Group 5 elements are 
called ‘donor atoms’ because they donate electrons 
to the silicon atoms. The presence of a small number 
of delocalized electrons makes the extrinsic semi-
conductor a significantly better electrical conductor 

Figure 23.76 A sample of 
the element silicon

Figure 23.77 
Representation of a 

the two-dimensional 
structure; b the three-

dimensional structure of 
silicon
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than pure silicon (the parent intrinsic semi-conductor). Note that the crystal of the extrinsic 
semi-conductor is uncharged because the additional electrons are associated with a positive 
charge on the donor nucleus.

p-type semi-conductors
In a p-type semi-conductor (Figure 23.79) the 
dopants are group 3 atoms – such as boron, 
indium and aluminium – which have three 
valence electrons.

When a group 3 dopant atom replaces a 
silicon atom, it forms three single covalent 
bonds with three silicon atoms, but the fourth 
bond is incomplete – it has only one electron. 
The vacancy is termed an ‘electron hole’ and it 
is positively charged. The added group 3 atoms 
are termed ‘acceptor atoms’ because they can 
accept electrons to fill the holes in the bonds.

Language of Chemistry
The n in n-type semi-conductor stands for negative – the dopants add electrons. The p in 
p-type semi-conductor stands for positive – the dopants create positive holes. n

Applications of Chemistry
A rectifier or diode is formed when an n-type and a p-type semi-conductor are 
connected together as shown in Figure 23.80.

Electrons flowing through the p-type electrode stop at the pn-junction. Electrons 
flowing through the n-type electrode pass through the junction because they can pass 
from a structure with surplus electrons into a structure with an electron deficiency 
(holes). Rectifiers are used to transform alternating current (ac) into direct current 
(dc). p-type and n-type semi-conductors are also used to make transistors – electronic 
devices used to switch or amplify electrical signals. These are the key components in 
the integrated circuits of computers.

n Extension:

Figure 23.81 Valence 
bands and conduction 
bands in metals, semi-

conductors and insulators

Band theory
Band theory (Figure 23.81) uses energy bands to explain the conduction of electricity by semi-
conductors.
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When atoms are present in a crystalline structure, the overlapping of the wave functions of 
the electrons causes the energy levels to spread out into narrow bands. The band containing the 
valence electrons is called the valence band. In metals, electrons in the valence band can move to 
an unfilled energy level in a band of higher potential energy – this band is called the conduction 
band. Electrons in the conduction band are delocalized – they are not associated with any atom 
and move through the lattice when a potential difference (voltage) is applied across it.

In metals, there is no energy gap between the valence band and the conduction band. In 
insulators the energy gap is too big to allow electrons to move between the bands. In semi-
conductors the energy gap is smaller, and the probability of electrons jumping the gap increases 
as the temperature rises, or if light of suitable energy is absorbed.

Photovoltaic cells

C.10.2 Describe how sunlight interacts with semi-conductors. 

Polished silicon absorbs a wide range of wavelengths from sunlight. When light of sufficient 
energy is absorbed, valence electrons from the silicon atoms become temporarily delocalized. 
However, they eventually become valence electrons again – unless some process prevents them 
from doing this.

n Extension: Photoconduction
According to band theory, when photons with sufficient energy 
are absorbed, valence electrons can move into the conduction 
band, leaving vacancies in the lower valence band (Figure 23.82).

The electrons move around in the conduction band, but will 
eventually re-enter the valence band and occupy a vacant site – 
releasing energy in the process.

Figure 23.82 Photoconduction in a semi-conductor

A photovoltaic cell consists of a pn-junction. When photons hit the n-type layer, electrons move 
across the junction from the n-type material into the p-type material (Figure 23.83). This creates 
a separation of charge on each side of the junction – a potential difference – which prevents any 
further movement of electrons.
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If sunlight falls on the n-type 
material, electrons are excited to 
the conduction band. They are 
repelled away from the junction by 
the electric field and move towards 
the upper surface of the silicon wafer 
(Figure 23.84). 
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This leaves vacancies in the valence band in the n-type material, and electrons move across 
the junction from the valence band of the p-type material.

If the upper and lower surfaces of the silicon wafer are connected through an electric circuit 
as shown in Figure 23.85, then electrons will flow from the top surface to the bottom surface 
to restore the balance of charge. The light energy of sunlight has been converted directly into 
electricity.

A typical photovoltaic cell is shown in cross-section in Figure 23.86. The cell has an anti-
reflectant coating over the upper n-type surface to increase the efficiency of light absorption.

When the sunlight shines on the photovoltaic cell, the cell produces a small voltage and 
current. The electric current is collected by strips of metal on the upper surface of the cell and 
channelled into an external circuit, which is connected to a metallic layer on the base of the cell. 
Cells are mounted in series and incorporated into a solar module.
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sunlight
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electron 
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electron flow in
external circuit

V

anti-reflectant coating metallic collectors
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Figure 23.85 A silicon-based photovoltaic cell 
producing electric current in an external circuit

Figure 23.86 Cross-section of part of a photovoltaic cell 

History of Chemistry
The French physicist Alexandre-Edmond Becquerel (1820–1891) discovered the 
photovoltaic effect in 1839 by showing that the conduction of some materials improved 
when exposed to light. Later, in the 1870s, Willoughby Smith and William Adams 
illuminated a junction of selenium and platinum to demonstrate the photovoltaic effect 
and designed and constructed the fi rst photovoltaic (or solar) cell. Copper(ii) sulfi de and 
selenium were the earliest photovoltaic materials used.

Applications of Chemistry
Traditional uses of photovoltaics include space satellite, telecommunication, water 
pumping, and residential applications. Over the past decade or so their use has extended 
to city lighting, parking meters, television signal boosters in remote areas, meteorological 
buoys in oceans for weather prediction and cathodic protection of pipelines and bridges 
to prevent corrosion. Silicon solar cells are starting to be used in ‘solar farms’ for power 
generation.
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 23.11 Liquid crystals
Liquid-crystal molecules

C.11.1 Identify molecules that are likely to show liquid-crystal properties, and explain their liquid-crystal 
behaviour on a molecular level. 

We have seen some of the properties needed of liquid-crystal molecules earlier – they need to be 
polar, rigid and rod-shaped (Section 23.6). The biphenyl nitriles used in liquid-crystal displays, 
such as 4'-pentylbiphenyl-4-carbonitrile (Figure 23.48), fulfil these criteria well. The nitrile 
functional group makes the molecules polar enough to ensure that the intermolecular forces 
are strong enough to align them in a common direction. The biphenyl groups help to make the 
molecule rigid and rod-shaped. The long-chain alkyl group ensures that the molecules cannot 
pack too closely together, which helps to maintain the liquid-crystal phase.

Other substances used as liquid crystals have similar properties and have approximately the 
same molecular length. Two well-used 
examples are (Figure 23.87):

4-azoxyanisole (PAA) or 1-methoxy-	n

4-[(4-methoxyphenyl)-NNO-azoxy]
benzene
4-methoxybenzylidene-4’-	n

butylaniline (MBBA) or 
4-(4-methoxybenzylideneamino)
benzonitrile

In these structures, the central double 
bond restricts rotation and holds the 
molecule rigid about its long axis.

Twisted nematic liquid crystals

C.11.2 Describe and explain in molecular terms the working of a twisted nematic liquid crystal. 

The construction of a liquid-crystal display (LCD) depends on four key facts:

Light can be polarized – we have discussed this phenomenon in detail in Chapter 20. The 	n

important point here is that two polarizing filters placed at 90° to each other will cut out the 
passage of light.
Liquid-crystal molecules can transmit and change polarized light – we mentioned this property 	n

in Section 23.6 when we referred to the patterns we can observe under polarized light in a 
microscope.
The structure of liquid crystals can be changed by an electric current – the passage of a very 	n

small current changes the orientation of the molecules.
There are transparent substances that can conduct electricity – this is significant because the 	n

electrodes of the LCD device need to be transparent.

Liquid-crystal displays are based on the use of molecules that can adopt the twisted nematic state. 
This state arises when the liquid-crystal molecules are chiral – they have non-superimposable 
mirror-image forms (Chapter 20). These molecules behave in such a way that, in the nematic 
phase, they prefer to lie next to each other in a slightly skewed arrangement. This induces a 
twisted, helical structure to the alignment of the molecules – hence the term ‘twisted nematic 
state’.
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Figure 23.87 Two other molecules used as liquid crystals
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The orientation of the molecules in the nematic phase depends on the ‘director’. The director 
can be anything from a magnetic field to a surface that has microscopic grooves in it. To create an 
LCD, each pixel consists of two plates of polarized glass (labelled G1 and G2 in Figure 23.88).

One side of each plate has the polarizing film on it (P1 and P2) while the other side has 
microscopic grooves in the surface, which are lined in the same direction as the polarizing film. 
The second, upper, plate of glass with the polarizing film is arranged at right angles to the first 
plate. There are two transparent electrodes (E1 and E2) inside the glass plates. Sandwiched 
between the two plates is a film of nematic liquid crystals. The liquid-crystal molecules in contact 
with the glass plates line up with the scratches on each plate and form a twisted arrangement 
between the plates. This arises because the grooves will cause the first layer of molecules to align 
with the filter’s orientation. Each successive layer of liquid-crystal molecules will gradually twist 
until the uppermost layer is at a 90° angle to the bottom, matching the polarized glass filters.

As light strikes the first filter, it becomes polarized. The molecules in each layer then guide 
the light they receive to the next layer. As the light passes through the liquid-crystal layers, the 
molecules also change the light’s plane of vibration to match their own angle. When the light 
reaches the far side of the liquid-crystal substance, it vibrates at the same angle as the final layer 
of molecules. If the final layer is matched up with the second polarized glass filter, then the light 
will pass through.

When a potential difference, V, is applied across the film, the polar molecules become 
realigned with the electric field, losing their twisted spiral orientation and their ability to interact 
with the light. Plane-polarized light will now no longer be rotated, so that the pixel appears dark.

In a common design for calculator displays, there are many segments for each part of a digit, 
each containing a thin layer of liquid crystal. Each segment is set up as above (Figure 23.88) such 
that the segment is transparent. If an electric field is applied to the liquid crystal, then the plane 
of polarization is rotated by 90°, as described, and the segment darkens. This means that that 
segment will then appear dark and, together with other segments, a digit will be formed. Many 
liquid-crystal displays are complemented by placing a reflective surface behind them so that they 
can be viewed from above, but this does not alter the basic principle as to how they are set up. In 
colour LCDs, each individual pixel is divided into three cells, or subpixels, coloured red, green 
and blue by additional filters (pigment filters, dye filters and metal oxide filters).

Figure 23.88 The twisted 
nematic geometry of a 

liquid-crystal display (LCD)
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Liquid-crystal properties of Kevlar

C.11.3 Describe the liquid-crystal properties of Kevlar, and explain its strength and its solubility in concentrated 
sulfuric acid. 

The structure of the synthetic polyamide Kevlar was described earlier in Chapter 20 and in 
Section 23.8. It consists of rigid, rod-shaped polar molecules with strong intramolecular hydrogen 
bonding between the chains. It is this rigid structure and the hydrogen bonding between chains 
that gives Kevlar its strength. Because of these characteristics, it can act as a lyotropic liquid 
crystal in a solution of concentrated sulfuric acid. It is lyotropic because the alignment of these 
molecules depends on the concentration of the solution. In strongly acidic solution the oxygen 
and nitrogen atoms in the amide linkage become protonated and this prevents the hydrogen 
bonding between the chains.

Kevlar is insoluble in all common solvents except concentrated sulfuric acid. It is soluble in 
this acid precisely because of the effect mentioned above. The acid disrupts the hydrogen bonds 
between the molecules causing the polymer to dissolve.

 23.12 The chlor-alkali industry
The electrolysis of sodium chloride solution

C.12.1 Discuss the production of chlorine and sodium hydroxide by the electrolysis of sodium chloride. 

If concentrated aqueous sodium chloride solution (brine) is electrolysed, hydrogen is released at the 
cathode (negative electrode) and chlorine at the anode (positive anode) (Chapter 19):

Cathode (negative electrode):  2H+(aq) + 2e− → H2(g)
Anode (positive electrode): 2Cl−(aq) → Cl2(g) + 2e−

The chlorine is, however, contaminated with small amounts of oxygen because of a competing 
reaction involving hydroxide ions from the dissociation of water:

4OH−(aq) → 2H2O(l) + O2(g) + 4e−

It is more energetically favourable to discharge hydroxide ions, but significant amounts of 
chloride ions are slowly discharged because they are present in high concentration.

The chlorine has to be purified to remove this oxygen. It is purified by liquefying it under 
pressure – the oxygen stays as a gas when it is compressed at ordinary temperatures.

There is a possibility of the chlorine reacting with the sodium hydroxide solution to form 
sodium chlorate(i):

Cathode: Cl2(aq) + 2OH−(aq) → ClO−(aq) + Cl−(aq) + H2O(l)

Sodium chlorate(i) is an important component of household bleach and bleach-based cleaners. 
However, for most purposes the chlorine and sodium hydroxide need to be isolated from each other.

Language of Chemistry
The term ‘chlor-alkali’ is used to describe the industry involved in the industrial manufacture 
of chlorine (chlor) and sodium hydroxide (alkali). n

The different types of cell in the chlor-alkali industry
There are various types of cells used to electrolyse brine, but the overall process in each is the same:

2NaCl(aq) + 2H2O(l) → 2NaOH(aq) + Cl2(g) + H2(g)

The three different types of cell are the flowing mercury cell (or Castner–Kellner cell), the 
diaphragm cell (which were used for most of last century) and the more modern membrane 
cell. The membrane cell was developed in the early 1970s when ion-selective membranes 
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became available. The membrane cell is now the first choice for new installations and is 
steadily superseding the older methods. However, currently there are still more mercury cells in 
production than other types.

The mercury cell
The electrolysis is carried out as a continuous process using a flowing mercury electrode. The 
mercury is made to flow (by gravity) along the sloped bottom of the cell, acting as the cathode 
(Figure 23.89).

If platinum electrodes were used for the 
electrolysis of brine, then hydrogen ions 
would discharged at the cathode, leaving 
sodium ions in the solution (as predicted 
from standard electrode potentials). 
However, if the platinum electrode is 
replaced by a mercury cathode then 
sodium ions are discharged leaving the 
hydrogen ions in the solution. Hydrogen 
is said to have a high over-voltage at the 
mercury cathode, resulting in sodium ions 
being discharged. This is a kinetic effect 
– hydrogen ions have a larger activation 
energy for discharge at a mercury surface. 
Sodium atoms are formed and these 
dissolve in the mercury to form a liquid 
alloy known as an amalgam:

Na+(l) + e− → Na(l)
Na(l) + Hg(l) → Na/Hg(l) (sodium amalgam)

The sodium amalgam is treated with water in cells containing an iron grid. This results in the 
formation of sodium hydroxide solution and hydrogen gas:

2Na/Hg(l) + 2H2O(l) → 2NaOH(aq) + H2(g) + 2Hg(l)

The mercury recirculated to the cell. The sodium hydroxide solution is concentrated and sold as 
a solution, or evaporated to form solid sodium hydroxide. The hydrogen is collected. The anodes 
are made of graphite to resist corrosion by the chlorine, which is discharged from its ions and 
collected:

2Cl−(aq) → Cl2(g) + 2e−

Note that the chlorine and sodium hydroxide solution never get the chance to mix and react. 
The mercury cell is being phased out because mercury is expensive, hazardous and damaging in 
the environment (page 804).

The diaphragm cell
Saturated brine is fed continuously into the anode compartment where chlorine gas is formed:

2Cl−(aq) → Cl2(g) + 2e−

In the cathode compartment, hydrogen gas is produced, leaving sodium and hydroxide ions 
unchanged in solution:

2H+(aq) + 2e− → H2(g)   (or 2H2O(l) + 2e− → H2(g) + 2OH−(aq))

An asbestos diaphragm keeps the chlorine and sodium hydroxide solution separate to prevent the 
formation of sodium chlorate(i).

The final solution leaving the cathode compartment contains approximately equal 
concentrations of chloride ions and hydroxide ions. Following a partial evaporation, the less 
soluble sodium chloride crystallizes out leaving a concentrated solution of sodium hydroxide. The 
recovered sodium chloride is recycled through the electrolysis cell.

The use of asbestos in this type of cell meant that such cells began to be phased out as soon as 
the dangers of this material were realised.
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Figure 23.89 A flowing mercury cell
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The membrane cell
The most modern cells use an ion-
selective membrane (Figure 23.90) 
rather than a diaphragm. 

The membrane is made 
of a polymer containing 
polytetrafluoroethene (Section 
10.3), which allows positive ions 
(cations) but not negative ions 
(anions) to pass through it. The 
resulting solution is pure sodium 
hydroxide uncontaminated by 
sodium chloride. The chlorine 
and hydrogen gases are collected 
separately. 

Uses of sodium chloride electrolysis products

C.12.2 Outline some important uses of the products of this process. 

The demand for the three products – sodium hydroxide, chlorine and hydrogen – varies and it 
is difficult to provide the right amounts of each product to meet changing demand. A surplus 
of sodium hydroxide can be converted into sodium carbonate. A surplus of chlorine can be 
converted into hydrogen chloride (used to make hydrochloric acid) by reacting it with hydrogen. 
Alternatively, if there is a surplus of hydrogen chloride produced by the chlorination of 
hydrocarbons, then the hydrogen chloride may be reconverted to chlorine by air oxidation in the 
presence of a catalyst.

Uses of sodium hydroxide
The principal uses of sodium hydroxide are making soaps and detergents, making sodium 
carbonate (used in making glass), making paper from wood pulp, and in refining aluminium oxide 
(Section 23.1).

Uses of chlorine
The principal uses of chlorine are sterilization and bleaching, making insecticides (Chapter 25), 
making calcium chlorate(i) to disinfect swimming pools, synthesizing chlorinated solvents, such 
as dichloromethane and tetrachloromethane (Chapter 20), making chlorofluorocarbons (CFCs) 
(Chapter 25) and making polyvinylchloride (PVC) (Chapter 20).

Uses of hydrogen
The principal uses of hydrogen are the production of ammonia in the Haber process (Chapter 7), 
the hydrogenation of oils (Chapter 26) and in welding using oxy-hydrogen flames.

The environmental effects of large-scale electrolysis of 
sodium chloride

C.12.3 Discuss the environmental impact of the processes used for the electrolysis of sodium chloride. 

The mercury cell produces sodium hydroxide solution of high purity and high concentration. 
However, small amounts of mercury are lost from the Castner–Kellner cell and enter the 
environment through the cell effluent. It is then concentrated by shell fish, posing a hazard for 
people who eat sea-food (Chapter 25).

chlorine gas
Cl2(g)

positive titanium
electrode

negative nickel
electrode

concentrated
NaCl(aq)

dilute
NaCl(aq)

hydrogen gas
H2(g)

NaOH(aq)

water

+ –

ion-selective
membrane

Na+

Cl+ OH–

Figure 23.90 The main inputs and outputs of a membrane cell
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In diaphragm cells asbestos is used as a separator material. However, asbestos is a toxic material 
and causes asbestosis, lung cancer and a form of cancer known as mesothelioma.

Electrical energy is a significant cost in all three types of electrolytic cell and a typical chlor-
alkali plant can consume the total output of a large modern power station.

SUMMARY OF 	 n The main sources of iron are ores containing iron oxide – haematite (Fe2O3); magnetite  
KNOWLEDGE  (Fe3O4); limonite (Fe2O3); and iron pyrites (FeS), which can be ‘roasted’ to form iron(ii)  
  oxide (FeO). Recycled scrap iron is also a source of iron.

n Iron ore, coke (carbon) and limestone (calcium carbonate) are added to the blast furnace. 
Pre-heated air (often enriched with oxygen and methane) is blown into the bottom of the 
furnace.

n The coke burns to form carbon monoxide: 2C(s) + O2(g) → 2CO (g). The carbon 
monoxide reduces the iron oxide: Fe2O3(s) + 3CO(g) → 2Fe(l) + 3CO2(g). Direct reduction 
with carbon can also occur in the hottest regions: Fe2O3(s) + 3C(s) → 2Fe(l) + 3CO(g). The 
resulting iron is called pig iron.

n At high temperatures the calcium carbonate decomposes to form carbon dioxide (which 
is reduced to carbon monoxide): CO2(g) + C(s) → 2CO(g); and calcium oxide which reacts 
with silicon dioxide to form calcium silicate (slag): CaO(s) + SiO2(s) → CaSiO3(s).

n The iron produced in a blast furnace has high concentrations of carbon and other non-
metals. The iron is converted into steel – a mixture of iron with a smaller amount of 
carbon.

n Molten iron from the blast furnace is added to a vessel called a basic oxygen converter. 
Pre-heated oxygen is injected to oxidize the impurities in the iron. Carbon, silicon and 
phosphorus are oxidised to carbon dioxide, silicon dioxide and phosphorus(v) oxide.

n Calcium oxide is added to convert the oxides of silicon and phosphorus to a slag of 
calcium silicate and calcium phosphate.

n An alloy is a homogeneous mixture of metals, or a mixture of metals and a non-metal, 
usually carbon (in the form of steel). Alloys are often harder than the pure metal because 
of the presence of atoms that prevent layers of metal atoms from sliding past each other. 
Alloys are often more resistant to corrosion than pure metals.

n Steel can be made less brittle by tempering, which involves heating to about 400–600 °C 
and letting it cool slowly. The steel is made more ductile by annealing, which involves 
heating the steel to over 1000 °C and letting it cool slowly. Hard steel is produced by 
cooling steel rapidly after annealing. This is done by quenching the hot steel with cold 
water.

n Cast iron (made by purifying pig iron) contains about 5% carbon and is used to make 
pipes and machine and car parts. It is brittle but strong and hard wearing (durable).

n Wrought iron has a lower carbon content than cast iron and is now mainly used in 
ornamental work, such as gates. Unlike cast iron it can be welded.

n Steels with a wide variety of properties can be made from iron and carbon alloyed with 
elements such as nickel, chromium, manganese, tungsten and silicon. By alloying yet 
other elements (mainly transition metals) special steels can be obtained with physical 
properties that make them useful for specific purposes.

n The main ore of aluminium is bauxite – hydrated aluminium oxide (alumina) mixed with 
sand (silicon dioxide).

n Purified aluminium oxide is melted and is electrolysed in a steel container lined with 
graphite (acts as the cathode). The anode consists of graphite blocks dipping into the 
electrolyte of aluminium oxide dissolved in molten cryolite.

n The high melting point of pure aluminium oxide is lowered by the presence of cryolite 
(Na3AlF6).

n Aluminium is produced at the cathode of the cell: Al3+(l) + 3e− → Al(l). Oxygen is released 
at the anode: 2O2−(l) → O2(g) + 4e−.

n The anode blocks become hot due to the very large electric currents. They are gradually 
oxidized to the oxides of carbon and need regular replacement.
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n Aluminium is resistant to corrosion by air and water, as well as being light and strong. 
It is widely used to make kettles and saucepans. It is also widely used to make food 
containers, electric cables, door and window frames and ‘siding’ for buildings.

n Aluminium alloys, such as duralumin (aluminium and copper) and magnalium (aluminium 
and magnesium) are widely used in the aircraft industry.

n Aluminium production consumes large amounts of electrical energy. Carbon dioxide 
and fluorine are released during the electrolysis of molten aluminium oxide and cryolite. 
Iron production releases oxides of carbon and sulfur dioxide. Both processes involve the 
mining of ores.

n Crude oil (petroleum) is a major source of hydrocarbon-based fuels and a chemical 
feedstock.

n Cracking of the fractions from the distillation of crude oil provides a major way of 
obtaining the best economic use of the raw material.

n Cracking also serves to supply the short-chain alkenes that are important for the polymer 
industry. When a long-chain alkane is cracked a shorter alkane and alkene(s) are usually 
produced. For instance, C10H22 → C8H18 + C2H4.

n There are several different methods of cracking hydrocarbons: thermal cracking carried 
out at 800–850 °C and 70 atmospheres pressure; steam cracking involves mixing with 
steam at 1250–1400 °C; catalytic cracking using a mixed alumina (Al2O3) and silica (SiO2) 
catalyst at 500 °C; and hydrocracking which involves using hydrogen at 80 atmospheres 
with a platinum or silica/alumina catalyst.

n Thermal cracking is thought to proceed by a free-radical mechanism, in which carbon–
carbon single (C-C) bonds in the hydrocarbon chain break homolytically, whereas 
catalytic cracking proceeds by an ionic mechanism involving carbocations.

n There are two different forms of poly(ethene): low-density poly(ethene) (LDPE) and high-
density poly(ethene) (HDPE). These are produced under different reaction conditions.

n LDPE is formed in a free radical reaction involving molecular oxygen (O2) or an organic 
peroxide initiator (ROOR). HDPE is formed in a reaction using a Ziegler–Natta catalyst 
(often consists of a mixture of titanium(iv) chloride, TiCl4, and triethylaluminium, 
Al(C2H5)3) – the important feature seems to be an interaction between the π bond in the 
alkene and the vacant orbitals of the transition metals atoms.

n The properties of the different addition polymers can be controlled to some extent by 
the method of formation and the addition of substances such as plasticizers. These 
plasticizers lie between the polymer fibres and lubricate the movement of the fibres 
against each other.

n The disposal of plastic waste poses problems. Addition polymers are not biodegradable 
and so do not break down in landfill sites. There are problems involved in burning plastic 
waste because toxic gases can be given off. There are systems in place now to facilitate 
recycling.

n Homogeneous catalysts are in the same phase as the reactants. They participate in a 
mechanism which involves the formation of one or more intermediates.

n Heterogeneous catalysts are in a different phase from the reactants. They participate in a 
mechanism which involves the adsorption of reactants onto their surface.

n Heterogeneous catalysts have a number of areas of high catalytic activity, known 
as active sites. The catalytic ability of a heterogeneous catalyst can be improved by 
increasing its surface area.

n Many heterogeneous catalysts are transition metals or their compounds. Their ability 
to act as heterogeneous catalysts depends on their ability to form a range of stable 
oxidation states.

n An advantage of a homogeneous catalyst is that all the catalyst is exposed to the 
reactants. A disadvantage of a homogeneous catalyst is that it can be difficult, or 
expensive, to separate the catalyst from the products.

n A disadvantage of a heterogeneous catalyst is that only the surface is catalytically active. 
An advantage of a heterogeneous catalyst is that it easily separated from the products by 
filtration.
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n Factors involved in selecting a catalyst for a process include selectivity (catalysis of only 
one specific reaction involving a reactant); efficiency (rate at which product formation 
is catalysed); and the ability to work under a range of conditions. There can also be an 
environmental impact – some catalytic metals and their ions are toxic. Heterogeneous 
catalysts are also poisoned by impurities, which block active sites.

n The liquid-crystal state is an intermediate state between the solid and liquid phases 
shown by some organic molecules. For these molecules, this state exists over a relatively 
small temperature range and has domains of order in the molecules, even though they 
are free to move. The state has distinctive optical characteristics and can interact with 
polarized light.

n There are two forms of the liquid-crystal state – the thermotropic state and the lyotropic 
state. The thermotropic state depends solely on the temperature of the substance, 
whereas the lyotropic state is a property of solutions and depends on concentration as 
well as temperature.

n Molecules that exhibit a liquid-crystal state tend to be rigid, long-chain polar molecules. 
These features allow the molecules to orientate themselves in a way which produces the 
effect.

n There are a wide range of uses for liquid crystals ranging from digital displays to skin 
thermometers. Liquid-crystal displays use a twisted nematic liquid-crystal phase which is 
capable of channelling a beam of polarized light. The liquid-crystal display is structured so 
that a small electric current disrupts the orientation of the molecules of the liquid crystal 
so that polarized light is no longer transmitted through the material.

n Nanotechnology involves research and technological development in the 1 to 100 nm 
range.

n Two approaches to the manipulation of material at the nanoscale level have been 
described: the ‘top-down’ approach, which involves breaking down material until sub-
microscopic amounts are being dealt with; and the ‘bottom-up’ approach which involves 
the manipulation of individual atoms and molecules and building structures up from 
that level.

n At this nanosize level there are many variations in normal macroscale properties which 
can be exploited. For instance, the colours of nanoscale particles of metals vary with the 
size of the particle.

n Research at this level was aided by the discovery of carbon-60 and carbon nanotubes 
– and also the invention of the scanning tunnelling microscope and the atomic force 
microscope. Carbon-60 is an allotrope of carbon in which the carbon atoms are arranged 
in a sphere made up of pentagonal and hexagonal rings. Carbon nanotubes are best 
visualized as individual sheets of graphite (graphene) rolled over to make the nanotubes.

n Techniques in nanotechnology have enabled the manipulation of individual atoms and 
molecules. The scanning tunnelling microscope and the atomic force microscope were 
important developments in these techniques.

n This area of research raises several economic, social, health and ethical issues which will 
need to be resolved.

n A voltaic cell (simple battery) converts chemical energy into electrical energy.
n Secondary cells can be recharged – the discharging and charging reactions are reversible. 

Primary cells cannot be readily recharged.
n Important secondary cells are lead–acid batteries, nickel–cadmium batteries (Ni–Cads), 

nickel–metal hydride cells (NiMH) and lithium–ion batteries.
n During the discharging process the following reactions occur in a lead–acid battery:
 Positive electrode (lead): PbO2(s) + 4H+(aq) + SO4

2−(aq) + 2e− → PbSO4(s) + 2H2O(l)
 Negative electrode (lead(iv) oxide): Pb(s) + SO4

2−(aq) → PbSO4(s) + 2e−

 The electrolyte is 6 mol dm−3 concentrated sulfuric acid – the concentration decreases 
during discharge.
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n During the discharging process, the following reactions occur in a Ni–Cad battery:
 Negative electrode (cadmium hydroxide): Cd(s) + 2OH−(aq) → Cd(OH)2(s) + 2e−

 Positive electrode (nickel(iii) oxide hydroxide): NiO(OH)(s) + H2O(l) + e− → Ni(OH)2(s) + 
OH−(aq)

 The electrolyte is aqueous potassium hydroxide.
n Lithium batteries have lithium metal, or a lithium compound, as the anode – they are 

primary cells. An alternative type of battery, the lithium–ion cell, has been developed 
which does not use lithium metal as an electrode.

n In a lithium–ion cell, lithium ions shuttle backwards and forwards between two 
electrodes where they are complexed. The anode is made of graphite and the lithium 
atoms are inserted between the layers.

n A fuel cell uses the reaction between oxygen and hydrogen to produce water. The 
energy is released as electrical energy for as long as the gaseous reactants are passed 
over a catalytic surface. The electrolyte is usually an aqueous solution of a strong alkali – 
often potassium hydroxide.

n The fuel cell electrode reactions in alkaline solution are:
 Anode: H2(g) + 2OH−(aq) → 2H2O(l) + 2e−

 Cathode: O2(g) + 2H2O(l) + 4e− → 4OH−(aq)
 In some fuel cells, an acidic electrolyte is used, in which case the electrode reactions are:
 Anode: H2(g) → 2H+(aq) + 2e−

 Cathode: O2(g) + 4H+(aq) + 4e− → 2H2O(l)
 In both cases, the overall reaction of the cell is the combustion of hydrogen:
 2H2(g) + O2(g) → 2H2O(l)
n Condensation polymerization involves the covalent bonding of monomer molecules to 

produce a polymer chain. At the formation of each link a small molecule, usually water, is 
released.

n Phenol–methanal polymers (Bakelite) and polyurethane are condensation polymers – 
they are useful additional examples of condensation polymers to those discussed earlier 
(nylon, polyethylene terephthalate (PET) and Kevlar).

n The properties of condensation polymers depend in part on the interactions between the 
chains. Covalent cross-linking occurs in the phenol–methanal polymers and gives rise to a 
very rigid structure.

n The production of chlorine and sodium hydroxide is carried out by the electrolysis of 
brine in three types of electrolytic cell:

 – the mercury cell:
  cathode: 2Na/Hg(l) + 2H2O(l) → 2Na+(aq) + 2OH−(aq) + 2H2(g) + 2Hg(l)
  anode: 2Cl−(aq) → Cl2(g) + 2e−

 – the diaphragm cell:
  cathode: 2H+(aq) + 2e− → H2(g)
  or 2H2O(l) + 2e− → H2(g) + 2OH−(aq))
  anode: 2Cl−(aq) → Cl2(g) + 2e−

 – the membrane cell: reactions are as for the diaphragm cell.
 In both the diaphragm and membrane cells, a solution of sodium hydroxide (of varying 

purity) remains, and is separated.
 The overall process in all three cells is:

	  2NaCl(aq) + 2H2O(l) → Cl2(g) + H2(g) + 2NaOH(aq)
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n Examination questions – a selection
Paper 3 IB questions and IB style questions 
Questions marked * are for Higher Level only

	 Q1 Aluminium is extracted from purified alumina 
(aluminium oxide) dissolved in molten cryolite 
(Na3AlF6) by electrolysis. The electrodes are made 
of carbon (graphite). The anode needs to be 
replaced periodically.
a Explain why aluminium is extracted by 

electrolytic reduction rather than reduction 
with carbon. [1]

b Explain why alumina has such a high melting 
point. [2]

c Explain why molten cryolite is used in the 
extraction of aluminium. [2]

d Write an ionic equation for the reaction that 
takes place at each electrode. [2]

e Explain why aluminium is resistant to corrosion, 
whereas iron rusts. [3]

f Briefly outline the economic and environmental 
advantages of recycling items manufactured 
from aluminium, such as soft drink cans. [2]

 Q2 Iron is the second most abundant metal in the 
Earth’s crust. Its main ores are haematite (Fe2O3) 
and magnetite (Fe3O4). Iron is extracted from these 
ores in the blast furnace. Iron can also be extracted 
from iron(ii) sulfide, but it needs to be ‘roasted’ by 
oxidizing it in air to form iron(iii) oxide and sulfur 
dioxide.
a Calculate the percentages of iron by mass in 

haematite and magnetite. [2]
b Give the names of three raw materials that  

are fed into the top of the blast furnace. [3]
c Give the names of two of the major products. [2]
d The chemical that directly reacts with the iron 

ore is carbon monoxide.
i Write an equation describing its formation 

from carbon dioxide. [1]
ii What type of redox reagent is carbon 

monoxide? [1]
iii Write an equation showing the reaction 

between carbon monoxide and iron(iii) 
oxide. [1]

e Explain, with the help of appropriate equations, 
how sand (silicon dioxide) is removed from the 
iron ore. [3]

f Calculate the number of tonnes of iron that 
could be obtained from the reduction of 
80 tonnes of pure iron(iii) oxide. [2]

g i  What is the name given to the iron initially 
produced by the blast furnace? [1]

ii Why is it brittle? [1]

h Briefly outline how steel is produced. [2]
i Describe the effect of various kinds of heat 

treatment on steel. [4]

 Q3* Chlorine is produced on a large scale by 
electrolysis of brine (concentrated sodium chloride 
solution) using a diaphragm cell.
a Explain why brine is used in preference to 

molten sodium chloride for the large-scale 
production of chlorine. [2]

b Write half-equations for the reactions taking 
place at each electrode in the diaphragm cell. [2]

c The Castner–Kellner cell is an alternative 
to the diaphragm cell. It is generally being 
phased out of use in the chlor-alkali industry. 
What is the reason for the phasing out of this 
type of cell? [3]

 Q4 The reactivity of lithium metal gives rise to 
safety concerns with the use of the metal in 
electrical cells. In addition, when lithium metal 
is used as an electrode, its reactivity leads to the 
formation of an oxide layer on the electrode 
which decreases the contact with the electrolyte 
in the cell.
a Describe how these issues are overcome in the 

lithium-ion battery. [2]
b Describe the changes taking place for the ions 

at the two electrodes in the lithium-ion battery 
when it produces electricity. [2]

c Lithium-ion batteries are rechargeable. Discuss 
one similarity and one difference between fuel 
cells and rechargeable batteries. [2]

 Q5 The oil industry processes some of the products 
from the fractional distillation of crude oil using 
several different processes, including cracking.
a i Define the term cracking. [2]

ii Why is cracking performed? [2]
b i  Balance the following equation describing 

the cracking of a hydrocarbon:
  C15H32 → 2C2H4 + C3H6 + _ _ _ _ [1]

ii Name the products of this cracking  
reaction. [3]

c Briefly outline and give products for the 
modern industrial processes of: 
i  catalytic cracking and thermal cracking [5]
ii hydrocracking and steam cracking. [4]

 Q6 Polypropene is an addition thermoplastic polymer 
used in a variety of applications, including food 
packaging, ropes and loudspeakers.

  When propene is polymerized using a Ziegler–
Natta catalyst, an atactic and an isotactic form 
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can be obtained from the mixture. These can be 
separated by chromatography.
a Draw the structural formula of an isotactic 

polymer chain containing three monomer units.
 [2]

b Compare the isotactic polymer chain to an 
atactic polymer chain. [2]

c How does the structural type affect the physical 
properties of polypropene? [4]

d Give an additional example of the use of 
isotactic polypropene and state how it is 
related to its structure. [2]

e Explain why plasticizers may be added to 
polypropene in varying amounts. [3]

f Polystyrene is an addition polymer. Outline 
the use of hydrocarbon solvents during the 
production of the expanded form. State the 
properties and uses of the expanded form. [3]

g State one advantage and one disadvantage of 
polymer use. [2]

 Q7 A lead–acid battery consists of six pairs of 
electrodes dipping into an electrolyte of 
moderately concentrated sulfuric acid. The 
negative electrode consists of lead plates and the 
positive electrode consists of lead coated with 
lead(iv) oxide.
a i  Write down the half-equations occurring at 

the two electrodes during discharge. [2]
ii State whether the reactions involve 

oxidation or reduction. [2]
b Deduce the overall reaction during discharge.

 [1]
c The lead–acid battery can be recharged. What 

does this indicate about the reactions occurring 
at the two electrodes? [1]

d Why does a white precipitate form when the 
lead–acid battery is discharged? [1]

e Suggest why some hydrogen gas is produced 
during the recharging process. [2]

f Suggest one potential problem associated with 
the disposal of a lead–acid battery. [1]

 Q8 a Explain the term nanotechnology. [3]
b ‘Nanotubes’ are rolled up cylinders of 

graphene (a single layer of graphite) with 
diameters of about 1 nanometre and lengths in 
micrometres.
i If a nanotube is 5 micrometres long, how 

many diameters does this represent? [2]
ii These nanotubes are believed to be stronger 

than steel. Explain the tensile strength of 
the nanotubes on a molecular basis, and 
suggest a possible use for nanotubes. [2]

c One problem in the synthesis of nanotubes is 
that a mixture of nanotubes of different length 

and orientation is produced. Suggest why this 
is a problem. [2]

 Q9* a  The manufacture of low-density poly(ethene) 
is carried out at very high pressures and at a 
temperature of about 500 K. A catalyst (either 
an organic peroxide or a trace of molecular 
oxygen) is added to the ethene. Explain how the 
catalyst reacts and write equations to show the 
mechanism of the polymerization. [3]

b State the catalyst used to manufacture high-
density poly(ethene) and describe the feature of 
the catalyst that enables it to form intermediate 
complexes with the pi (π) electrons of ethene 
molecules. [2]

 Q10 a  Graphite and carbon-60 are two structural 
forms of pure carbon. Diagrams of their 
structures are given below. Suggest three 
differences in their physical properties. [3]

b Nano-sized ‘test tubes’ can be formed from 
carbon structures. What is the relationship 
between the parts of these ‘test tubes’ and the 
two structural forms of carbon shown here? [3]

c Many modern sunscreens contain nano-sized 
particles of titanium dioxide. This substance 
does not absorb ultraviolet radiation. Suggest 
how these nanoparticles are able to protect skin 
from ultraviolet radiation. [3]

 Q11 A number of drugs, such as insulin for diabetics, 
are delivered by injection rather than by mouth 
(oral delivery). Many patients prefer oral delivery 
to injection, and a number of methods for 
overcoming the problems of oral delivery are being 
investigated. Several of these use nanotechnology.

  Study the passage and diagram and then answer 
the questions that follow.

  the nanospheres are created from hydrogels 
which are stable, organic materials formed from a 
network of polymer chains. hydrogels have a 
variety of uses, including disposable nappies, soft 

graphite carbon-60
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contact lenses, dressings for burns and, more 
recently, drug delivery. the drug is contained in 
the hydrogel nanosphere as shown in the diagram 
below. hydrogels absorb water and swell at a rate 
dependent on the ph of their environment. as the 
hydrogel swells, the drug is released.

a i What is a nanosphere? [1]
ii Suggest why the stomach might be a 

particularly hostile environment for drugs.
 [1]

iii Suggest two ways in which the nanosphere 
shown in the diagram can be modified to 
change the rate of drug release. [2]

b Hydrogels may be formed as homopolymers 
(using a single monomer), or heteropolymers 
(using two or more different monomers). 
By using the monomers below, you are to 
draw sections of both a homopolymer and a 
heteropolymer. Each of your drawings should 
show a three-monomer section of the polymer.

 HOCH2CH2OH   HOOCCHRNH2 

HOOCCH(OH)CH2COOH [3]

 Q12 The fullerenes are a newly discovered allotropic 
form of pure carbon. They are readily prepared in 
the laboratory from graphite, and may be 
extracted by thermal sublimation.

  Endohedral fullerenes are fullerenes that have 
additional atoms enclosed inside. Shown above 
is the interior of Sc3@C82.This consists of a C82 
fullerene molecule enclosing three scandium atoms. 
C82 has a structure very similar to that of C60.

  Endohedral metallofullerenes are characterized by 
the fact that electrons will transfer from the metal 
atom to the fullerene cage.

  Fullerenes can be prepared by heating and 
vaporizing graphite in helium. They can be 
detected by mass spectrometry. The fullerenes can 
be separated from graphite in soot by heating the 
mixture until the fullerenes undergo sublimation.

  Endohedral fullerenes may find a role in 
nanotechnology. They could contain radioactive 
tracers which could be injected into human blood 
to monitor blood flow.
a i  Write out detailed electron configurations 

for scandium atoms, Sc, and scandium  
ions, Sc3+. [2]

ii Deduce the ionic formula for Sc3@C82. [1]
b i  State the hybridization of the carbon atoms 

present in the fullerenes, diamond and 
graphite. [3]

ii Compare the covalent structures of  
graphite and fullerenes. [2]

iii State two differences between the 
arrangements of carbon atoms in fullerenes 
compared to graphite. [2]

c i  Deduce the molecular mass of the 
molecular ion formed by C82. [1]

ii This ion can be detected as a peak in  
the mass spectrum. Give the formula of  
this ion. [1]

iii Suggest why the fullerenes were prepared 
in an atmosphere of helium. [2]

d i  Account for the relatively low sublimation 
point of fullerenes. [2]

ii Explain why C82 is predicted to have a 
higher sublimation point higher than C60. [2]

 Q13* a  Describe the conditions under which low-density 
polyethene is manufactured. [3]

b Ziegler–Natta catalysts are used to prepare 
stereoregular polymers.
i What is meant by the term stereoregular 

polymer? [2]
ii State the names and formulas of two 

compounds that could be mixed together to 
make a Ziegler–Natta catalyst system. [4]

iii Why does one of these compounds include 
a transition metal? [1]

c Explain why different types of catalysis 
can selectively yield high- or low-density 
polyethene. [3]

capsule
containing

nanospheres

nanosphere

hydrogel coat

drug
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 Q14 a  Copper is alloyed with tin to make bronze, 
widely used to make statues.
i Define the term alloy. [1]
ii State two reasons why metals are often 

used in the form of alloys, rather than as 
pure metals. [2]

b Zinc can be extracted by heating zinc oxide 
with carbon:

 ZnO(s) + C(s) → Zn(s) + CO(g)
i Explain why carbon is a reducing agent in 

this reaction. [1]
ii Name the alloy formed between zinc and 

copper, and state one use for this alloy. [2]
c Stainless steel is an alloy of iron. It contains 

iron, chromium and 0.05% of a non-metal.
i State the name of the non-metal. [1]
ii State one use for stainless steel. [1]

 Q15 The Monsanto process is used to manufacture 
ethanoic acid. The reaction consists of two 
coupled cycles. In the first cycle, methanol is 
converted by hydrogen iodide to iodomethane. 
In the second cycle, iodomethane is converted 
by the addition of carbon monoxide to ethanoic 
acid. The active catalyst in the second step is a 
transition metal complex ion [Rh(CO)2I2]−. It acts as 
a homogeneous catalyst. Rhodium (Rh) is a very 
rare transition metal.
a Define the term catalyst and explain how a 

catalyst works. [3]
b i  Deduce the oxidation state of rhodium in 

the active catalyst. [1]
ii Distinguish between the terms 

heterogeneous and homogeneous  
catalysis. [2]

c Give the relative advantages and disadvantages 
of the two types of catalyst. [4]

d Briefly outline the reasons why transition 
metals and their compounds frequently 
function as effective catalysts. [2]

e Give two disadvantages of the use of 
hydrogen iodide and rhodium-based  
catalysts. [4]

f State four factors to be considered when 
choosing a catalyst for an industrial process. [4]



Starting PointS	 n Drugs are chemicals of low molar mass that interact with macromolecular targets  
  (usually proteins) and produce a biological response.

n Drugs that produce a therapeutic or healing effect are called medicines.
n Most medicines, if taken in higher than the recommended dose, are potential poisons.
n Most drugs are developed from starting compounds (lead compounds) obtained from 

natural sources, often plants.
n Drugs can be classified in a number of ways: on the basis of their effects, molecular 

target and chemical structure.
n A number of drugs act as enzyme inhibitors.

	 n A number of drugs are chiral and stereospecific.

 24.1 Pharmaceutical products
Drugs
A drug (Figure 24.1) may be defined as any substance, natural or synthetic that, by its chemical 
nature, has an influence on the physical or mental functions of the body. Its effects may include 
one or more of the following: altering incoming sensory perceptions, for example hallucinogens 
such as LSD (‘acid’) and mescaline; altering mood or emotions, for example Valium and 
Mogadon; altering the physiological state of the body, including consciousness, for example 
alcohol and LSD; altering activity levels, for example amphetamines (‘speed’), or muscular 
coordination, for example alcohol.

A medicine or pharmaceutical is defined as a drug that leads to an improvement in health. 
These include mild analgesics, or painkillers, such as aspirin, ibuprofen and paracetamol 
(acetaminophen); powerful analgesics such as morphine and codeine; anti-cancer drugs such as 
cisplatin and Taxol; zidovudine (Retrovir) used to treat AIDS patients; antibiotics such as 
penicillin; and cimetidine (Tagamet) and ranitidine (Zantac) to treat gastric ulcers.

Not all drugs are pharmaceuticals: for example caffeine, present in coffee and tea, and 
nicotine, present in cigarette smoke. Some former pharmaceuticals are no longer prescribed in 
many countries because of their highly addictive nature. These include cocaine and heroin, both 
formerly used as painkillers. 

Language of Chemistry
Many drugs are described as OTC (over-the-counter) medications and do not require a 
prescription. Examples include aspirin, ibuprofen and paracetamol (acetaminophen). n

D.1.1 List the effects 
of medicines 
and drugs on 
the functioning 
of the body. 

Figure 24.1 Propecia®: 
a medicinal drug used 
to treat male pattern 

baldness (by reducing 
testosterone levels) 

Option D

24 Medicines and drugs
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Many drugs fall into the following classes: depressants, such as alcohol at low concentrations 
which leads to relaxation; stimulants, which result in wakefulness and a sense of well-being, 
for example amphetamines; narcotics, analgesics, for example morphine; hallucinogens which 
produce altered perceptions, for example LSD; and psychotherapeutics which are used for the 
control of mental problems. Some drugs, such as caffeine, nicotine and marijuana fit into more 
than one category.

Language of Chemistry
The term ‘medicine’ has more positive connotations than the term ‘drug’. ‘Medicated’ sounds 
better than being ‘drugged’.  n

Language of Chemistry
Natural products are chemical compounds that are isolated 
from living organisms, for example plants and trees, 
using chemical techniques such as solvent extraction and 
chromatography (Chapter 21). Some natural products are 
limited to a single species of plant or tree. For example, the 
anti-malarial drug quinine (Figure 24.2) is a natural product 
that is found only in the bark of the cinchona tree. Taxol 
(Section 24.9) is another natural product. n

Figure 24.2 Structure of quinine

History of Chemistry
Chemotherapy, in its most general sense, refers to the treatment of disease by chemicals. 
The German microbiologist Paul Ehrlich (1854–1915) is regarded as the ‘father of 
chemotherapy’. His early interests in the staining of tissues and cells with azo dyes caused 
him to consider the idea that certain chemicals might have a particular affinity for certain 
types of cell. In particular, he was keen to find chemicals, which he dubbed ‘magic bullets’, 
that would bind to bacterial cells and be toxic to them, but leave the cells of the host 
organism unaffected. One of his most famous 
‘magic bullets’ was Salvarsan (Figure 24.3), used 
to treat syphilis and sleeping sickness until it 
was replaced by antibiotics in the 1940s.

Figure 24.3 Structure of Salvarsan

n Extension: Pharmacology
Pharmacology is the scientific study of the interactions of drugs with the various different 
types of cells found in the human body. It seeks to understand the various biochemical 
changes produced by drugs. Many of the effects of drugs are a result of changes in intercellular 
communications.

There are three modes of communication between cells:
neurotransmission, where a nerve cell (neurone) passes a chemical signal on to another nerve 	●

cell or to a muscle or gland cell;
hormonal, where hormones (Chapter 22) (‘chemical messengers’) are released from endocrine 	●

glands and carried by the blood to a distant ‘target’ organ;
autacoid	● , where ‘local hormones’ are released and act on nearby cells.

Neurotransmission
A nerve impulse involves the movement of sodium and potassium ions across the cell 
membrane of the axon (nerve fibre). However, there is no direct connection between axons or 
between axons and muscle or gland cells. At the junctions or ‘gaps’ between these cells, the
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Figure 24.4 The 
structure of a synapse

 

Figure 24.5 An 
illustration of an agonist 

and an antagonist 
binding to a receptor site 

on a protein molecule

electrochemical impulse of the axon is converted to a chemical signal. A synapse is a junction 
between two neurones (see Figure 24.4).

nerve

synaptic gap

neurotransmitter
release

receptor

target cell

post-synaptic
membrane

electrochemical signal neurotransmitter
binding

induced fit

message

The impulse causes the release of a neurotransmitter, a chemical that diffuses across the synapse 
and then binds to the binding site of a specific receptor (compare this with the lock-and-key 
hypothesis of enzyme action, Chapter 22). These receptors are usually sugar-containing proteins 
(glycoproteins) located on the surface of the post-synaptic membrane. 

Many drugs, for example nicotine and caffeine, also fit into the various receptors. Those that 
produce a response are called agonists, and those that bind tightly to the receptor and block it 
without producing a response are called antagonists (Figure 24.5). Neurotransmitters function 
by causing changes in the permeability of the target cell membrane to sodium, potassium, 
calcium and chloride ions. Once a new impulse has been generated the neurotransmitter is 
broken down by enzymes or ‘recycled’ back to the neurone from where it was released.

Many drugs function by reducing or increasing the release of neurotransmitters, by binding to 
their receptors, or by changing the permeability of neuronal cell membranes, mimicking or copying 
the action of the neurotransmitter, or by altering the re-uptake or ‘recycling’ by the neurone.

agonist

receptor

The agonist binds to the receptor and induces
changes in it that lead to the appropriate response

The antagonist binds to the receptor but it
does not induce the correct change in it,

so it does not produce a response

antagonist

Autacoids
Two well studied local hormones, or autacoids, are histamine and serotonin. Histamine is 
released from cells in the gastric mucosa, or stomach lining, in response to eating and is a 
powerful stimulant of gastric juice production. It is also released by certain white blood cells 
in the lungs, called mast cells, in response to an allergic reaction, for example to pollen 
grains. Breathlessness, a runny nose and the watery eyes that accompany hay fever are two 
consequences of its action inside the body. Serotonin (5-hydroxytryptamine) is also produced 
in the gastric mucosa, but it is also produced by certain neurones in the central nervous system 
(brain and spinal cord) where it is involved with the control of sleep and vomiting. A deficiency 
within the brain may lead to migraine and depression.

Other local hormones are the prostaglandins produced in tiny quantities by many cells, 
which are involved in controlling gastric acidity, labour, blood platelet aggregation during blood 
lotting and bronchoconstriction (a reduction in the diameter of tiny air tubules, or bronchioles, 
inside lung tissue). They are also involved indirectly in inducing pain, fever and inflammation 
(redness and swelling).
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Signal transduction 
All these chemical messengers, whether they be neurotransmitters, hormones or autacoids, carry 
what is termed a primary signal to a cell. A process called signal transduction then occurs, where 
the primary signal induces some kind of response by the cell.

For example, many of the neurotransmitters bind to receptors in the cell membrane and this 
results in the opening of ‘tunnels’ across the membrane that allow sodium ions to pass into the 
cell. Some hormones, for example insulin, bind to receptors that activate enzymes in the cell 
membrane. Other primary signals may cause the production of a so-called secondary messenger, 
for example cyclic AMP (cAMP) which inhibits or activates enzymes inside the cell. Finally, 
steroid hormones (Chapter 22), for example estrogen, pass through the cell membrane and enter 
the nucleus. Here they bind to a protein receptor, which then binds to DNA, ‘switching on’ a 
variety of genes.

The placebo effect
A placebo is an inert chemical used as a control when testing a drug clinically. The placebo effect 
is the pharmacological effect on a person, or group of people, who have been given a placebo, 
rather than an active drug.

It is not understood why chemically inert substances can be effective in treating illness, but it 
is thought that a person’s beliefs and hopes about a treatment can have a biochemical effect on 
the body, presumably via the endocrine and immune systems. This means that a person’s mental 
attitude may be very important in determining whether he or she recovers from injury or illness. 
It is thought that the placebo effect triggers natural healing processes in the body.

Language of Chemistry
‘Placebo’ is the Latin word meaning ‘I shall please’. It was first used in medicine in the 18th 
century, and was defined as ‘any medicine adapted more to please than to benefit the patient’. n

Developing new drugs
Medicinal drugs have to be tested in clinical trials (Figure 24.6) to determine if they are safe. 
Clinical trials involve recording the results of treating a group of patients with the drug and 
comparing them to a group of similar patients receiving a different treatment or a placebo.

Before clinical testing begins, researchers analyse the drug’s physical and chemical properties 
in the laboratory and study its pharmacological and toxicological properties on animals and cells 
grown in culture.

D.1.2 Outline the 
stages involved 
in the research, 
development 
and testing 
of new 
pharmaceutical 
products. 
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Language of Chemistry
In vivo (‘in the living’) tests involve the use of live animals, whereas in vitro (‘in glass’) tests do 
not. In vitro tests may involve testing potential drugs on cells grown in culture. In vitro testing is 
generally quicker and cheaper than in vivo testing. However, many drugs that are active in vitro 
turn out to be inactive in vivo. This is because a drug may not be able to reach its target in the 
human body. n

If the laboratory and animal study results are promising, then the drug company will apply to 
conduct initial studies where the drug is administered to a small number of healthy patients to 
assess its safety, dosage and side-effects. If there are no major problems, such as unacceptable 
toxicity or severe side-effects, then clinical trials will begin and the drug is tested in patients who 
have the condition it is intended to treat.

The principles of a clinical trial are simple: groups of patients are recruited and a drug is 
administered to see if there is an improvement in their health or survival rate. However, drugs do 
not usually miraculously reverse fatal illnesses and although they reduce the risk of death, they 
do not eliminate it. In addition, many viral diseases, such as influenza (flu), are spontaneously 
dealt with by the body’s immune system, and some, such as asthma (caused by environmental and 
genetic factors), follow an unpredictable path. Some drugs, however, are easy to evaluate since 
they alter a clinical measurement; for example, captopril reduces blood pressure. 

A further difficulty in assessing the effectiveness of a drug is that some measurements of a 
disease, such as pain, are subjective, relying on the judgement of both doctor and patient. Such 
measurements can also be influenced by the doctor’s or patient’s expectations – the so-called 
placebo effect.

To minimize these problems, controlled clinical trials are conducted where one group receives 
the drug under investigation and a group of similar patients receives either a different dose of the 
drug, another drug, a placebo, or no treatment at all. The test and control groups are studied at 
the same time, but in some clinical trials ‘historical controls’ are conducted where patients given 
the drug are compared with similar patients treated with the control drug at a different time and 
place.

It is important that the treatment and control groups should be as similar as possible in 
characteristics such as age, weight, sex and general health. An important method used to achieve 
this is called randomization, where patients are assigned randomly to either the treatment or the 
control group. Randomization helps to reduce the possibility of ‘selection bias’ where healthier 
patients are selected to receive the new drug.

In conjunction with randomization, a design feature known as ‘blinding’ helps ensure that 
bias does not distort the results of the clinical trials. Single-blind studies involve not informing 
the patients whether they are receiving the new drug or a placebo. The more common double-
blind studies are where the patients, the doctors and the drug company analysts do not know 
which patients received the drug. The study is ‘unblinded’ at the completion of the study when 
assignment codes are deciphered to reveal the treatment and control patients.

Language of Chemistry
The first stage of clinical trials, known as phase 1, is carried out on healthy human volunteers 
to provide a preliminary evaluation of the drug’s safety and its dose levels. During the study, 
the volunteers do not take medication, caffeine, alcohol or cigarettes. This is to avoid any 
complications that might arise due to drug–drug interactions.  In some cases, phase 1 studies are 
not carried out on healthy volunteers, but on volunteer patients. This occurs when the drug is 
potentially toxic and is used to treat AIDS or cancer. n
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TOK Link
Should scientists be held morally responsible when drugs and other scientific discoveries have adverse effects? When we talk about the moral 
responsibility of scientists when their discoveries are applied in a morally irresponsible way, we have to consider several issues. First of all, we 
must consider the status of the scientist. Are they the lead or principal scientist who came up with a new scientific discovery, which is then 
applied without their direct control? Or are they merely research students who are carrying out experiments under the close guidance and 
supervision of the lead or principal scientist?

In the first case, the scientists have very little moral responsibility. They only discovered a drug, previously unknown to the scientific world, 
but further than that they have very little control over what applications this discovery will be used for. Consider the example of Marie Curie 
(Chapter 2) who could not know that 50 years after her discovery of radioactive elements her discovery would be essential to the development 
of the most devastating weapons mankind has currently developed. In the other case, that is when the scientists ‘only’ create a method of 
application of a previous discovery, there may be more moral responsibility, but even this has its own limitations. The scientists working on 
the Manhattan Project to develop the atomic bomb during World War Two were carrying out the instructions of the US government. Many of 
them also strongly believed that what they were doing was right for the world of the time, that it would be the decisive weapon of the war 
and that it would end the bloodshed.

thalidomide
Thalidomide  was a drug introduced in 1957 in West Germany by the pharmaceutical company 
Chemie Grünenthal. It was used as a hypnotic and sedative and was found to give relief from 
morning sickness in pregnant women. 

It was subjected to some types of toxicity tests before it was marketed, but critics have stated 
these were superficial and incomplete. In particular, the drug was not tested for birth defects, 
because this was not required by the law at that time. 

In early 1961 a sudden increase in the 
incidence of phocomelia (Figure 24.7), a failure 
in the development of the long bones of the arms 
and legs, was noticed. The drug was withdrawn by 
the end of 1961, but by then an estimated 10 000 
deformed babies had been born. 

However, soon after thalidomide was launched 
in West Germany reports were noted of a 
condition called peripheral neuropathy, which 
is a result of damage to the nervous system. It 
is characterized by a prickly feeling followed 
by numbness and coldness, followed by severe 
muscular cramps and a lack of co-ordination. This 
note of peripheral neuropathy was sufficient for 
the US Food and Drug Administration (FDA) to 
refuse approval for the drug in the USA.

Figure 24.7 A 1962 photo of baby born with an extra  
appendage connected to the foot caused by the  

pregnant mother taking the drug thalidomide

Language of Chemistry
Thalidomide is an example of a teratogenetic drug, indicating that it produces severely malformed 
fetuses. The drug has no effect in rats and mice even at very high doses. However, effects in 
rabbits are found at very high concentrations. Aspirin, although it has a long history of safe use 
during human pregnancy, is a potent teratogen in rats, mice and hamsters.  n
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Language of Chemistry
Synthetic products, such as thalidomide and aspirin, are chemical compounds that are made by 
chemists in a laboratory. Many thousands of new chemical compounds are made each year, often 
involving parallel synthesis or combinatorial chemistry (Figure 24.8) (see Section 24.9). This 
approach involves the systematic bonding together of a set, or sets, of chemical ‘building blocks’. 
These are small reactive molecules that may bond with each other or other members of the set. n
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Ecstasy
Designer drugs are a class of drugs that have become associated with ‘raves’, all-night 
underground dance parties. Designer drugs are drugs derived by chemically modifying restricted 
or illegal drugs, made by ‘underground’ chemists. Many of these ‘designer drugs’ were initially 
not classified as illegal drugs, but in many countries the existing laws were later updated to 
include them. In many cases the designer drugs are more dangerous and potent than the original 
drug. The best known designer drug is MDMA, which has a chemical structure similar to 
methamphetamine (a stimulant) and mescaline (a hallucinogen).

MDMA, or ecstasy (Figure 24.9) as it is commonly known, is frequently taken by adults and 
teenagers at clubs, rock concerts and raves. MDMA is most often available in tablet form and is 
usually ingested orally (taken by mouth), but it is also available as a powder when it is sometimes 
snorted or smoked. 

The ‘high’ from the drug results in an enhanced sense of pleasure, self-confidence and 
increased energy coupled with feelings of peacefulness, acceptance and empathy. Collectively, 
these feelings are described as ‘relaxed arousal’ and are due to the stimulating effect MDMA has 
on the release of serotonin from brain neurones.

Users of the drug, which is a stimulant, encounter similar problems to the users of amphetamines 
and cocaine. Some are psychological problems, including confusion, depression, sleep problems, 
drug craving and severe anxiety and paranoia. Physical symptoms include muscle tension, nausea, 
blurred vision, faintness, sweating and increases in heart rate and blood pressure.

A number of MDMA-related fatalities have been reported at raves due to the ability of users 
to dance for extended periods of hours in hot and crowded conditions. This has resulted in 
dehydration and heart or kidney failure.

Figure 24.8 The 
interconnection of various 

building blocks by a 
single repetitive coupling 

chemistry

Figure 24.9 Ecstasy 
tablets (‘street’ names 
include XTC, essence, 

clarity and Adam)
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The most recent research findings using brain scanning have linked MDMA use to long-term 
damage to those parts of the brain involved in thought and memory. It is thought that the drug 
damages those neurones that secrete the neurotransmitter serotonin. Several methods can be used 
to help counteract the neurotoxicity of MDMA (Figure 24.10) including treatment with Prozac 
and vitamins C and E. There is evidence that some users may also risk liver damage.

Figure 24.10 Structure of MDMA 
(3,4-methylenedioxymethamphetamine) 

MDMA belongs to a group of drugs called the phenylalkylamines which all have a benzene ring 
linked to an alkylamine group (C6H5-(CH2)n-NH2). Other common phenylalkylamines include 
methamphetamine (‘speed’) and mescaline.

Language of Chemistry
In chemistry a moiety is a specific segment of a molecule. For 
example, MDMA has a phenylethylamine moiety (Figure 
24.11) which is also present in the opiates (codeine, morphine 
and heroin) and adrenalin. n

Figure 24.11 Structure of phenylethylamine moiety

Administering drugs

D.1.3 Describe the different methods of administering drugs. 

oral administration
This method of drug delivery is the most popular as it is simple and cheap. A drug taken by mouth 
enters the digestive system before being absorbed into the bloodstream. However, the stomach 
contains strongly acidic gastric juices which will hydrolyse many drugs. These acid-labile drugs 
can be protected to some extent by covering them with an acid-resistant polymer called an 
enteric coating. 

To minimize the problem of drug decomposition, many drugs are taken at mealtimes. When 
food is present in the stomach the pH is higher, so acid attack on the drug and its coating is 
reduced. Few drugs, except ethanol (‘alcohol’), are absorbed in the stomach since the stomach 
wall is lined with an insoluble mucus layer that prevents absorption.

Most drugs are absorbed in the small intestine, which has a large surface area due to the 
presence of millions of tiny finger-like projections called villi. Hydrogencarbonate ions are also 
secreted from the wall of the intestine to neutralize the acidic stomach contents. Enteric coatings 
are designed to dissolve in the neutral or slightly alkaline environment of the small intestine. 
Many drugs, for example aspirin, are designed to ionize and become more soluble as they pass 
from the stomach to the small intestine.

Drugs absorbed from the small intestine into the bloodstream pass via the hepatic portal vein 
to the liver. This organ produces a variety of enzymes designed to protect the body from poisons. 
Many drugs are slowly decomposed by the liver, but this can be remedied by ensuring a high oral 
dose is given, thereby ensuring a therapeutically or medically active amount remains in the blood 
after passing through the liver. However, some drugs are designed to be swallowed in an inactive 
form called a prodrug which is activated by a liver enzyme into an active form. Such an approach 
is used particularly for toxic anti-cancer drugs.
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injection
Some drugs cannot be given by mouth, for example insulin used to treat diabetes, which is a 
protein and would be broken down by the acid and enzymes present in gastric juice. Others may 
be broken down rapidly by the liver. Such drugs are given parenterally, or by injection. There 
are three methods of injection: intravenously, by injection into a vein; intramuscularly, into 
a muscle; or subcutaneously, under the skin (Figure 24.12). For example, insulin is injected 
subcutaneously. 

intramuscular
(usually injected
into arm, leg or

buttock muscles)

subcutaneous
(injected directly

under the skin)

intravenous 
(this has the most

rapid effect as the drug enters
the bloodstream directly)

skin

fatty tissue

vein

muscle

Suppositories
To minimize metabolism in the liver, some drugs are injected into the vagina or rectum, since 
veins in these organs do not carry absorbed food and hence do not pass directly through the liver 
– most of the blood and dissolved drug is transported to other body tissues. 

Drugs administered via the vagina and anus are given in the form of pessaries or suppositories. 
They are made from waxy polymers that slowly melt at body temperature, releasing the drug and 
allowing it to be absorbed across the mucous membranes into the bloodstream.

Fat-soluble drugs can be slowly released through the skin by means of a ‘patch’ where the drug 
is suspended in a polymer matrix behind a protective coat. Such an approach is used for female 
contraceptives (Chapter 22), hormone replacement therapy (HRT) and anti-smoking aids. Some 
topical medications (ointments, pain-relieving gel) are absorbed through the skin too.

inhalation
An increasingly important method 
of administering drugs is via 
inhalation. A familiar example is 
the drug called Ventolin which is 
given to asthma patients to dilate 
their bronchioles. A pressurized 
delivery device (Figure 24.13) 
ensures that a fine mist of droplets 
of the correct size reaches the lungs.

Figure 24.13 Cross section of metered 
dose inhaler (MDI)

Figure 24.12 Summary of 
common methods of drug 

delivery by injection

canister

plastic holder

propellant with drug
suspension

metering valve

mouthpiece

aerosol
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D.1.4 Discuss the terms therapeutic window, tolerance and side-effects. 

Lethal dosage
Tests are performed on all pharmaceuticals, or medicinal drugs, to establish their toxicity. Such 
data is normally reported in the form of LD50 values (lethal dose, 50%) which indicate the 
quantity of the drug or other substance that, if administered to a group of people or animals, will 
kill 50% of them. 

LD50 values are normally expressed in milligrams (mg) of drug per kilogram (kg) of the test 
subject’s body weight. The method of administration, for example injection into the blood or via 
the mouth (oral), should also be recorded, as should the subject animal.

A large LD50 value means that the substance is relatively non-toxic and that a large quantity 
of the substance is required to cause a toxic response. Conversely, a small LD50 value means that 
the substance is relatively toxic and that only a small quantity of the substance is needed to cause 
a toxic response. The important point to note is that all substances are potentially poisonous: it is 
only the dose that determines whether a substance is poisonous. The concepts of toxicology imply 
that no drug is 100% safe.

Table 24.1 shows some examples of LD50 values. In the case of caffeine the LD50 value is 
achieved by taking about 50 caffeine pills or drinking between 100 to 200 normal cups of coffee in 
one hour. The LD50 value for humans is estimated from the value for rats, allowing for difference 
in body weight and sensitivity to caffeine.

Chemical LD50 /mg kg–1 Subject, route

Sucrose 29 700 Rat, oral

Ethanol 7 060 Rat, oral

Sodium chloride 3 000 Rat, oral

Caffeine 192 Rat, oral

Sodium cyanide 6.4 Rat, oral

Sarin (a nerve gas) 25 Human, subcutaneous (via skin)

History of Chemistry
Paracelsus (1493–1541) was a Swiss physician and botanist who is known as the ‘father of 
toxicology’. The following quote is attributed to him: ‘All things are poison and nothing is 
without poison; only the dose allows something not to be poisonous.’

Therapeutic window
The ED50 of a drug is the dose required to produce the desired effect, for example reduce blood 
pressure, in 50% of test animals or patients. The ratio of LD50 to ED50 is known as the therapeutic 
index or therapeutic window. A therapeutic window of 10 indicates an LD50 : ED50 ratio of 10 to 
1. This means a ten-fold increase in the dose corresponding to the ED50 would result in a 50% 
death rate. 

The dose–response curves for a drug’s therapeutic and lethal effects can be compared (Figure 
24.14) to determine whether the therapeutic ratio is safe. The curves should not overlap on the 
x-axis, which means that the shallower the slopes of the curves, the higher the risk attached to 
use of the drug.

Figure 24.14 shows the therapeutic and lethal dose–response curves for a drug that cures a 
particular animal illness. A 50 mg dose of the drug will cure 95% of the test animals, but will kill 
5% of the animals. Obviously, this drug would not be tested on human patients because of its 
high therapeutic window (10). A safer drug would have to be developed that has a considerably 
lower therapeutic window, for example in the region of 1.

Table 24.1 LD50 values for 
selected substances
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Therapeutic windows are relevant to animal testing of drugs, but they do not take into account 
any non-lethal side-effects. Hence, the therapeutic dose levels that are used on patients should 
have a minimum risk of side-effects or long-term toxicity.

Tolerance
Tolerance towards a particular drug occurs when a larger dose of the drug is required in order to 
achieve the effect originally obtained by a smaller dose. A classic example is alcohol: a steady 
consumption of alcohol in alcoholic drinks leads to tolerance.

There are two different time frames of tolerance: acute tolerance and chronic tolerance. Acute 
tolerance occurs within a single exposure to the drug; chronic tolerance occurs gradually as the 
drug is taken repeatedly. Both types of tolerance can occur with alcohol, though the latter is more 
common.

There are two mechanisms by which tolerance to alcohol can develop: metabolic tolerance 
involving an increase in liver activity and functional tolerance produced by changes in the 
central nervous system (brain and spinal cord). Tolerance of the functional type is also observed 
with nicotine. Smokers develop an increased number of nicotine receptors in the brain. While 
alcoholics may have a higher tolerance for alcohol than social drinkers or abstainers (those who 
do not drink), the size of a lethal dose is not much different between these two groups. 

Cross-tolerance can also develop between alcohol and many other sedative or hypnotic drugs. 
This means that tolerance to alcohol also produces tolerance to other drugs, so that they do not 
have the required effect. Once the body develops dependence on alcohol, a sudden stopping of 
drinking is likely to produce withdrawal symptoms. These can be life threatening and include 
severe anxiety, tremors, hallucinations and convulsions.

Side-effects
The term side-effect is used to describe any effect other 
than the intended effect of drug treatment. Side-effects 
may be negative, neutral or positive for the patient. The 
drug Viagra was originally screened as a potential drug 
to treat heart disease. Prolonged erections were noted in 
patients as an unexpected side-effect.

Morphine is a narcotic (pain-relieving and sleep-
inducing drug) that is extracted from the opium poppy 
(Figure 24.15) (Papaver somniferum) grown mainly in 
parts of Afghanistan. It is a very powerful (and addictive) 
painkiller that is prescribed only to alleviate severe 
pain, frequently in patients who are terminally ill. It 
also causes a sense of euphoria or great happiness and 
wellbeing. 

Figure 24.14 Comparison 
of therapeutic and 

lethal dose curves for 
a pharmaceutical

Figure 24.15 Seed pods of the opium poppy
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However, unwanted serious side-effects of the drug include a feeling of drowsiness, slow weak 
breathing, mental confusion, seizures, nausea and constipation. (Laxatives such as Dulcolax or 
Senokot, which stimulate contractions of the bowel, are often used to relieve the constipation 
caused by morphine.)

Morphine’s most dangerous side-effect is its desensitization of the medulla oblongata in the 
brain which is concerned with the regulation of breathing. This causes the ventilation of the 
lungs to slow down. Moderate doses of morphine may become fatal if taken in conjunction with 
alcohol.

Chemistry and Literature
Kubla Khan; or, A Vision in a Dream: A Fragment is an unfinished poem by Samuel Taylor 
Coleridge (1772–1834), which takes its title from the Mongol and Chinese Emperor of the 
Yuan Dynasty (1271–1368). Coleridge claimed he wrote the poem in the autumn of 1797 at a 
farmhouse near Exmoor, England. It is likely that the vivid imagery of the poem stems from an 
opium-induced hallucination. Opium was widely used in Britain in the eighteenth and nineteeth 
centuries as a recreational drug and as a medicine.

The poem’s opening lines are often quoted, and it introduces the name Xanadu (or Shangdu, 
the summer palace of Kublai Khan (visited by Marco Polo)):

In Xanadu did Kubla Khan
A stately pleasure-dome decree:
Where Alph, the sacred river, ran
Through caverns measureless to man
Down to a sunless sea. n

 24.2 antacids
D.2.1 State and explain how excess acidity in the stomach can be reduced by the use of different bases. 

Peptic ulcer disease
Ulcers of the stomach (gastric ulcers) and the first part of the small intestine (duodenal ulcers), 
known collectively as peptic ulcers, affect large numbers of people. Between 10 and 20% of adult 
men in Western countries will suffer from a peptic ulcer during their lives. The disease is very 
painful and can be fatal.

Ulcers are small damaged areas of the mucous membranes of the stomach or small intestine 
which expose the underlying muscle layers of the gut wall to hydrochloric acid and the enzyme 
pepsin. These are both produced and released by the stomach, where 
they are involved in the digestion of proteins into polypeptides. 
However, the acid is also concerned with killing bacteria and other 
invading pathogens.

For many years the main medical treatment for peptic ulcers was 
the use of antacids (Figure 24.16) to neutralize the gastric juice in 
the stomach. The earliest antacids were sodium hydrogencarbonate 
(‘sodium bicarbonate’) and calcium carbonate (chalk), which 
although efficient and rapid, are not recommended for long-term 
use.

NaHCO3(s) + HCl(aq) → NaCl(aq) + H2O(l) + CO2(g)

CaCO3(s) + 2HCl(aq) → CaCl2(aq) + H2O(l) + CO2(g)

Figure 24.16 Mylanta: a commercial antacid  
containing magnesium and aluminium hydroxides



825antacids

Excessive use of sodium hydrogencarbonate may lead to alkalosis (a rise in the pH of blood) and 
fluid retention (‘bloating’). Repeated use of chalk as an antacid may lead to excessive amounts of 
calcium ions being absorbed into the body. 

Both antacids, but in particular sodium bicarbonate, suffer from ‘acid rebound’ where acid 
levels rise after neutralization as the stomach senses the change and stimulates acid secretion 
via production of a hormone called gastrin. Calcium ions can cause constipation so they are 
frequently combined with magnesium ions in commercial preparations of antacids.

Aluminium hydroxide and magnesium hydroxide (‘Milk of Magnesia’) are two other 
compounds used as antacids. Aluminium-containing antacids are slow acting and buffer the pH at 
acidic pH values (3–5). Aluminium ions have an astringent taste and may cause constipation.

Al(OH)3(s) + 3HCl(aq) → AlCl3(aq) + 3H2O(l)

Mg(OH)2(s) + 2HCl(aq) → MgCl2(aq) + 2H2O(l)

Aluminium ions can also prevent uptake of phosphate ions, due to precipitation of aluminium 
phosphate, and will bind to certain drugs because of their large charge density (a function of 
aluminium’s small ionic radius and high charge). Magnesium hydroxide (Milk of Magnesia) is a 
rapid and efficient antacid, but it does also act as a laxative. Aluminium and magnesium ions are 
frequently combined together in commercial antacids.

Some antacids are very weak bases and act very slowly but over a long period of time. 
Magnesium trisilicate slowly reacts with hydrochloric acid to form magnesium chloride and 
gelatinous silicon dioxide, which protects the mucosa (lining) of the stomach.

Sucralfate (Carafate) is a hydrated complex of aluminium hydroxide with a derivative of 
sucrose frequently prescribed to sufferers of peptic ulcer disease. It has no neutralizing capability, 
but forms a sticky viscous gel that protects the damaged membrane from further attack by 
hydrochloric acid and pepsin.

Language of Chemistry
Dyspepsia is derived from the Greek word pepsis meaning digestion. Dyspepsia is commonly 
known as indigestion and is frequently due to expulsion of gastric juice from the stomach – acid 
reflux. n

Dimethicone is an anti-foaming agent commonly present in antacid tablets (Figure 24.20) 
and other pharmaceuticals. It is also used as a defoaming agent in the food processing industry. 
Dimethicone is a surface active ingredient that reduces the surface tension of large bubbles, 
causing them to coalesce and produce a foam.

Dimethicone is a colourless viscous liquid with a low melting point. Its anti-foaming and anti-
flatulent properties are effective even when it is present at low concentrations. In addition it 
is chemically inert and does not interfere with the process of neutralization and is non-toxic to 
humans. Dimethicone is a polydimethylsiloxane whose structure is shown in Figure 24.21.
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Figure 24.17 Macgel (chewable antacid): contains aluminium  Figure 24.18 Structure of a 
hydroxide, magnesium hydroxide and polydimethylsiloxane (dimethicone) polydimethylsiloxane



826 Medicines and drugs

Alginates are derived from alginic acid, a slimy polysaccharide that prevents brown seaweeds 
from excessive drying and dehydration when exposed to air during low tides. Alginic acid is 
used in industry as a thickening agent and emulsion stabilizer and is found in whipped toppings, 
sauces, dressings, gravy, ice cream, milk shakes, jellies and custards (Chapter 26). Alginic acid 
also readily produces soft fibres which are used in light-weight wound dressings. They keep the 
wound moist and are able to absorb large amounts of fluid. Alginates can bind with toxic ‘heavy 
metals’ and remove them from the body, since alginates are not absorbed into the body from the 
intestines.

Alginates are frequently present in antacids. They produce a neutralizing layer on top of the 
contents of the stomach and prevent ‘heart burn’ when gastric juice moves up from the stomach 
through the pyloric sphincter (a ring of circular muscle at the top of the stomach) into the 
oesophagus. Certain foods and drinks, and even lying down to sleep, can cause heartburn.

n Extension: the causes of peptic ulcers
Modern treatments of peptic ulcer disease have depended upon 
an understanding of the various mechanisms that control gastric 
secretions. Before food arrives in the stomach it stimulates the 
secretory gastric cells in the stomach lining to produce acetylcholine 
and histamine (Figure 24.19).

When the food enters the stomach the organ becomes enlarged, which stimulates the gastric 
cells to release a hormone called gastrin. Gastrin, together with acetylcholine and histamine, 
stimulate the release of gastric juice (hydrochloric acid and pepsin) from parietal gastric cells. 
Another type of gastric cell secretes a glycoprotein called mucin, which coats the stomach to 
protect it against the actions of hydrochloric acid and pepsin. Mucin is continually produced but 
only slowly digested. However, if the production of mucin is inhibited then part of the stomach 
wall or mucosa could be digested, leading to a gastric ulcer.

The histamine acts directly on the acid-secreting parietal cells where it stimulates the 
potassium–hydrogen ion ‘pump’. This is a membrane protein that uses the energy from 
respiration to remove potassium ions from the gastric juice in the stomach and replace them 
with hydrogen ions.

One of the most common and successful drugs for the treatment of stomach ulcers is 
cimetidine (Tagamet) (Figure 24.20). It is classified as an anti-secretory agent because it 
inhibits the secretion of gastric juice. Its molecular structure has some similarities to histamine 
and so it is able bind to the histamine receptor which blocks stimulation of the potassium–
hydrogen ion pump and inhibits its action. Once the drug molecules have attached to the 
receptor site of the K+–H+ pump, the histamine 
molecules cannot bind to it. This means that the 
K+–H+ pump no longer operates and the secretion of 
gastric juice in the stomach is significantly reduced, 
allowing the stomach to repair the damage caused by 
the ulcer.

Helicobacter pylori
For many years the ultimate cause of ulcers was not known and it was widely believed that hard 
work, high stress and a poor diet were the causes of ulcers. However, in the 1980s evidence 
accumulated that ulcers are caused by a bacterium, Helicobacter pylori (Figure 24.21). H. pylori 
was first isolated by two Australian scientists, Robin Warren and Barry Marshall, in 1982. They 
were awarded the Nobel Prize in Physiology or Medicine in 2005 for their work on H. pylori and 
peptic ulcer disease.

H. pylori is found under the layers of mucus in the stomach lining, where the pH is only 4 
compared to the value of 1 for the gastric juice. The bacterium produces large quantities of
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Figure 24.20 Structure of cimetidine 
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an enzyme called urease which hydrolyses urea and leads to the production of ammonia. This 
protects the H. pylori bacteria from the surrounding hydrochloric acid. 

CO(NH2)2(s) + H+(aq) + 2H2O(l) → HCO3
−(aq) + 2NH4

+(aq) 
       urea

A breath test has been being developed to detect  
the ammonia from H. pylori infections. The treatment 
of ulcers has therefore changed and currently the 
treatment involves antacids, drugs such as ranitidine 
(Zantac), as well as antibiotics, such as amoxicillin 
and metronidazole. Recent work has also shown that 
the presence of H. pylori increases the risk of gastric 
(stomach) cancer six-fold, and accounts for about half 
of all gastric cancers. H. pylori is believed to be 
transmitted orally.

Figure 24.21 Electron micrograph of H. pylori possessing 
multiple flagella (negative staining) 

 24.3 analgesics 
Analgesics (Figure 24.22) are drugs used to relieve pain without causing loss of consciousness. 
They are traditionally classified as strong or addictive (or narcotic) or weak (or non-narcotic). 
Strong analgesics include the opium derivatives morphine and codeine and are used to provide 
relief from severe pain. Mild analgesics are able to provide relief from mild pain and, on occasions, 
severe pain. They are also frequently antipyretic: 
they reduce fever to normal body temperature. 
Mild analgesics include aspirin, paracetamol 
(acetaminophen), ibuprofen and naproxen. 
Anaesthetics in low doses, or local anaesthetics, 
are also analgesic in function.

Figure 24.22 Counterpain: a commercial mild analgesic 
containing methyl salicylate and the essential oils  

menthol and eugenol

History of Chemistry
By the 1970s medical researchers had discovered that aspirin reduces pain by acting on 
inflamed tissues and the associated nerves. This mechanism of action is in contrast to the 
action of morphine, a very powerful painkiller that acts directly on the brain. However, 
aspirin has other side-effects that could not be easily accounted for, such as its ability to 
inhibit platelet function. Platelets are small fragments of cells concerned with the clotting 
of blood.

In 1971 John Vane (now Sir John Vane and a winner of the 1982 Nobel Prize in 
Chemistry) suggested that aspirin functions by inhibiting production of prostaglandins. 
These are ‘local hormones’ or autacoids (page 815) that control a number of processes, 
such as blood pressure and platelet function. Unlike hormones they are present in all cells 
and are released when the cells are damaged or stimulated by hormones. 

Prostaglandins are responsible for the classic symptoms of inflammation, namely, redness 
(caused by dilation of blood vessels) and heat (leading to fever). Vane and his colleagues 
demonstrated in 1973 that aspirin inhibits the production of several prostaglandins from 
arachidonic acid (Figure 24.23), a fatty acid component of cell membranes. The enzyme

D.3.1 Describe and 
explain the 
different ways 
that analgesics 
prevent pain. 
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responsible for this conversion is prostaglandin H synthase, which has an amine group that 
undergoes a chemical reaction with aspirin (Figure 24.24).
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Figure 24.23 The formation of prostaglandin (PGE2)  Figure 24.24 The reaction between aspirin 
from arachidonic acid and prostaglandin H synthase

Vane’s hypothesis also explained some of the side-effects of aspirin, such as its tendency 
to cause stomach irritation and ulcers. He suggested that aspirin causes these problems 
because it blocks the synthesis of prostaglandins. The stomach lining releases these to 
regulate the overproduction of hydrochloric acid and to synthesize the protective mucus 
barrier that prevents self-digestion. In addition, aspirin prevents the body from excreting 
salt and water properly by preventing the kidney from synthesizing a prostaglandin 
concerned with dilating blood vessels.

Other side-effects of aspirin use may include fluid accumulation and interference with 
the clotting of blood. The latter has been exploited in the use of aspirin to prevent and 
reduce strokes (blood clotting inside the blood vessels of the brain) and heart attacks. An 
unwanted side-effect of aspirin is aspirin sensitivity syndrome, a rare genetic condition 
resulting in constriction of the trachea (windpipe), which can cause death.

Paracetamol does not prevent prostaglandin H synthase from synthesizing prostaglandins 
within body tissues, but is effective at inhibiting the enzyme in the brain, which perhaps 
explains its antipyretic activity. Some of the effects of aspirin and paracetamol are believed 
to depend on the direct interaction of these molecules with cell membranes. 

TOK Link
Sensory perception is one of the four ways of knowing identified by the IB’s Theory of Knowledge Programme. It is an important source of 
knowledge and our sense organs provide a means of communication between us and the ‘real’ world. Pain is an unpleasant but important 
type of perception. It often plays an important role in survival and protecting our bodies from being hurt. Consider the withdrawal reflex when 
you touch a hot object. Information about pain is brought to the brain from free nerve endings in the skin. 

Research has shown that our brains can regulate, control, determine and even produce pain. This has been demonstrated most clearly in 
patients with phantom limbs. Many people have the ability to feel pain, pressure, temperature and other types of sensations in a limb that 
does not exist (either amputated or born without). The feelings and the pain are sometimes so convincing that the person attempts to pick 
objects up with a phantom hand, step with a phantom foot or leg, etc. Often a person feels the phantom moving in perfect coordination with 
the rest of the body. These observations suggest that ‘reality’ is ‘simulated’ inside the brain and that the brain creates the impression that the 
limb exists and functions. 

‘Qualia’ is the term used by philosophers for the basic sensory experiences, for example the bitter taste of a medicine, the colour and texture 
of a pill, the sound of music, and pain caused by toothache. Many philosophers believe that qualia are a serious challenge to materialism, 
a philosophical theory which holds that all reality is physical in nature. The majority of scientists and philosophers would agree that pain 
is generated within the brain. However, how do the electrochemical signals generated within the neurones of brain tissue generate the 
sensation of pain? How do brain states generate mental states? Are brain states the same as mental states?
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D.3.2 Describe the use of derivatives of salicylic acid as mild analgesics, and compare the advantages and 
disadvantages of using aspirin and paracetamol (acetaminophen). 

Aspirin
Aspirin is a very widely used mild analgesic (painkiller).  It is derived from salicylic acid 
(2-hydroxybenzoic acid).  It has a range of useful medicinal actions.

History of Chemistry
In 1758, an English vicar, the Reverend Edward Stone, discovered that a crude (impure) 
extract from the bark of the willow tree (Figure 24.25) was effective in reducing the fever 
associated with various conditions, for example malaria (which was present in England 
during those times). The active ingredient was later identified as salicin (Figure 24.26), 
a glycoside. It was first isolated in significant amounts in 1828 by a French pharmacist, 
Leroux, and takes the form of bitter-tasting, yellow crystals.
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Figure 24.25 A weeping willow tree: its bark Figure 24.26 Structure of salicin  
contains salicin

In 1860 the German Chemist Hermann Kolbe synthesized salicylic acid (Figure 24.27) by 
reacting sodium phenoxide (C6H5O–Na+) and carbon dioxide. In 1876 two German 
doctors reported the successful treatment of the symptoms of acute 
rheumatic fever, an auto-immune disease where the body’s own 
immune system attacks bacteria in the joints between bones. In 
1888 it was used to alleviate the symptoms of arthritis.

Figure 24.27 Structure of salicylic acid (2-hydroxybenzoic acid) 

Acetyl salicylate, or aspirin (Figure 24.28), was introduced in 1898 by the German chemist Felix 
Hoffmann who found that his arthritic father could not tolerate the large daily doses of bitter 
sodium salicylate (a soluble salt of salicylic acid). Aspirin was 
much more palatable than sodium salicylate and was equally 
effective, but at lower doses. Aspirin was initially sold as a 
powder, but then later sold in tablet form bound together by 
starch. It not only proved effective at treating fevers and pain, but 
also reduced swelling and inflammation.

A potentially fatal condition linked to aspirin usage is Reye’s 
syndrome which, although primarily a children’s disease, can 
occur at any age. It affects all organs of the body, but those 
most at risk are the brain, which swells due to an increase in fluid 
pressure, and the liver, due to a massive accumulation of fat. 
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Figure 24.28 Structure of aspirin 
(acetyl salicylic acid)
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The cause of Reye’s syndrome is not known but a risk factor is the use of aspirin and related 
drugs during a viral illness. Recovery from Reye’s syndrome depends critically on the amount of 
swelling that has occurred within the brain. A complete recovery is possible, but permanent brain 
damage, coma or death from a heart attack are also possibilities.

Paracetamol
Paracetamol (Figure 24.29) (UK) or acetaminophen (US), like  
aspirin, relieves pain and reduces fever, but unlike aspirin does not 
reduce stiffness, redness and the swelling symptoms of arthritis. It has 
very few side-effects when taken as directed for a short period, but 
should not be taken with alcohol, nor by patients with kidney or liver 
disease. It is the preferred treatment for patients with aspirin allergy, 
ulcers or clotting disorders. However, there is some evidence that 
people who take high doses of it and drink large amounts of alcohol 
will have an increased risk of liver damage.

The differences between aspirin and paracetamol (Figure 24.30) 
are summarized in Table 24.2.

Aspirin Paracetamol

Causes gastrointestinal tract blood loss? Yes No

Increases the tendency to bleed? Yes No

Thins the blood and prevents clots from 
forming?

Yes (effective against heart 
attacks and strokes)

No

Can cause an allergic reaction? Yes No, because it is not a salicylate

Potential for causing nausea and vomiting? More Less

Possesses anti-inflammatory action? Yes and hence used in treating 
rheumatoid arthritis 

Weakly anti-inflammatory

Potential to act as a suicide drug? Yes Yes

Anti-pyretic Yes Yes

   
Figure 24.30 Paracetamol and aspirin Figure 24.31 Alka-Seltzer tablet reacting with water

Language of Chemistry
Alka-Seltzer (Figure 24.31) is a name owned by the German Bayer Corporation for a 
line of medications sold over the counter. Alka-Seltzer is a combination of aspirin, sodium 
hydrogencarbonate (NaHCO3) and citric acid, designed to treat pain and simultaneously 
neutralize excess stomach acid (the Alka being derived from the word alkali). It is provided in the 
form of large effervescent tablets, which are dissolved in a glass of water. As the tablets dissolve, 
the base (hydrogencarbonate) and the acid (citric acid) react vigorously, producing carbon 
dioxide gas (hence the Seltzer). n

OH

NHCOCH3

paracetamol
(acetaminophen)

Figure 24.29 Structure of 
paracetamol  

(n-(4-hydroxyphenyl)ethanamide)

Table 24.2 A summary 
table of the differences 

between aspirin and 
paracetamol
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D.3.3  Compare the structures of morphine, codeine and diamorphine (heroin, a semi-synthetic opiate). 

Opiates
Morphine is a natural opiate found in opium, which is extracted from the latex in the seed 
capsule of the opium poppy. Opiates are natural alkaloids found in opium. Alkaloids are a diverse 
group of nitrogen-containing bases extracted from plants. The two main opiates present in opium 
are morphine and codeine. Heroin is readily synthesized from morphine via a simple single-step 
synthesis. Heroin, morphine and codeine are all powerful analgesics that act on proteins known as 
opiate receptors located on the surfaces of nerve cells in the brain, spinal cord and intestines. The 
molecules of these opiates have a common structure, and hence shape, as shown in Figures 24.32, 
24.33 and 24.34.
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 Figure 24.32 Structure of morphine  Figure 24.33 Structure of codeine Figure 24.34 Structure of heroin

The binding sites of the various opiate receptors have specific shapes and therefore allow only 
certain molecules to bind at the sites. The opiates fit into these receptors because they have the 
correct structure and molecular shape. 

Language of Chemistry
The word morphine is derived from Morpheus, the god of dreams in Greek mythology. He is the 
son of Hypnos, god of sleep. In the film The Matrix, Morpheus awakes Neo from the dream world 
of the Matrix. n

Codeine
Codeine (Figure 24.33) is an alkaloid found in opium, but most codeine used in medicine is 
synthesized from morphine (via the attachment of a methyl group). It is a strong analgesic but 
it also has antitussive and antidiarrheal properties: it suppresses the urge to cough and restores 
normal bowel movements.

Codeine is sometimes marketed in combination preparations with paracetamol (acetaminophen) 
as co-codamol, or with aspirin  as co-codaprin. These combinations provide greater pain relief than 
either agent alone due to the operation of the synergistic effect (page 835).

Like all opiates, codeine is addictive unless used infrequently. However, the withdrawal 
symptoms are relatively mild and as a consequence codeine is considerably less addictive than the 
other opiates.

Language of Chemistry
Codeine is an example of a prodrug: a drug which is converted to a more active form inside the 
body.  A small proportion of the codeine is converted by liver enzymes to morphine and a range 
of other compounds. n
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Heroin
Diacetylmorphine (diamorphine) or heroin (Figure 24.34) is a semi-synthetic opiate, or opioid, 
derived from morphine. In its pure form it is a white powder that readily dissolves in water. 
Heroin can be swallowed or dissolved in water and injected into a vein – this method produces 
the most intense effect. Alternatively, it can be sniffed, or the fumes from the heated powder are 
inhaled – this method is sometimes called ‘chasing the dragon’.

When heroin was first synthesized in 1874 it was marketed as a safe non-addictive substitute 
for morphine. However, dependency or addiction quickly developed in some individuals and 
heroin and other opiates were made illegal in many countries, for example, in 1920 in the United 
States.

As well as acting as an analgesic, heroin produces a range of other effects such as depression of 
the activity of the nervous system, including the breathing and heart rates. Blood vessels are also 
widened (vasodilation) which reduces bowel activity and hence causes constipation.

Language of Chemistry
Alkaloid molecules contain nitrogen atoms in the form of amine functional groups. Since amines 
are bases, alkaloids form salts when reacted with acids just as alkalis do: they were originally 
referred to as plant alkalis and later the term alkaloid was created. It is the ability of alkaloids to 
readily form crystalline salts when treated with acids that makes them relatively easy to isolate in 
pure form. The names of alkaloids end in -ine because they are all amines. n

 Using morphine as an analgesic

D.3.4 Discuss the advantages and disadvantages of using morphine and its derivatives as strong analgesics. 

Heroin causes users to feel drowsy, warm and contented. It also relieves stress and discomfort by 
creating a relaxed detachment from pain. However, users quickly become physically dependent 
and tolerant to the drug: larger and larger doses must be taken to achieve the same state of 
euphoria (extreme happiness).

A sudden withdrawal from high doses of heroin produces a variety of withdrawal symptoms 
similar to the flu. Although they rarely last more than a week, feelings of weakness and anxiety 
can last for several months.

Many heroin addicts inject the drug  
(Figure 24.35) and the sharing of unsterilized 
needles can spread diseases such as tetanus, 
AIDS and hepatitis. There is also a risk of 
using impure drugs which have been mixed, or 
‘cut’, with unknown and potentially harmful 
substances. Apathy and the reduced appetite 
caused by the drug can lead to a poor diet and 
dependency on the drug can lead to financial 
problems which people try to resolve by theft 
or prostitution.

Figure 24.35 Heroin being cooked in a spoon

Applications of Chemistry
Methadone is a synthetic opioid frequently used to treat heroin addicts. Although 
chemically different from morphine and heroin it acts on the same receptors and produces 
many of the same effects. Methadone’s usefulness in treating heroin addicts is its long 
duration of effect and its ability to block the heroin withdrawal symptoms. At high 
concentrations it can block the euphoric effects of heroin and morphine.
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 24.4 Depressants
D.4.1 Describe the effects of depressants. 

Sedatives
Sedatives are a diverse group of drugs that, according to dosage, reduce anxiety, produce calm 
and induce sleep. They include alcohol, barbiturates such as phenobarbital, and the widely used 
benzodiazepines.

Barbiturates
Barbiturates are a group of drugs prescribed as sleeping pills and to prevent seizures: 
phenobarbital is frequently prescribed to epileptics. They mimic some of the action of alcohol 
by promoting sleep and at high doses preventing breathing. Barbiturates and alcohol act 
synergistically: the combined effect is greater than the effect of either one alone, and this 
combination is a frequent cause of suicide, both accidental and deliberate.

Barbiturates bind to certain receptors on nerve cells and make them less likely to ‘fire’ and 
produce a nerve impulse. They have a very wide and powerful effect on the central nervous 
system and for this reason have been largely replaced by the benzodiazepines.

All the sedatives share common traits with nicotine, opiates and other psychoactive drugs; 
namely, tolerance – the need for a steadily increasing dose to achieve the same physiological 
effect – and physical dependence – where withdrawal of the drug induces unpleasant symptoms.

Long-term abusers of sedatives suffer from anaemia, impairment of liver function, chronic 
intoxication (headaches, impaired vision and slurred speech) and depression. Babies, if born 
to mothers who are chronic users of sedatives, may have difficulty in breathing and in feeding, 
disturbed sleep patterns, sweating, irritability and fever.

Applications of Chemistry
Flunitrazepam is a powerful sedative marketed under the tradename Rohypnol. It has a 
similar structure to nitrazepam (Mogadon) and is prescribed for the short-term treatment 
of insomnia, the inability to sleep. The drug is also used as a date rape drug and referred to 
in street slang as a ‘roofie’.

alcohol
The popularity of alcoholic drinks probably comes from the sense of well being that it induces at 
low doses. This involves sedation of those parts of the brain involved with tension and anxiety. 
However, higher doses depress those parts of the brain involved in functions such as pain sensation, 
co-ordination and balance. At very high doses loss of consciousness and death may result.

The effects of alcohol

D.4.2 Discuss the social and physiological effects of the use and abuse of ethanol. 

Ethanol, the alcohol in alcoholic drinks, causes mild intoxication at around 30 to 50 milligrams 
(mg) per 100 cm3 of blood, resulting in a sense of euphoria (great happiness). In people who 
have not developed tolerance to ethanol, silly behaviour is observed. Once the concentration of 
ethanol has reached 100 mg per 100 cm3, most people suffer neurological problems resulting in 
slurred speech and staggering. 

Aggressive and dangerous behaviour are also common, even in experienced drinkers. At 
concentrations of 200 mg per 100 cm3 blood, vision and movement are difficult and at 400 mg per 
100 cm3 of blood, coma and death are likely. The usual cause of death is respiratory distress which 
is caused by an inhibition of nerve impulses from the reticular formation in the brain to the 
intercostal muscles between the ribs.
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The actual mode of action of ethanol is not fully understood: at low concentrations it is a 
stimulant, but at high concentrations it becomes a depressant. However, most of the problems 
attributed to ethanol (C2H5OH) are probably due to the action of ethanal (CH3CHO) formed 
from ethanol by the enzyme alcohol dehydrogenase (ADH) in the liver. This compound 
interacts with neurotransmitters to produce chemicals with psychotropic activity. Ethanal is then 
metabolized to ethanoate ions (CH3COO−) and eventually to water and carbon dioxide. The 
average 70 kg human male can oxidize about 10 grams of ethanol per hour.

The effects of alcohol on society are considerable. Studies have shown that there are strong 
correlations between heavy drinking, strokes, cirrhosis of the liver, suicide rates and all cancers, 
especially stomach cancer.

Long-term consumption of large quantities of alcohol can also lead to brain damage, due to its 
dehydrating action. Mothers who drink during pregnancy run the risk of giving birth to babies 
with fetal alcohol syndrome where the baby is born underweight with brain damage.

Alcoholism is medically defined as a disease; it is often progressive and frequently fatal. It often 
appears to run in families and has recently been established to have a strong genetic component 
in some people. It seems to be related to the levels of specific enzymes inside the body.

D.3.4  Describe and explain the techniques used for the detection of ethanol in the breath and in the blood or 
urine. 

Alcohol rapidly passes through the stomach wall and into the bloodstream. Most of the absorbed 
alcohol is decomposed into carbon dioxide and water. The remainder leaves the body via the 
sweat, in the breath, or in the urine. The highest concentration of alcohol in the blood is reached 
about an hour after drinking ceases, although this depends on a number of factors (including the 
amount of food in the stomach, which tends to slow the absorption of alcohol from the small 
intestine).

A sample of breath taken from deep in the lungs has an alcohol concentration related to the 
alcohol concentration in the blood, because a rapid equilibrium is set up between the blood and 
air in the lungs. The concentration of the alcohol in the breath is 1/2300 that in the blood. A 
measurement of the concentration of alcohol in the breath can therefore be used to calculate the 
concentration of alcohol in the blood.

The ‘Breathalyser’ was introduced in the UK in 1967 to test whether a driver has exceeded 
the legal limit of alcohol in his blood (currently the value in the UK is 80 milligrams per 100 cm3 
of blood which corresponds to 35 micrograms per 100 cm3 of air). Drivers suspected of excessive 
drinking were asked to blow through a previously sealed tube until they had provided a volume of 
one litre (1 dm3). The tube was packed with potassium dichromate(vi) crystals and sulfuric acid 
on a silica (silicon dioxide) support. Ethanol in the breath was oxidized to ethanal and then to 
ethanoic acid:

CH3CH2OH → CH3CHO + 2H+ + 2e−

   ethanol ethanal

CH3CHO + H2O → CH3COOH + 2H+ + 2e−

   ethanal ethanoic acid

The orange crystals of potassium dichromate(vi) were reduced to compounds containing green 
chromium(iii) ions:

Cr2O7
2− + 14H+ + 6e− → 2Cr3+ + 7H2O

The policeman could determine the concentration of alcohol in the driver’s breath by seeing 
what length of the crystals in the tube had changed colour.

In 1980 the British police started to use an electronic instrument called an Alcolmeter in 
place of the Breathalyser. This instrument, like the Breathalyser, makes use of the oxidation of 
ethanol to ethanal and ethanoic acid, but the oxidation process forms one of the electrodes in an 
electrochemical cell and the voltage of the cell is measured.
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The cell consists of a permeable membrane containing phosphoric acid or sodium hydroxide 
in sintered glass – a form of porous glass – sandwiched between catalytic coatings of silver or gold. 
When the driver breathes into the instrument the ethanol in their breath is catalytically oxidized 
to ethanoic acid at the metal electrode on one side of the membrane:

CH3CH2OH + H2O → CH3COOH + 4H+ + 4e−

Oxygen is kept in contact with the metal on the other side to act as a reference electrode (c.f. the 
standard hydrogen electrode). The oxygen is reduced to water:

O2 + 4H+ + 4e− → 2H2O

The instrument is calibrated by passing air with known ethanol concentrations through it and 
measuring the resulting cell voltage.

At the police station many drink driver suspects are given a second type of breath test, where 
the ethanol concentration is measured by absorption of infrared radiation (Chapter 21). The 
driver is asked to breathe continuously into a breath-testing instrument called the Intoximeter. 
The breath passes into a cell where it is irradiated with infrared radiation. The amount of 
radiation absorbed at a particular wavelength or frequency (specifically 2950 cm–1 to detect C-H 
bonds) is proportional to the number of ethanol molecules present.

Alternatives to breath testing are also available and involve taking samples of blood and urine 
and subjecting them to gas chromatography (GC). The samples are injected into a gas–liquid 
chromatograph (GLC) which separates out the different components. Their presence in the 
sample is displayed as a series of peaks on a chart recorder. The area under the peak due to alcohol 
is then used to calculate the concentration of alcohol. Not only can alcohol be detected and 
measured, other drugs can be detected and measured at the same time. 

 Alcohol in combination with other drugs

D.4.4  Describe the synergistic effects of ethanol with other drugs. 

Alcohol abusers frequently use alcohol in combination with other drugs. There is often a 
synergistic effect: the combination of the two drugs may be more harmful than either drug alone. 

For example, when alchol is used with cocaine a substance called cocaethylene is formed, 
which may extend and enhance the cocaine ‘high’. However, cocaethylene is far more toxic 
than cocaine and alcohol used separately and causes severe vasoconstriction (narrowing of blood 
vessels leading to a rise in blood pressure) and cardiac arrhythmia (an irregular heart beat). 
Alcohol can also be fatal when taken with benzodiazepines, such as Mogadon and Valium. In 
this case the combination of drugs suppresses the actions of the nervous system.

Hyperacidity is a consequence of excess production of gastric juice and hence hydrochloric 
acid. This is often caused by damage to the mucous membranes of the stomach wall by alcohol or 
aspirin, or a synergistic combination of both drugs. If untreated a gastric ulcer is likely to develop.

Some other common depressants

D.4.5  Identify other commonly used depressants and describe their structures. 

The drugs diazepam (Valium) (Figure 24.36) and nitrazepam (Mogadon) (Figure 24.37) belong 
to a synthetic group of drugs known as the benzodiazepines which were synthesized in the 1950s 
to treat people suffering from anxiety, depression, insomnia (inability to sleep), seizures and 
neuroses (personality disorders). 

Valium (Figure 24.36) was introduced in 1963 and soon became the world’s most prescribed 
drug. Some of the benzodiazepines, in particular Valium, have also been widely used as muscle 
relaxants. They are believed to function by inhibiting nerve transmission by interacting with 
neurotransmitters.
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Figure 24.36 Structure of diazepam (Valium) Figure 24.37 Structure of nitrazepam (Mogadon)

Common side-effects of Valium include drowsiness, fatigue and ataxia (loss of balance). Alcohol 
should also be avoided by people taking Valium and the dosage needs to be carefully monitored 
since it can lead to addiction or dependency, especially with high doses over prolonged lengths 
of time. Valium should also not be used by pregnant or breastfeeding mothers. Valium is used to 
treat the hallucinations that result from alcohol withdrawal.

 24.5 Stimulants 
 D.5.1  List the physiological effects of stimulants. 

Adrenaline
Adrenaline or epinephrine (Figure 24.38) is a hormone and natural stimulant produced in the 
adrenal gland of the kidney. It is transported in the bloodstream and affects the autonomic 
nervous system, which controls functions such as the heart rate, breathing rate, pupil dilation and 
sweating.

Adrenaline is released at high concentrations in response to anxiety, exercise or fear and is the 
basis of the so-called ‘fright, flight or fight’ response. It causes a rise in blood sugar levels by 
stimulating the breakdown of glycogen to glucose 
in the liver. In addition it acts upon adipose (fat) 
cells, causing them to release triacylglycerides 
(fats) into the bloodstream. Both these actions 
help to stimulate respiration in the muscles.

Adrenaline is used in surgery to prevent 
bleeding and is administered in combination with 
local anaesthetics to make their effects last longer 
and to reduce the dose. It cannot be taken by mouth however; due to its reactivity, it must be 
administered by injection under the skin.

n Extension: noradrenaline
Noradrenaline or norepinephrine is a molecule made in the brain and limbic system, a part of 
the brain known to be involved in the control of emotional behaviour. It is closely related to 
adrenaline in structure, but has a very different function. 

It is one of the major neurotransmitters involved in transmitting nerve impulses across 
synapses between adjacent neurones. In the brain it is involved in generating thought processes 
and emotions, but outside the brain it controls blood pressure.

People who suffer from hypertension (high blood pressure) were sometimes prescribed a drug 
called reserpine (a plant-derived drug) which works by reducing the amount of noradrenaline in 
the nerve endings.
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Figure 24.38 Structure of adrenaline
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Amphetamines

D.5.2  Compare amphetamines and adrenaline (epinephrine). 

Amphetamines are a group of sympathomimetic drugs that increase the heart rate and secretion 
of the hormone adrenaline into the bloodstream. The most common type of amphetamine (Figure 
24.39) is amphetamine sulfate, known amongst users as ‘speed’ or ‘whizz’. It gives users extra 
energy for several hours, prevents sleep, reduces appetite and 
widens the pupils. For these reasons it has recently become 
popular in raves and clubs along with the ‘designer drug’ 
ecstasy. It was also widely used by soldiers in World War 
Two  and the Vietnam War in the form of ‘wakey wakey 
pills’ to enable them to stay awake and remain alert for long 
periods of time.

Language of Chemistry
Sympathomimetic drugs are substances that mimic the effects of stimulation on the sympathetic 
nervous system. The sympathetic nervous system is a branch of the autonomic nervous system 
concerned with unconscious control of the body. It becomes more active during times of stress. n

Repeated high doses of amphetamines can produce panic, hallucinations and feelings of paranoia 
and there is a high risk of physiological dependence. Heavy users risk damaging blood vessels, 
heart failure, lowered immune resistance and, if female, disruption of their menstrual cycle. 
Amphetamine sulfate can be sniffed, or snorted up the nose, like cocaine or dabbed from the 
finger into the mouth or injected. It is not usually smoked, although there is a very addictive form 
of amphetamine sulfate commonly called ‘ice’ that can be smoked.

Nicotine

D.5.3  Discuss the short- and long-term effects of nicotine consumption. 

Nicotine is an alkaloid found in the leaves of the tobacco plant and is present in cigarette smoke. 
It is largely responsible for the highly addictive nature of smoking (Figure 24.40). Nicotine has an 
80 to 90% addiction rate which is equal to or greater than that of crack cocaine. The yearly death 
rate in the US due to cigarette smoking is higher than for all other drugs combined.
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Figure 24.40 A packet of cigarettes and a nicorette patch (to help  Figure 24.41 Structure of nicotine 
smokers stop smoking) 

The effects of nicotine (Figure 24.41) on the body are varied and complex. Firstly, nicotine affects 
the smoker’s heart rate which results in faster breathing, causing the smoker to consume more 
oxygen. Within the circulatory system blood vessels are narrowed and the rate of blood flow is 
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Figure 24.39 Structure of amphetamine
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decreased and as a consequence the blood will be more likely to clot. Nicotine also reduces the 
output of urine (anti-diuretic effect).

The long-term smoker runs an increased risk of suffering from emphysema (damage to the 
lung’s air sacs (alveoli)), characterized by shortness of breath; lung and throat cancer; chronic 
bronchitis, characterized by prolonged bouts of coughing; and heart disease. Pregnant women who 
smoke run an increased risk of stillbirths, miscarriages and premature births. The risk of cot or 
crib death for the children of mothers who smoke is increased.

Many smokers take the first cigarette early in the morning, when it acts as a stimulant since 
it speeds up several body reactions. Later on in the day it can act as a relaxant and help calm the 
smoker. The effect experienced by the smoker will depend upon a number of factors, including 
the time of day, the level of stress the smoker is experiencing and the amount of nicotine already 
present in the smoker’s body.

People smoking for the first time often experience nausea (sickness) on their first exposure to 
nicotine, but the body soon becomes tolerant. Smokers also experience nausea if their smoking 
raises nicotine levels beyond their normal range. Cigarettes also have a clear effect in suppressing 
appetite, perhaps explaining why smoking is so common amongst teenage girls. It suppresses 
appetite, particularly for sweet foods, in both women and men. Consequently ex-smokers 
frequently gain weight, as well as suffering mild depression.

Nicotine has been demonstrated to act on the autonomic nervous system, that part of the 
nervous system concerned with regulating ‘automatic’ functions like breathing, the heart rate 
and contraction of intestinal muscle. Nicotine causes stimulation followed by inhibition of nerve 
transmission. It also interacts with protein receptors on the surface of brain cells called nicotinic 
receptors. 

Caffeine

D.5.4  Describe the effects of caffeine and compare its structure with that of nicotine. 

Caffeine (Figure 24.42) is found in coffee, tea and soft drinks. There is also some caffeine present 
in chocolate, as well as a closely related compound (differing by one methyl group), theobromine, 
which is found in tea, chocolate and cocoa. The caffeine in carbonated 
drinks (sodas) is generally produced from cola berries. 

Caffeine stimulates the central nervous system and the adrenal glands, 
making the person feel more energetic. As a drug, caffeine is used to help 
restore or sustain mental alertness and to prevent drowsiness.

In addition to its stimulant properties caffeine acts as a diuretic and 
increases the blood flow through the kidneys, which produce more 
urine. This is why caffeine-containing drinks are not recommended for 
quenching thirst.

Tea leaves contain about 4% by mass of caffeine and coffee beans from 
1 to 2% depending on the type of beans. However, the brewing process reverses this situation: a 
typical cup of tea contains about 40 milligrams (mg) of caffeine compared with about 85 mg in a 
cup of coffee made from ground roast coffee. Decaffeinated coffees and teas are available whose 
caffeine has been removed by the use of liquid carbon dioxide. 

Large doses of caffeine of 1000 mg or more can cause restlessness, insomnia (sleeplessness), 
tachycardia (rapid pulse rate), palpitations (shaking) and diarrhoea. It is therefore recommended 
that the average intake of coffee should be kept below three cups a day, especially if you 
experience side-effects. Caffeine is a mildly addictive drug which it is possible to become 
dependent on. Caffeine may also accelerate the loss of calcium ions from bones, and individuals 
with heart disease are strongly recommended to follow a caffeine-free diet. A few people are 
very sensitive to caffeine in small amounts and athletes need to monitor their intake since it is a 
restricted drug.
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Language of Chemistry
Theobroma means ‘food of the gods’ in Greek. Note that theobromines normally do not contain 
sulfur (thio-) or bromine at all. n

Caffeine is rapidly absorbed and distributed to all body tissues and fluids including the central 
nervous system (CNS), fetal tissues (if the consumer is a pregnant woman) 
and breast milk. Caffeine is removed from the body through liver 
metabolism and excreted in the urine.

There are two important ways in which a moderate intake of caffeine 
stimulates the nervous system. The first and most important is the ability 
of caffeine to block adenosine receptors that bind to secondary messengers 
like cyclic adenosine monophosphate (cAMP). Caffeine has similarities in 
structure to the adenosine group (Figure 24.43) of cAMP and will bind to 
the adenosine receptor. This results in cAMP levels remaining high inside 
the cell, thus prolonging the excitatory signals from adrenaline.

Figure 24.43 Structure of adenosine

The second effect of caffeine is its ability to inhibit a group of enzymes known as 
phosphodiesterases which break down cAMP. However, relatively high concentrations of caffeine 
are required before this effect becomes important.

Another physiological effect of caffeine is a constriction of blood vessels which can relieve 
the pressure of headaches and migraines. Caffeine can therefore increase the effectiveness of 
analgesics, such as aspirin, and is often included with them.

 24.6 antibacterials 
D.6.1  Outline the historical development of penicillins. 

Alexander Fleming was a bacteriologist who had worked in a hospital in France during World 
War One. On his return to England he took up a post in St Mary’s Hospital in London where he 
studied an antibacterial agent present in tears and nasal mucus. Unfortunately, neither of these 
secretions was particularly active. However, egg white was identified as a better source of an 
antibacterial agent he called lysozyme.

His discovery of penicillin occurred when he left a pile of used culture plates containing a 
growth of a Staphylococcus bacterium on the end of a bench when he went on holiday. In his 
absence a rare strain of a fungus called Penicillium notatum entered through a window and landed 
on one of the plates. During a warm spell later in the month the fungus multiplied and inhibited 
the growth of the surrounding Staphylococcus bacteria. In nature Pencillium produces penicillin 
when its food resources are limited, to kill surrounding bacteria.

Fleming cultured the fungus and found it would inhibit the growth of a wide range of bacterial 
strains. Once the fungus had been identified Fleming named the extract penicillin. Fleming 
arranged for two of his graduate students to grow large quantities of the mould so that it could be 
characterized and later given to patients with a variety of bacterial infections with mixed success. 
Early research indicated that penicillin was not a protein and was not stable in the presence of 
acid. During the next decade the group at St Mary’s continued to culture Penicillium notatum.

Howard Florey was appointed as a Professor in the Pathology Department of Oxford 
University in 1935 where he continued his studies of the antibacterial properties of lysozyme 
begun in 1927. In 1937, one of his students, Ernst Chain, showed that it attacked the cell walls of 
susceptible bacteria, causing their disintegration.

In 1938 Chain, Abraham and Healey repeated Fleming’s earlier work on the isolation of 
penicillin, but significantly improved the purity of their extract. They then began to produce 
large quantities of penicillin and conduct medical trials.

The Nobel Prize in Physiology or Medicine was jointly awarded to Fleming, Florey and Chain 
in 1945. The structure of a penicillin (penicillin G from Penicillium chrysogenum) was established 

NH
2

HO

HO OH

N

N

N

O

N



840 Medicines and drugs

using X-ray crystallography by Dorothy Hodgkin 
at Oxford. Penicillin molecules consist of a four 
membered beta-lactam ring fused to a five 
membered sulfur-containing thiazolidine ring 
(Figure 24.44).

Figure 24.44 General structure of the penicillins

Language of Chemistry
Serendipity refers to the accidental discovery of something important while looking for something 
else. The word derives from an old Persian fairy tale (The Three Princes of Serendip) and was 
coined by Horace Wallace in 1754. n

TOK Link 
The History of Science has many examples of serendipitous discoveries and inventions. 
Pharmacology and Chemistry are probably the fi elds where serendipity is most common. 
Although luck is obviously a factor one should bear in mind Louis Pasteur’s maxim: ‘in the 
fi eld of observation, chance only favours the prepared mind’. Fleming’s discovery of 
penicillin provides an example of scientifi c serendipity. He failed to disinfect cultures of 
bacteria when leaving for his holiday, only to later fi nd them contaminated with 
penicillium moulds. However, it should be noted that he had previously done extensive 
research into antibacterial substances. The initial discovery of the anti-cancer drug cisplatin 
was also serendipitous. The American chemist Barnett Rosenberg (1926– ) was looking 
into the effects of an electric fi eld on the growth of bacteria. He noticed that bacteria 
ceased to divide when placed in an electric fi eld and eventually pinned down the cause of 
this phenomenon to the platinum electrode he was using. A chemical reaction between 
the electrode and nutrients in the solution caused production of small amounts of 
cisplatin. Cisplatin was later shown to inhibit the replication of DNA (Figure 24.45).

Figure 24.45 A diagram showing how cisplatin might disrupt DNA replication.
It forms intra-strand DNA cross-links between adjacent bases on the same strand of

DNA and inter-strand DNA cross-links between DNA strands.

n Extension: types of antibiotics
A broad-spectrum antibiotic is active against 
a wide range of bacterial diseases or bacterial 
strains. A narrow-spectrum antibiotic is active 
against only a small range of bacterial diseases or 
bacterial strains.

Examples of broad-spectrum antibiotics include 
ampicillin and amoxicillin (both are examples 
of semi-synthetic penicillins), streptomycin, 
gentamicin, erythromycin (Figure 24.46), 
tetracycline and chloramphenicol. Examples of 
narrow-spectrum antibiotics include penicillin G, 
polymyxin and bacitracin.

Figure 24.46 Erythromycin tablets
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How penicillins work

D.6.2  Explain how penicillins work and discuss the effects of modifying the side-chain. 

The bacterial cell wall, or envelope, contains a protective peptidoglycan ‘mesh’ made up of 
many long chains of alternating sugars (N-acetylmuramic acid (NAM) and N-acetylglucosamine 
(NAG)), cross-linked by short peptides (Figure 24.47). Penicillin functions by preventing proper 
cross-linking of the peptidoglycan layer when the bacteria are creating new cell walls, during 
periods of growth or cell division. Penicillin has no effect on peptidoglycan strands that are 
already cross-linked.

NAMNAGNAMNAGNAMNAGNAMNAGNAMNAG

NAMNAGNAMNAGNAMNAGNAMNAGNAMNAG

NAM

sugar backbone

peptide
cross-link
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The original Penicillium notatum mould was found to produce a mixture of different penicillins 
that were given the letters G, X, F and K. The most useful of these was penicillin G because of its 
high effectiveness and the higher yield from the fermentation process.

Attempts were then made in the 1950s to modify the ‘natural’ penicillins chemically to vary 
the nature of the R group in Figure 24.44. Three new semisynthetic penicillins were produced: 
S (R = CH3(CH2)3SCH2-), O (R = CH2=CHCH2SCH2-) and V (R = C6H5OCH2-). The 
only one still in use is the penicillin V, which is acid stable. This means that the drug can be 
given orally, rather than by injection. It also allows doctors or general practitioners (GPs) to 
prescribe the drug for home use. However, the spectrum of antibacterial activity is the same as for 
penicillin G.

Bacteria possess enzymes named penicillinases that can hydrolyse penicillin to the inactive 
penicilloic acid. Pencillinase hydrolyses the four-membered beta-lactam ring present in pencillins. 
Bacteria resistant to penicillin due to penicillinase production have become widespread in 
hospitals.

A number of drugs are mixtures of penicillins with compounds that increase their potency. 
One such combination is Augmentin, which is amoxicillin with clavulanic acid (Figure 24.48). 
Clavulanic acid is a beta-lactamase inhibitor; that is, it stops the 
action of enzymes that degrade beta-lactam compounds, and thus 
protects the amoxicillin molecule from destruction.

Figure 24.48 Structure of clavulanic acid

Language of Chemistry
Vancomycin is often described as the antibiotic of ‘last resort’. It is a glycopeptide antibiotic used 
only after treatment with all other antibiotics has failed. Vancomycin was first isolated from a soil 
sample from the jungles of Borneo by a missionary. n

Figure 24.47 Simplified 
structure of the bacterial 
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Bacterial resistance to antibiotics

D.6.3 Discuss and explain the importance of patient compliance and the effect of penicillin overprescription. 

Penicillin quickly became a widely used antibiotic against a variety of bacteria. During World 
War Two  it helped to conquer the biggest wartime killer: infected wounds. It was also used to 
treat sexually transmitted diseases that were common in soldiers. However, just four years after 
the drug companies began mass-producing penicillin in 1943, penicillin-resistant bacteria began 
to appear.

One reason why bacterial resistance to penicillin (and other antibiotics) has arisen is that 
they are often overprescribed. If people take penicillin for a minor bacterial infection that their 
immune system would be able to deal with, they are increasing the chances of a resistant strain 
emerging. When the non-resistant bacteria are destroyed, the small numbers of resistant forms 
will be able to multiply due to an absence of competition. A process of natural selection has 
occurred in the bacterial population. Similar reasoning can also be applied to people who do need 
to take antibiotics, but do not complete their course of treatment.

Bacterial resistance to penicillin comes in many forms. A mutation in bacterial DNA can 
limit the permeability of the cell wall, preventing uptake of penicillin into the periplasmic space 
between the cell wall and cell membrane. Or it may cause the bacteria to produce enzymes called 
pencillinases, which break down the penicillin molecule, or alter cross-linking enzymes involved 
in cell wall production so that penicillin can no longer inhibit them.

Bacteria can acquire antibiotic-resistant genes in a number of ways. The bacterial DNA may 
mutate spontaneously. Such a process involves a change in the sequence of bases along the length 
of DNA. In a form of sexual reproduction called conjugation or transformation, one bacterium 
may acquire DNA from another bacterium. Antibiotic resistance spreads most quickly when 
bacteria acquire small circular pieces of DNA called plasmids. A single bacterial plasmid can 
confer resistance to several different antibiotics.

Antibiotics have been widely used in the livestock industry to treat sick animals and, more 
significantly, to promote growth. Other drugs prescribed to livestock include hormones, to fatten 
and promote growth, steroids, to build up bulk and weight, and tranquilizers, to reduce stress. 
Perhaps the most dangerous aspect of the use of antibiotics in livestock feeds is that they promote 
the emergence of antibiotic-resistant strains in the animals.

Tuberculosis (TB) is a common and often deadly infectious disease caused by Mycobacterium 
tuberculosis. Tuberculosis (Figure 24.49) is spread through the air when people who have the 
disease cough, sneeze or spit. TB usually 
attacks the lungs (pulmonary TB) but 
can also affect the central nervous 
system and the circulatory system. The 
classic symptoms of TB are a chronic 
cough (with blood in the sputum), 
night sweats and weight loss. People 
with HIV are especially prone to TB 
infection because of their compromised 
immune systems. TB treatment is 
difficult and requires long courses (6–12 
months) of multiple antibiotics, often 
involving rifampicin and isoniazid. 
Antibiotic resistance is a growing 
problem in the treatment of TB. 

However, the use of antibiotics 
carries a number of other risks. Penicillins 
can cause allergic reactions in some 
people, and some antibiotics, such as nitrofuran, are carcinogenic at high concentrations. Other 
antibiotics, such as streptomycin, can have toxic side-effects, such as deafness and kidney trouble.

Figure 24.49 TB service centre in  
Tanjong Pagar, Singapore, 1948
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 24.7 antivirals
D.7.1  State how viruses differ from bacteria. 

Viruses are acellular parasites that replicate inside living cells. They consist of a nucleic acid 
(DNA, usually double stranded, or RNA, usually single stranded) surrounded by a protein capsid 
and in some cases a membrane-like envelope. Once a virus or its nucleic acid enters a cell the 
host cell’s enzymes and ribosomes are ‘hijacked’ to manufacture many new virus particles. The 
viruses will then exit from the cell through the cell membrane, leaving behind a dead or damaged 
cell. In some viral infections the viral DNA becomes integrated into the host’s DNA and does 
not kill the host or cause any obvious illness.

Familiar animal diseases caused by viruses include: warts, herpes, meningitis, measles, 
influenza (flu), rabies, hepatitis B, SARS, avian influenza (‘bird flu’) and AIDS (caused by the 
human immunodeficiency virus, HIV). Plants and bacteria are also prone to viral infection. The 
structures of the flu and herpes viruses are shown in Figure 24.50.
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The most familiar retrovirus is the human immunodeficiency virus, HIV (Figure 24.51), which 
is responsible for the condition known as AIDS (acquired immune deficiency syndrome). It 
reproduces inside a group of specialized white cells in the blood known as T4 lymphocytes or T4 
helper cells, important regulators of the immune system which is concerned with resisting and 
fighting infectious agents.
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Retroviruses, like HIV, are unusual because their genetic information is in the form of two 
single-stranded RNA molecules. Once inside the T4 helper cell a viral enzyme called reverse 
transcriptase (hence the name retrovirus) produces a DNA copy of the RNA. This is then 
inserted into the DNA of the T4 lymphocyte (Figure 24.52).

Figure 24.50 The 
structures of the flu and 

herpes viruses

Figure 24.51 The external 
appearance and interior 

structure of HIV
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HIV particle
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Bacteria (Figure 24.53) have a protective outer membrane and an inner plasma membrane that 
encloses the cytoplasm and the nucleoid – the area of cytoplasm that contains a single circular 
DNA molecule. Between the inner and outer membranes is a thin but strong layer of sugar 
polymers cross-linked by amino acids (peptidoglycans). Many bacteria have flagellae to propel 
themselves through their surroundings and pili so they can adhere to the surfaces of animal cells.

pili – enable attachment to surfaces and to other 
bacteria for exchange of genetic material

ribosomes* – sites
of protein synthesis

nucleoid* – genetic material:
a single circular chromosome
of about 4000 genes

cell wall* – protects cell from
rupture caused by osmosis
and possible harm from
other organisms

cytoplasm* – site of the
chemical reactions of life

flagella – bring about
movement of the 
bacterium

food granule

mesosome

plasmid

plasma membrane* – 
a barrier across which all
nutrients and waste 
products must pass

* structures that
occur in all bacteria
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How antiviral drugs work

D.7.2  Describe the different ways in which antiviral drugs work. 

Outside the cell, viruses are effectively in a state of suspended animation and so cannot be 
targeted by drugs. However, inside the cell they are incorporated into the host, hence it is 
difficult to kill the virus without killing the cell. For this reason it is only relatively recently that 
dugs capable of controlling viral diseases have been developed.

Antiviral drugs can theoretically act at a number of points in the viral life cycle. The first step 
in viral infection is the adsorption of the virus onto the cell surface, often onto specific receptor 
proteins. Unfortunately, there are no antiviral drugs currently available to 
prevent the adsorption of viruses onto cell membranes.

The second possible point of attack for antiviral drugs is penetration, 
usually via engulfment of the virus particle by a small portion of the cell 
membrane during a process called exocytosis. Amantadine (Figure 24.54) 
(Symmetrel) appears to prevent the release and uncoating of viruses and 
has been used to treat rubella (German measles) and influenza (flu).

Figure 24.54 Structure of amantadine

Figure 24.52 HIV 
infection of a white 

blood cell

Figure 24.53 The 
structure of escherichia 

coli – a ‘typical’ bacterium
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The third step of a viral life cycle involves the shedding of the protective protein capsid, which 
is an enzyme-controlled process. The antimalarial drug chloroquine is the only drug found to 
inhibit the uncoating of a virus (Newcastle disease virus).

The most promising point of attack for antiviral 
drugs is during the synthesis of viral proteins and viral 
nucleic acids. Phosphonoformic and phosphonoacetic 
acids (Figure 24.55) are two antiviral agents that 
inhibit the action of the viral DNA polymerase, the 
enzyme responsible for the production of viral DNA.

Another approach is to use what is called the anti-
metabolite concept, which usually involves the 
synthesis of modified chemical bases used in the 
synthesis of nucleic acids. An example of such a drug is 
zidovudine (Retrovir or AZT) (Figure 24.56) which is 
one of the few drugs used with some success in the clinical 
treatment of AIDS.

Once AZT is incorporated into growing DNA strands it causes 
termination and the enzyme, reverse transcriptase, is no longer 
able to extend the DNA chain. Two similar agents that block 
DNA replication in the HIV virus are dideoxyinosine (ddI, DDI 
or Videx) and dideoxycytidine (ddC or Hivid).

Figure 24.56 Structure of azidothymidine (AZT)

Applications of Chemistry
Tamiflu (oseltamivir) (Figure 24.57) is an antiviral drug that is used in the treatment of 
influenza A and B infections. It functions by inhibiting the viral enzyme neuraminidase. 
This is an enzyme on the surface of influenza viruses that enables the virus to be released 
from the host cell. Tamiflu thus prevents influenza viruses from leaving the host cell. 
Tamiflu may be given as a preventative measure either during a flu outbreak or following 
close contact with an infected individual.

  Figure 24.57 Tamiflu

Acquired immune deficiency syndrome (AIDS)

D.7.3  Discuss the difficulties associated with solving the AIDS problem. 

Drug treatment for aiDS
Very few antiviral compounds have been found to be effective against HIV. The only clinically 
available drugs are the nucleoside-based inhibitors of the viral enzyme reverse transcriptase, such 
as AZT. The human immunodeficiency virus has been shown to undergo several mutations, 
resulting in new strains becoming increasingly resistant to drugs, many of which are significantly 
toxic.

OH

OH

OH

OH

O

O
O

O

P PHO

OH

C
CH2

C

Figure 24.55 Structures of phosphonoformic 
(foscarnet) and phosphonoacetic acid (fosfonet) 

HO

N
3

CH
2

H
3
C

CC

C

C

O

OO

N

N

H

H

H
H

H



846 Medicines and drugs

However, the latest research in the development of drugs and vaccines to combat HIV is centred 
on a protein called HIV-1 protease, an essential enzyme needed for the production of the virus. 
Inhibition of this enzyme leads to the production of incomplete and non-infectious HIV particles.

There have been two approaches to drug development in this area. The first involves 
production of peptide-based inhibitors of HIV protease that mimic the transition state of the 
enzyme’s substrate. The second approach involves synthesizing small non-peptide molecules that 
are able to bind to the active site of the protease. Many of these molecules have been designed by 
computer-based molecular modelling using information derived from X-ray diffraction studies of 
crystallized HIV-1 protease (Figure 24.58).

Societal and cultural factors
Although treatments for AIDS and HIV can slow the course of the disease, there is currently 
no vaccine or cure. Antiretroviral treatment prolongs the lives of people infected with HIV, 
but these drugs are expensive and routine access to antiretroviral medication is not available 
in all countries. 95% of HIV positive people live in developing countries. Less than 8% of those 
needing retroviral therapy receive it. Due to the difficulty of treating HIV infection, preventing 
infection is a key aim in controlling the AIDS epidemic, with health organizations promoting 
safe-sex programs in attempts to slow the spread of the virus. The condom, if used correctly 
without oil-based lubricants, is the single most effective available technology to reduce the sexual 
transmission of HIV. 

AIDS stigma exists around the world in a variety of forms, including discrimination; rejection 
and avoidance of HIV-infected people; compulsory HIV testing without prior consent or 
protection of confidentiality; violence against HIV-infected individuals and the quarantine of 
HIV-infected individuals. The fear of violence prevents many people from seeking HIV testing, 
returning for their results, or securing treatment. In many developed countries, there is an 
association between AIDS and homosexuality or bisexuality, and this association is correlated 
with anti-homosexual attitudes (homophobia). There is some evidence that homosexuality is 
inherited and influenced by several genes on the X chromosome.

 24.8 Drug action
Isomerism

D.8.1  Describe the importance of geometrical isomerism in drug action. 

Compounds that have the same molecular formula, but different structural formulae, are described 
as isomers. Isomerism is most common in organic chemistry, but structural, geometric and optical 
isomerism are all shown by transition metal complex ions (Chapter 13), some of which are used 
as pharmaceuticals.

Figure 24.58 Computer model of the 
structure of HIV-1 protease and associated 
water molecules (determined by neutron 
diffraction). The blue represents a bound drug 
candidate, KNI-272
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Geometrical isomerism occurs when transition metal complex ions have the same numbers and 
types of ligands, but their arrangement around the central metal ion varies. This is often loosely 
called cis–trans isomerism, referring to the relative positions of two of the selected ligands. This 
type of isomerism is only possible where the number of ligands is greater than or equal to four.

Diamminedichloroplatinum(ii), [Pt(NH3)2Cl2], a square planar complex, exhibits geometrical 
isomerism (Figure 24.59). There are two different ways of arranging the four ligands: ammonia 
molecules adjacent to one another – a so-called ‘cis’ arrangement – and a ‘trans’ arrangement 
where the two ammonia molecules are opposite one another.
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Figure 24.59 Geometrical isomerism in diamminedichloroplatinum(ii) 

The cis isomer of [Pt(NH3)2Cl2] is used medicinally as an anti-cancer drug and is known as 
‘cisplatin’. The trans isomer does not show any anti-cancer properties.

Cisplatin is a highly effective drug commonly used to treat cancer of the ovaries and testes, 
as well as tumours in the lungs, head, neck, bladder and cervix. Cisplatin is injected directly 
into the blood where it easily diffuses through the cell membranes of the tumour cells, since it is 
electrically neutral. Inside the cell, cisplatin exchanges a chloride ion for a molecule of water to 
form [Pt(NH3)2(Cl)(H2O)]+ which is the active principle (the molecule that has the anti-tumour 
properties).

This positively charged molecule then passes through the nuclear membrane where it binds to 
DNA. Once the complex [Pt(NH3)2(Cl)(H2O)]+ has bound to DNA it exchanges another 
chloride ion to form [Pt(NH3)2(DNA)(H2O)]2+, which will then bond at a second site on the 
double helix of the DNA. Bonding occurs between the platinum ion 
at the centre of cisplatin and the nitrogen or oxygen atoms of the 
four bases of DNA (Figure 24.60). The second bond formed can be 
within the same base, between two adjacent bases on the same strand 
of DNA or between two bases on opposite strands of DNA. As a 
consequence, the helical turns of DNA are shortened and bent, 
thereby preventing DNA replication during cell division.

Unfortunately, cisplatin is significantly toxic, especially towards 
the kidney and nerve cells. These undesirable side-effects prompted 
chemists to modify cisplatin and produce various analogues, such 
as carboplatin, spiroplatin and bis(platinum) (Figure 24.61), all of 
which are as effective as cisplatin towards certain types of tumours, but less toxic. There is some 
evidence that bis(platinum) is particularly effective because, in addition to binding to DNA, it 
also binds directly to the enzymes involved in the repair of DNA.
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The importance of chirality in the action of drugs

D.8.2  Discuss the importance of chirality in drug action.

Enantiomers that act as drugs have different biological properties because they interact and bind 
with receptor molecules. These receptors are frequently cell membrane proteins whose surface 
contains a groove or cavity that is capable of interacting and binding only with the enantiomer 
that has a complementary structure (cf. ‘lock and key’ hypothesis – Chapter 22).

Thalidomide is a chiral molecule that was prescribed as a racemic mixture. It contains one 
chiral centre based at the carbon atom of the six-membered ring attached to the nitrogen 
(alpha-amino position) on the five-membered glutarimide ring. There are therefore two possible 
enantiomers (Figure 24.62).
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Figure 24.62 Structures of the two enantiomers of thalidomide

After thalidomide was withdrawn from the pharmaceutical market it was reported that the isomer 
on the right was teratogenic. It has been suggested that if thalidomide was marketed only as the 
isomer shown on the left the thalidomide tragedy could have been avoided. However, this long 
accepted hypothesis has become controversial since recent studies have shown that the two 
enantiomers undergo rapid conversion in human blood plasma.

Penicillin

D.8.3  Explain the importance of the beta-lactam ring action of penicillin. 

The various penicillins are a group of antibiotics that belong to a large class of antibiotics termed 
beta-lactam antibiotics. All the antibiotics in this class contain the beta-lactam ring (Figure 
24.44). It is this four-membered ring that is responsible for the antibacterial activity of penicillins 
and other beta-lactam antibiotics.

Penicillins inhibit the final step in the synthesis of bacterial cell walls. The final step involves 
the enzyme-controlled cross-linking of peptidoglycan strands. Penicillin resembles the dipeptide 
moiety (alanine–alanine) incorporated by the transpeptidase enzyme to perform the cross-linking 
reaction (Figure 24.63). The penicillin mimics the enzyme’s normal substrate and hence enters 
the active site. The enzyme becomes covalently attached to the penicillin molecule and is then 
not capable of catalysing any further reactions.

COOH

H
N

R H

H
H

S

O

O

N

CH
3

CH
3

COOH

H
N

H

HH

O

O

N

CH
3

CH
3

penicillin natural substrate

Figure 24.63 Structures of penicillin and alanine–alanine, the substrate for transpeptidase

The high chemical reactivity of the amide group within the four-membered ring structure is a 
result of ring strain. The bond angles in the four-membered ring will be close to 90˚, considerably 
less than the favoured bond angle of 109˚ for sp3 hybridized carbon atoms. The beta-lactam ring 
opens  so that the penicillin molecule becomes covalently bonded to the transpeptidase.
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Heroin and morphine

D.8.4  Explain the increased potency of diamorphine (heroin) compared to morphine. 

Semi-synthetic drugs are drugs synthesized from a naturally occurring chemical, rather than from 
simple starting substances. An early example of a semi-synthetic drug was diamorphine (heroin), 
which was synthesized from morphine. The conversion is performed by reacting morphine with 
excess ethanoic anhydride which converts an alcohol functional group (Figure 24.64) into an ester 
functional group. This is an example of an acylation, specifically ethanoylation (acetylation).

O
N

HO

HO

CH
3

H H

CH
3

C

O

O

O

CH
3

C

O

O

N CH
3

H H

ethanoic anhydride

morphine heroin

The consequence of the acylation is that a  
polar alcohol group (-OH) has been converted 
to a less polar ethanoyl group. This functional 
group conversion results in an increased potency 
by a factor of between 5 and 10 for heroin 
relative to morphine. Morphine, heroin and 
other opiates act on the brain but they have to 
pass through the blood–brain barrier (Figure 
24.65). This is a membrane-based structure that 
protects the delicate brain cells (neurones and 
glial cells) from toxic chemicals in the blood, 
but still allows the absorption of nutrients and 
dissolved oxygen.

Figure 24.65 The blood–brain barrier: many large  
drug molecules cannot pass through the  

thick capillary wall and glial cells

 24.9 Drug design
 D.9.1  Discuss the use of a compound library in drug design. 

Traditionally, researchers first identified a disease target, usually an enzyme or structural protein, 
and then searched for a chemical that would bind and interact with the drug target molecule 
and inhibit its action. Many of these compounds were discovered by ‘screening’ natural products, 
often from plant extracts, and testing them with cells grown in culture. The cells are frequently 
cancer cells of various types or, more recently, white cells infected with  HIV. The cells were then 
observed for any changes in growth, specifically inhibition.

However, once a compound had been identified to be active against a particular target, for 
example cancerous cells, it rarely had all the necessary properties required to become a drug. 
For example, it might be poorly soluble in water. Therefore, chemical analogues of the active 
compound were synthesized in order to optimize desirable properties and, equally, minimize 
any harmful effects. These chemical analogues constitute a chemical library: they will share 
common structural features but will have one or more different functional groups, for example, 

Figure 24.64 Synthesis of 
heroin

glial cell

blood

capillary wall

drug molecule
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Taxol (paclitaxel) and Taxotere (docetaxel). The various chemical analogues were then re-
tested until a suitable molecule, known as the drug candidate, with the best balance of chemical, 
pharmacological and physical properties was obtained.

The problem with this approach is that chemists using traditional methods of synthesis can 
typically synthesize only one different compound a day. Synthesizing a range of compounds to 
test against a disease target could have taken several years. Optimizing an active compound and 
discovering a drug candidate could take several more years.

Language of Chemistry
The term pharmacophore refers to the particular group of atoms or functional groups required for 
a drug to bind to a target. Knowledge of a drug’s pharmacophore is critical to drug optimization. n

Combinatorial chemistry

D.9.2 Explain the use of combinatorial and parallel chemistry to synthesize new drugs. 

To address these problems a new method of chemical synthesis was developed, known as 
combinatorial chemistry. This is an automated process by which large numbers of novel (new) 
chemical structures are synthesized on a small scale using solid phase chemistry. There are two 
approaches: parallel synthesis and the synthesis of mixtures.

Solid phase synthesis uses a polymeric support or resin which is inert to the reaction conditions 
used in the synthesis. This often takes the form of tiny plastic beads. In general, one bead carries 
one compound. There has to be a functional group present on the bead, known as a linker, which 
allows molecules to bond covalently to the solid support. A solid phase synthesis (Figure 24.66) 
is carried out by covalently linking the first molecule in the synthesis to the solid phase, then 
carrying out the rest of the chemical synthesis. At the end of the reaction, the product has to 
be released from the bead using suitable reaction conditions that do not degrade the product. 
Combinatorial chemistry is often carried out to prepare peptides, but other molecules have been 
synthesized.
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The main advantage of using solid phase chemistry is the increased yield and, since the reaction 
is carried out on the polymer-bonded structure, there is no need to isolate and purify reaction 
intermediates. Large excesses of reactants can be used to ‘force’ or ‘drive’ reactions to completion. 
The excess reactants can be easily removed by washing the beads with a suitable solvent. The use 
of plastic beads can inhibit side-reactions and help to stabilize intermediates.

Language of Chemistry
The biggest problem facing combinatorial chemists is ‘deconvolution’ which involves 
determining the actual molecular structure of the compounds on each bead. This can be the most 
time consuming step. n

Figure 24.66 Solid phase 
synthesis (X, Y and Z 
represent functional 

groups) 
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History of Chemistry
The roots of combinatorial chemistry lie in the work of the American biochemist Bruce 
Merrifield (1921–2006). In the early 1960s he pioneered the use of solid phase chemistry 
to synthesize peptides and proteins. He used small solid beads treated with functional units 
(‘linkers’) on which peptide chains could be synthesized. He received the 1984 Nobel 
Prize in Chemistry.

A parallel combinatorial synthesis involves carrying out the same chemical reaction sequences 
in a series of reaction vessels, but using different reactants and reagents for each vessel. The 
beads in any individual vessel will all contain the same structure. However, different vessels will 
contain different structures, depending on the reactants added to each vessel. Hence, in a parallel 
synthesis (Figure 24.67), each reaction vessel contains a unique product and the structure of that 
compound will be known, based on the reactants that were used.
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Applications of Chemistry
Parallel synthesis allows the rapid synthesis of a large number of analogues (related 
compounds) based on a common carbon skeleton. This is useful for producing a series of 
compounds so chemists can establish the relationship between structure and activity. This 
technique is also useful for optimizing a lead compound to find a molecule with improved 
activity or fewer side-effects.

The synthesis of mixtures by combinatorial chemistry is carried out using a mix-and-split 
approach (Figure 24.68). Different amino acids are linked to beads in separate reaction vessels. 
For example, a different amino acid is added to each vessel so all the beads in that vessel contain 
that amino acid. The next stage is to ‘pool’ or mix all the beads and then put samples of the 
mixture into vessels so each vessel contains the same mixture. Hence, in this example, each 
vessel contains beads with glycine, valine and alanine covalently attached. The next step in the 
reaction sequence can then be carried out using a different amino acid reactant for each vessel. 
Coupling, or covalent bonding, can take place, resulting in every bead containing a dipeptide 
which is unique to that bead. Chemists know which vessel contains a specific dipeptide, but they 
do not know which specific bead contains that dipeptide.

Figure 24.67 Parallel 
synthesis of peptides, 

where G, A and V 
represent the amino acids 

guanine, alanine and 
valine
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The process of mixing and splitting can be repeated to synthesize all possible tripeptides 
containing these three amino acids. The mix-and-split approach allows the synthesis of nine 
different tripeptides using three reaction vessels, compared with using nine vessels in parallel 
synthesis.

Computer modelling

D.9.3 Describe how computers are used in drug design. 

The modern approach to drug design is target orientated, aiming to improve the binding between 
the drug and the target molecule. It also aims to increase the drug’s selectivity for the target 
molecule. If these aims are achieved then activity should be increased, while side-effects should 
be decreased.

At a molecular level this means that the drug molecule must be of the correct size and shape 
to fit into the active site of the target molecule. The necessary functional groups must be present 
and in the required orientation so that binding can occur.

Many drug targets have been identified and their genes can be easily cloned and inserted into a 
bacterium using genetic engineering techniques. Large quantities of a particular receptor or 
enzyme can then be grown. The structures of the drug target and its active site can then be 
established using X-ray diffraction (Chapter 4) and NMR (Chapter 21).

In theory it is then possible to design a drug based on the structure of the target binding site 
using computer-based molecular modelling software (Figure 24.69). This is known as de novo drug 
design, but to date no clinical drugs have been designed by this method. Generally, molecular 
modelling is used to optimize analogues derived from a drug candidate or identify which 
analogues are most likely to bind to the active site of the drug target.

Molecular modelling software allows medicinal 
chemists to create an accurate model of a molecule 
in three dimensions.  However, the molecule may 
be distorted and not have the correct bond lengths 
and, in particular, bond angles. There will be 
many shapes that the molecule can adopt known 
as conformations (Chapter 20).

Figure 24.69 A computer generated model  

of Taxol (using Chem 3-D from Cambridgesoft Software) 

Figure 24.68 Mix-and-
split in combinatorial 

chemistry
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The software will then perform a process called  
energy minimization (Figure 24.70) where the 
program modifies the bond lengths and angles in 
the computer model of the molecule and calculates 
the steric energy of the new conformation. If the 
energy increases significantly, it means that the new 
structure is unstable. The process is repeated many 
times, until new modifications carried out have 
little effect on the total energy of the molecule. 
This corresponds to a stable structure or an energy 
minimum. 

Figure 24.70 The technique of energy minimization

TOK Link
A paradigm is a scientific breakthrough, which may involve the development of a new theory or a new practical technique that allows rapid 
progress to be made in an area of science. New paradigms in drug discovery and development have included computer-based structure-based 
design in the 1980s and combinatorial chemistry in the 1990s.

Language of Chemistry
In silico is an expression used to mean ‘performed on a computer or via a computer simulation’. 
The phrase is coined by analogy with the Latin phrases in vivo and in vitro which refer to 
experiments done in living organisms and outside of living organisms, respectively. n

Improving the solubility of drugs

D.9.4 Discuss how the polarity of a molecule can be modified to increase its aqueous solubility and how this 
facilitates its distribution around the body. 

Drugs need to be soluble in both polar and non-polar environments. The solubility of a drug 
in these environments determines its absorption, distribution and excretion. Modifying the 
polarity of a drug or its acid/base properties will vary its solubility and may improve its medicinal 
properties.

Drugs that contain a carboxylic acid functional group can be made more polar by converting 
them to a salt. This is the case for soluble aspirin (Figure 24.71) which is the calcium or sodium 
salt of aspirin (Figure 24.72). Once the aspirin anion reaches the strongly acidic environment of 
the stomach it reverts back to the un-ionized or molecular form (free acid).
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Figure 24.71 Disprin, a popular brand of soluble  Figure 24.72 Structure of the calcium 
aspirin from the UK form of soluble aspirin
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Language of Chemistry
Buffered aspirin has a buffering agent, such as magnesium oxide (MgO), that will maintain the 
pH of the aspirin as it passes through the stomach of the patient. Keeping the acetylsalicylic acid 
in ionic form or preventing it from dissolving until it reaches the small intestine prevents it from 
causing bleeding. n

Many drugs that contain an amine group are similarly  
administered as their hydrochloride salt as this increases 
their solubility in polar environments and hence their 
transport around the body. The antidepressant drug 
Prozac (see Figure 24.73) is administered as the 
hydrochloride.

Figure 24.73 Structure of Prozac (fluoxetine hydrochloride) 

Chiral auxiliaries

D.9.5 Describe the use of chiral auxiliaries to form the desired enantiomer. 

There are many example of drugs (other than thalidomide and cisplatin) where the biological 
activities of the two isomers are very different. Until recently many synthetic drugs were produced 
as racemic mixtures consisting of equimolar mixtures of both enantiomers. Such mixtures are 
difficult to resolve (separate) and frequently the two enantiomers crystallize into a racemic 
crystal. However, various techniques have been developed that allow the production of single 
enantiomers.

One such approach is the use of a reagent or reactant that contains a chiral auxiliary, a group 
located near the reaction site that controls the stereochemistry and is easily removed afterwards. 
This approach is an example of true asymmetric synthesis because chirality is created in the 
course of the reaction.

Figure 24.74 shows the stereoselective conversion of propanoic acid (an achiral compound) to 
a specific enantiomer of 2-hydroxypropanoic acid (a chiral compound). A chemical synthesis that 
did not employ a chiral auxiliary would result in the formation of a racemic mixture.
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Language of Chemistry
The term ‘chiral centre’, although much used, is strictly speaking incorrect. Textbooks talk 
of ‘chiral carbon’ but should use the term ‘stereogenic centre’ because (from the standpoint of 
semantics) a point can have no stereochemistry but the stereochemistry is formed from it (hence 
the term stereogenic). n
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 Figure 24.74 The use 
of a chiral auxiliary 
in the synthesis of 

2-hydroxypropanoic acid
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A chiral auxiliary is employed in the synthesis of the drug L-DOPA, used to control 
Parkinson’s disease. This is a degenerative disease of the brain that impairs motor skills and 
speech. It is characterized by muscle rigidity, shaking and a slowing of physical movement. 
3,4-Dihydroxyphenylalanine (DOPA) exists in two enantiomers (Figure 24.75), but only 
L-DOPA is active. The D-form is inactive. 
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The key step in the synthesis of L-DOPA is the use of a homogeneous rhodium catalyst to 
hydrogenate a carbon–carbon double bond. It is this step that creates the chiral centre. By using 
a catalyst which itself contains only one stereoisomer of a chiral phosphorus ligand, the catalyst 
is able to direct the addition of hydrogen to the carbon–carbon double bond so that only one 
enantiomer is formed. Hydrolysis of this product forms a mixture containing 97.5% L-DOPA 
and 2.5% D-DOPA. 

Taxol
Taxol (paclitaxel) is a potent anti-cancer natural product 
that is active against leukaemia and tumours in the breast, 
ovary, brain and lung. Taxol was isolated from the bark of 
the Pacific yew tree (Figure 24.76) in 1971. Subsequent 
research showed that it prevented cell replication by 
binding to the polymerized form of tubulin, a protein 
present in structures called microtubules, involved in 
chromosome movement during cell division.

Clinical trials began in 1983, but Taxol was in short 
supply since it is present in only minute amounts in the 
inner bark. The Pacific yew tree is an environmentally 
protected species and one of the slowest growing trees 
in the world. Removal of the bark kills the tree and six 
100-year-old trees are needed to treat just one patient.

Research efforts were then directed towards developing 
a total synthesis of Taxol from commercially available 
precursors. This was achieved after over ten years effort by 
many research groups worldwide who developed different 
syntheses. 

In addition, a more efficient semi-synthesis of Taxol was developed from a naturally occurring 
related compound called baccatin III (Figure 24.77), a precursor that is easily coupled with a side-
chain to give Taxol. This compound was discovered in the needles or leaves of the related 
European yew tree, Taxus baccata. This source is renewable and sufficient quantities of Taxol were 
prepared for clinical trials. The latest approach to Taxol production involves the cultivating of 
Pacific yew cells in tanks. The European yew tree has been 
investigated for the presence of other anti-cancer agents and 
screening has revealed the presence of a compound related to 
Taxol, which promises to be an even more potent anti-cancer 
agent than Taxol.

Figure 24.77 Structure of baccatin III  
(Bz = tertiary butoxycarbonyl group; Ac = ethanoate (‘acetate’)) 

Figure 24.75 The 
two enantiomers of 

DOPA. The * marks the 
chiral centre

Figure 24.76 Pacific yew (Taxus brevifolia) 
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Taxol, whose structure is shown in  
Figure 24.78, is a relatively complex 
molecule that can be divided into two 
main parts: the side-chain and the Taxol 
skeleton. Many structural features of the 
side-chain and the Taxol skeleton are 
required for maintaining its anti-tumour 
activity.

The total synthesis of Taxol was highly 
challenging to synthetic organic chemists 
because of the presence of the following 
structural features: a double bond in a six-
membered ring that is a bridgehead within 
the molecule, the central eight-membered 
ring and the unstable four-membered 
oxetane ring. In addition, the large number of oxygen atoms (in different oxidation states), 
coupled with nine chiral centres (implying 29 enantiomers) posed further problems.

Taxotere (docetaxel) has been synthesized on an industrial scale and is currently being 
administered in clinical trials. The structure of Taxotere differs from Taxol in the presence of a 
tertiary butoxycarbonyl group instead of a benzoyl group on the Taxol side-chain and a hydroxy 
group instead of the acetyl group on the Taxol skeleton. The advantages of Taxotere over Taxol 
are its easier administration due to its greater solubility in water and its more potent anti-cancer 
properties against a variety of tumours, especially breast cancer.

The steps that make up the synthesis of a complicated natural product like Taxol are planned 
by a process called retrosynthetic analysis. In this approach, the ‘target’ molecule, in this example 
Taxol, is repeatedly disconnected or fragmented into progressively simpler ‘building blocks’ which 
can then be further simplified to readily available starting materials.

A number of total syntheses of Taxol have been carried out and part of one of these syntheses 
is very briefly outlined below. Robert Holton of Florida State University used one of the 
enantiomers of a cyclic alcohol called borneol as his starting compound. This was converted in a 
series of 13 synthetic steps to an unsaturated ketone. Further reactions were carried out, including 
a rearrangement to create two of the rings present in Taxol – a so-called linear route. The third 
ring was then introduced later (Figure 24.79).
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Another approach, as exemplified by K. C. Nicolaou of the Scripps Research Institute, is to utilize 
a so-called convergent route where the three rings of Taxol are made separately and then joined 
together. 

Although a number of different total syntheses have been carried out for Taxol, all are very 
complex, all use chiral auxiliaries and are not easy to perform. This, coupled with their low yields, 
means that they are, at the present time, not economically feasible for the industrial manufacture 
of Taxol. Their main use is for designing analogues of Taxol in an effort to develop a range of 
active anti-cancer compounds based upon the Taxol skeleton.

 24.10 Mind-altering drugs
D.10.1   Describe the effects of lysergic acid diethylamide (LSD), mescaline, psilocybin and tetrahydrocannabinol 

(THC). 

LSD
LSD (lysergic acid diethylamide) is the most infamous member of a group of drugs known as 
hallucinogens or psychedelics. These are drugs that produce changes in the perception, 
thoughts, emotions and mood of the user. In other words, they induce an altered state of 
consciousness. LSD (Figure 24.80) was discovered in 1938 and is one of the most potent 
hallucinogens. It is manufactured from lysergic acid, which is found in ergot, a fungus that grows 
on rye and other grains.

LSD, or ‘acid’ as it is commonly known, is sold 
on the streets in the form of tablets, capsules and, 
occasionally, liquid. It is odourless, colourless and 
has a slightly bitter taste and is usually taken orally. 
Frequently, LSD solution is added to absorbent paper 
and sold in the form of squares.

The effects of an LSD ‘trip’ are unpredictable: they 
depend on the dosage, the personality, expectations 
and mood of the user, as well as the environment in 
which the drug is being taken. Its effects begin almost immediately and last between 30 and 60 
minutes.

The physical effects of a ‘trip’ are dilated pupils, an increase in body temperature, an increase 
in heart rate and blood pressure, sweating, tremors and sleeplessness. Large doses of LSD produce 
delusions and visual hallucinations accompanied by rapid swings in moods and emotions. Many 
LSD users experience ‘flashbacks’ where recurrence of certain aspects of a  trip occurs without the 
user having taken the drug again. These usually happen in people who are heavy users of LSD, or 
those who have an underlying personality problem. LSD users may also experience schizophrenia 
or severe depression.

Despite its infamous reputation LSD has been used therapeutically in psychiatric institutions 
for the treatment of schizophrenics and patients suffering from the effects of repressed traumatic 
experiences, for example, child abuse.

LSD and other lysergic amides appear to interact with certain serotonin receptors on neurones 
in the mid-brain. At low doses LSD is a serotonin ‘mimic’, meaning that it is able to bind to the 
serotonin receptor and induce a similar response to 
serotonin (Figure 24.81). However, at larger doses it 
antagonizes the effects of serotonin, meaning that it 
prevents the neurotransmitter from facilitating, or helping 
to make, connections between neurones.

Although it is extremely potent LSD is not addictive 
and many LSD users voluntarily decrease or stop its use 
over time, but like many of the addictive drugs it produces 
tolerance and so progressively higher doses are taken. 
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Research has shown that heavy users of LSD suffer brain damage, resulting in impaired memory 
and attention span, and mental confusion and problems with abstract thinking. It is not clear if 
such mental changes are permanent, or if they gradually disappear when LSD use is stopped.

History of Chemistry
Albert Hofmann (1906–2008) studied chemistry at Zurich University. He joined the 
pharmaceutical company Sandoz, in Basel, as a natural-product chemist, where he 
eventually set about an investigation of the ergot fungus, in order to isolate, purify 
and chemically identify the active constituents. Medicines derived from ergot were a 
significant market for Sandoz, and he discovered a number of useful therapeutic agents 
which they developed commercially. He first synthesized LSD in 1938, from the lysergic 
acid he had extracted from the ergot fungus, hoping it would prove a useful circulatory 
stimulant, but it seemed to have no useful pharmacological activity. It was in 1943 that he 
accidentally discovered its powerful hallucinogenic effects. He also isolated ergometrine, 
used during childbirth to facilitate the delivery of the placenta.

Mescaline
The peyote cactus (Figure 24.82) (Lophophora williamsii) has been used a source of hallucinogens 
for thousands of years. It is a spineless cactus, widespread in Mexico, whose crown (the portion 
above the ground) is sliced and dried to form so-called ‘mescal buttons’. 
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Figure 24.82 The peyote cactus  Figure 24.83 Structure of mescaline

The cactus contains at least 15 hallucinogens, the most important of which is mescaline (Figure 
24.83), first isolated in pure form in 1896. Like LSD it produces visual hallucinations, although 
its potency is considerably less. Mescal buttons can be obtained legally in the US via mail order 
and are widely used for religious and medical purposes by North American Indians (who were 
introduced to the drug around 1880).

Its simple chemical structure makes it relatively easy to synthesize and in the 1980s a modified 
form of mescaline known as MDMA (3-methoxy-4,5-methylenedioxyamphetamine) or ecstasy 
became popular. 

Language of Chemistry
The Native American Church is a religious denomination which practises Peyotism. It is the 
most widespread religion among native Americans. Their rituals include eating peyote which they 
believe allows communion with God and the deceased, and gives power, guidance and healing. n
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Psilocybin
Another natural source of hallucinogens are the 
so-called ‘magic mushrooms’ of the genus Psilocybe 
(Figure 24.84) The use of these species of mushrooms 
was most common in Central and South America, 
although their consumption was also practised in 
India, Scandinavia and Siberia in Russia.

Chemical analysis of the species Psilocybe mexicana 
in the 1950s revealed the presence of the major 
hallucinogen, psilocybin, which although less potent 
than LSD produced similar effects. Psilocybin (Figure 
24.85) is closely related in structure to mescaline. 

Figure 24.84 Psilocybe muscorumi  
– one of the ‘magic mushrooms’

In most countries it is not illegal to possess or consume ‘magic mushrooms’. However, if they 
are prepared by crushing or drying them, or cultivated, then a criminal offence is committed.

How hallucinogens work
Psilocybin and mescaline are psychoactive like LSD because they closely resemble the 
neurotransmitter serotonin and bind with the same receptors in the brain and ‘over stimulate’ 
them. Many hallucinogens are indole-amines and contain a common structural feature, namely, 
an indole ring structure (Figure 24.86) – which can be regarded as a phenylethylamine derivative. 
This consists of a benzene ring fused to a five-membered ring containing nitrogen. This indole 
ring structure is present in the hallucinogens LSD, psilocybin, mescaline and the neurotransmitter 
serotonin. Mescaline does not have an indole ring, but its structure can be drawn to suggest the 
similarity.

The difference in the properties of the various hallucinogens is a reflection of the various 
functional groups attached to the indole skeleton, which in turn affects their solubility in fats. 
The greater their lipophilicity, or solubility in fats, the more readily they penetrate the fatty 
myelin sheaths and cell membranes of nerve cells and the greater their potency. This effect is 
enhanced by the presence of non-polar groups like methyl groups (-CH3) and reduced by the 
presence of polar groups like the phosphoric acid group (-OPO(OH)2).

Cannabis

D.10.3  Discuss the arguments for and against the legalization of cannabis. 

Cannabis (also known as marijuana or ganja) is extracted from the plant Cannabis sativa (Figure 
24.87) which originated in central Asia. It was initially valued for its fibrous stem, which was used 
to make hemp rope. The seeds of the plant were also important as sources of protein and oil. The 
plant was later introduced into North America by the British and South America by the Spanish. 
It was widely used in China, India and Europe as an analgesic.
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Figure 24.87 cannabis sativa Figure 24.88 Structure of D9-tetrahydrocannabinol

Hashish is a preparation made from the resin of the flowering tops of Cannabis sativa and is one 
of the most psychoactive forms of the hemp plant. Smoking or eating hashish produces a variety 
of sensations, including euphoria, excitement, distortion of time and space, illusions and, at high 
concentrations, hallucinations.

The main psychoactive ingredient in cannabis is D9-tetrahydrocannabinol (THC) 
(Figure 24.88), which is rapidly absorbed from the lungs and enters the brain via the bloodstream. 
Here it binds with protein receptors (also stimulated by morphine) on the surface of neurones. 
THC was first isolated from hemp in 1965. Its variety of biological effects have been attributed to 
its ability to alter concentrations of the following neurotransmitters: adrenaline (epinephrine), 
noradrenaline (norepinephrine) and serotonin.

The smoking of marijuana produces a variety of medical problems, including respiratory 
problems, impaired immunity (rendering users more susceptible to infections) and a decrease 
in reproductive ability in men by lowering levels of both sperm and testosterone. Marijuana 
smoke has a similar composition to cigarette smoke and therefore contains substances that are 
carcinogenic (cancer causing).

Small studies and anecdotal evidence have suggested that smoked or ingested marijuana can 
boost appetite in AIDS and cancer patients, relieve pain from cancer and arthritis, reduce eye 
pressure in glaucoma and treat the muscle spasticity of multiple sclerosis. These conditions are all 
treated with Marinol, a pill containing synthetic D9-tetrahydrocannabinol (THC), the active 
ingredient in marijuana.

However, some concerns have been raised about the lack of scientific evidence for smoked 
marijuana and the potential for abuse. Marinol is not recommended for patients with coronary 
heart disease, nor for pregnant women due to the risk of stillbirth, and it is associated with all the 
side-effects of cannabis.

Language of Chemistry
One of the most powerful arguments against the legalization of cannabis is that it is a gateway 
drug. Research has shown that many ‘hard drug’ users, for example users of cocaine and heroine, 
started with the so-called ‘soft drugs’ tobacco, alcohol and cannabis in the form of marijuana. n
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SUMMarY oF	 n A drug or medicine is any chemical (natural, semi-synthetic or synthetic) that causes one   
KnoWLEDgE    or more of the following changes: alters the physiological state (including consciousness, 

activity level or co-ordination), alters incoming sensory sensations or alters mood or 
emotions.

n Drugs that can improve health are known as pharmaceuticals. These may be available 
from a pharmacy or by prescription from a doctor.

n The body can heal itself naturally through the placebo effect. A patient responds to an 
inactive treatment, such as an inert ‘sugar’ pill.

n Some drugs, such as thalidomide, have very harmful side-effects.
n Potential new drugs are tested on animals to establish the LD50 and ED50 values.
n The LD50 value is the dose require to kill half of the animals tested; the ED50 value is 

the dose required to cause a measurable or noticeable effect in half of the animal 
population.

n The therapeutic window is the ratio: LD50/ED50. It is used to estimate the drug dosage 
which can treat a disease or condition effectively within the safe range.

n The potential drug then enters a series of clinical trials: first with healthy patients and 
then with people suffering from a specific condition.

n Clinical trials establish the side-effects and efficacy of a drug and its tolerance level.
n Side-effects are unwanted and sometimes harmful effects of a drug; tolerance occurs 

when higher and higher doses are needed to obtain the same effect.
n Most drugs need to enter the bloodstream to be effective. The four main methods of 

administering drugs are: oral (by mouth), inhalation (via the lungs), rectal (via the anus) 
and parenteral (by injection). Injections may be intravenous (into a vein), intramuscular 
(into a muscle) or subcutaneous (under the skin).

n Antacids are weak bases that neutralize excess gastric juice (hydrochloric acid).
n Antacids are typically metal oxides, hydroxides, carbonates or hydrogencarbonates.
n Antacids are often combined with alginates which produce a neutralizing layer, 

preventing acid in the stomach from rising into the oesophagus and causing heartburn 
(dyspepsia). They also often contain dimethicone, an anti-foaming agent, which prevents 
flatulence.

n Typical neutralization reactions include:
 NaHCO3 + HCl → NaCl + CO2 + H2O
 MgO + 2HCl → MgCl2 + H2O
 CaCO3 + 2HCl → CaCl2 + H2O + CO2

 Al(OH)3 + 3HCl → AlCl3 + 3H2O
n Analgesics are drugs that relieve pain. Mild analgesics, such as aspirin and paracetamol, 

function (in part) by intercepting the pain stimulus at the source, often by interfering 
with the production of substances (for example, prostaglandins) that cause pain, swelling 
or fever.

n Strong analgesics, such as the opiates, for example morphine and codeine, work by 
temporarily interacting with receptor sites in the brain, preventing the transmission of 
pain impulses without depressing the central nervous system (brain and spinal cord).

n Aspirin is also antipyretic (reduces fever) and is anti-inflammatory (arthritis and 
rheumatism) and can prevent the blood clotting (strokes and heart attacks). Side-effects 
of high aspirin doses include ulcer formation and bleeding from the stomach lining.

n Paracetamol can, in rare cases, cause blood disorders and kidney damage.
n In children, aspirin (after a viral infection) can cause Reye’s syndrome: liver and brain 

damage.
n Morphine and codeine are natural opiates extracted from the opium poppy. Opiates are 

alkaloids: plant products that contain basic nitrogen atoms.
n Heroin is a semi-synthetic opiate prepared from morphine. Morphine and codeine are 

used as strong analgesics to treat severe pain.
n All these opiates have a similar chemical structure that allows them to interact with 

opiate receptors in the brain.
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n The opiates are very addictive, especially heroin, which causes intense relaxation and 
euphoria (happiness).

n Depressants are drugs that depress the central nervous system by interfering with the 
transmission of nerve impulses. Examples of medically prescribed depressants include: 
diazepam (Valium), nitrazepam (Mogadon) and fluoxetine hydrochloride (Prozac).

n At moderate doses the depressant may induce sedation (soothing, reduction of anxiety). 
At higher doses it may induce sleep. At extremely high doses it may cause death.

n Depressants are often described as antidepressants because they relieve depression.
n Alcohol in the breath can be detected using a breathalyser. High levels of ethanol reduce 

potassium dichromate(vi) resulting in a colour change from orange to green.
n A more accurate measurement utilizes an intoximeter which measures absorption 

of infrared radiation or uses an electrochemical reaction. An alternative is gas 
chromatography (GC) of blood or urine.

n Ethanol is a depressant at high concentration. It behaves synergistically with a number 
of other drugs, for example the benzodiazepines such as Valium, which results in heavy 
sedation, and aspirin, where it increases the risk of stomach bleeding.

n A synergistic effect occurs when the combined effect of two drugs is greater than the 
effects of the two individual drugs.

n Stimulants are drugs that increase a person’s state of mental awareness, often increasing 
concentration.

n Adrenaline (epinephrine) is a hormone secreted by the adrenal glands and plays an 
important role in responding to short-term stress: ‘fright, flight or fight’. It stimulates the 
sympathetic branch of the autonomic nervous system.

n Amphetamines are a group of synthetic stimulants related to amphetamine 
(1-phenylpropane-2-amine). Amphetamines and adrenaline (epinephrine) are both 
derived from the phenylethylamine structure.

n Amphetamines mimic the effects of epinephrine (adrenaline) and are known as 
sympathomimetic drugs since they mimic the effect of stimulation on the sympathetic 
nervous system.

n Caffeine (present in coffee, tea, chocolate and cola drinks) and nicotine (present in 
cigarettes) are alkaloids; both molecules contain a tertiary amine group.

n The short-term effects of nicotine include increased heart rate and blood pressure and 
reduction in urine output (anti-diuretic effect), as well as stimulating effects.

n The long-term effects of nicotine use include increased risk of heart disease, coronary 
thrombosis and peptic ulcers. Nicotine is very addictive.

n Fleming isolated penicillin G from the mould Penicillium notatum. Penicillin inhibits 
growth of bacteria by preventing bacterial wall synthesis. Penicillin G was injected 
intravenously.

n Some bacteria strains produce penicillinase (beta-lactamase) which breaks down penicillin 
before it can act on the bacterial cell wall. Penicillinase resistance was overcome by 
synthesizing a variety of side-chains so that the enzyme no longer binds to the molecule. 

n Semi-synthetic penicillins that did not undergo hydrolysis in the stomach were also 
synthesized.

n A number of bacterial diseases, for example tuberculosis (TB), are best treated with 
several different antibiotics simultaneously.

n The treatment of farm animals with antibiotics has created antibiotic-resistant strains.
n The key functional group in the penicillins is the four-membered beta-lactam ring.  This 

internal amide group is strained and readily opens, allowing it to bond covalently to a key 
enzyme in bacterial cell wall synthesis. 

n Viruses are non-cellular and consist of nucleic acid (DNA or RNA) and a protein coat 
(capsid). They can reproduce only inside living cells.

n Bacteria are single-celled organisms that do not contain a nucleus. They contain DNA and 
self-reproduce outside cells.

n Antiviral drugs may prevent replication of DNA or RNA or block a key enzyme inside the 
cell involved in assembling virus particles.
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n The human immunodeficiency virus (HIV) is a retrovirus: the viral enzyme reverse 
transcriptase converts RNA into DNA, which is then integrated into the host cell’s DNA.

n The main host cells for the HIV virus are T4 helper cells which are involved in regulating 
the immune system.

n HIV is a difficult target for drug development since its RNA genome mutates at a high 
rate and because the metabolism of HIV is closely linked to the T4 helper cells.

n AZT is an antiviral drug that slows the development of AIDS by slowing down the rate of 
viral replication. It inhibits reverse transcriptase.

n A small number of medicinal drugs are inorganic complexes, for example, cisplatin, 
[Pt(NH3)2Cl2] which is square planar. Some of these complexes will exhibit geometrical or 
cis and trans isomerism,

n The majority of medicinal drugs are organic molecules and many are chiral. Typically, 
one enantiomer acts as a drug; the other enantiomer is usually inactive, but may have 
unpleasant side-effects.

n Thalidomide is a synthetic drug that was originally prescribed, as a racemic mixture, to 
treat morning sickness. However, one enantiomer caused deformities in the limbs of the 
fetus.

n These problems can often be avoided by carrying out a stereospecific synthesis 
using a chiral auxiliary. It works by attaching itself to the achiral molecule to create 
the stereochemical conditions necessary to force the reaction to prefer a certain 
stereochemistry.

n Taxol is a naturally occurring anti-cancer product (with complex stereochemistry) 
obtained from the Pacific yew tree. It can be made by total chemical synthesis using 
chiral auxiliaries.

n Many drugs are developed from natural products, usually from plants, or, more typically, 
derived from natural products by chemical synthesis. A few drugs are made by total 
chemical synthesis.

n If a substance (lead compound) shows some promise as a drug then a large number of 
related chemical compounds will be synthesized. This is known as a chemical library and 
its members are tested (often with human cells) to see if any of the analogues are more 
effective than the lead.

n Combinatorial chemistry is a technique that can rapidly produce very large chemical 
libraries. There are two approaches: parallel and mix-and-split, which results in the more 
diverse library.

n The reactions of combinatorial chemistry are carried out with polymer beads to which 
molecules are covalently linked. This allows them to be readily separated from excess 
reactants and solvents.

n Three-dimensional computer models of molecules can be created and then virtually 
‘docked’ with the target molecule, usually an enzyme. Changes can be made to the 
model to allow a stronger interaction and hence a more effective drug.

n The polarity and hence solubility of aspirin can be increased by converting it to the 
sodium or calcium salt. 

n Prozac’s solubility can be increased by reacting it with hydrochloric acid so it is converted 
to the more soluble hydrochloride form. Heroin is a simple chemical derivative of 
morphine. It has greater potency due to its greater non-polarity, which facilitates its entry 
into the brain via the blood–brain barrier. The conversion of morphine to heroin involves 
esterifying the two hydroxyl groups.

n Lysergic acid diethylamide (LSD) (derived from the ergot fungus), psilocybin (derived from 
mushrooms of the genus Psilocybe) and mescaline (from the peyote cactus) are mind-
altering drugs.

n All three drugs are amines; LSD and psilocybin both contain the indole ring.
n All three drugs are hallucinogenic with LSD having the greatest effect.

	 n  The active ingredient of cannabis (marijuana) is the hallucinogen tetrahydrocannabinol 
(THC). It is extracted from the hemp plant cannabis sativa. THC and cannabis have been 
used as a painkiller. 
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n Examination questions – a selection
Paper 3 IB style questions 
Questions marked * are for Higher Level only

 Q1 Mylanta is a commercial antacid which often 
contains aluminium and magnesium hydroxides in 
equal proportions by mass.
a Write an equation for the reaction of hydrochloric 

acid with one of the above antacids.  [2]
b Identify which antacid neutralizes the greater 

amount of hydrochloric acid if 0.2 mol of each 
antacid is used to neutralize the hydrochloric 
acid present in the stomach.  [1]

c Give one reason why potassium hydroxide is 
not used instead of these antacids.  [1]

d Explain how heartburn is caused.  [1]
e Explain why dimethicone is added to some 

antacids.  [1]
f State one drawback to using calcium 

carbonate as an antacid. [1]

 Q2 Methicillin, a semi-synthetic penicillin, was 
developed to counter various strains of penicillin-
resistant bacteria, but now some bacteria have 
even developed a resistance to methicillin. 
They are called MRSA (methicillin resistant 
Staphylococcus aureus) bacteria.
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a Define the term antibiotic. [1]
b State two reasons for chemically modifying the 

side-chain in penicillins and other antibiotics. [2]
c A large number of penicillins exist: some are 

narrow spectrum and some are broad spectrum. 
Explain the difference between broad-spectrum 
and narrow-spectrum antibiotics.  [1]

d Describe the mode of action of penicillin in 
preventing the growth of bacteria.  [2]

e Discuss one effect of over-prescription of 
penicillin to humans.  [1]

f Give one reason why a course of antibiotics, 
such as methicillin, must be completed.  [1]

g Explain the importance of the beta-lactam ring 
in the action of penicillins. [3]

 Q3 Ganciclovir is an antiviral medication used to treat 
or prevent infection by cytomegalovirus infections. 
It prevents replication of viral DNA. It is usually 
added to the eye or taken orally.

One of its side-effects is 
anaemia. Ganciclovir 
and foscarnet show 
synergistic inhibition of 
cytomegalovirus.

   
 

a Many drugs are taken orally. State two other 
ways in which medicinal drugs are taken by a 
patient. Which of all the methods has the most 
rapid effect? [2]

b What term is given to a preparation that is 
pharmacologically inert but which may have 
a medical effect based solely on the power of 
suggestion? [1]

c State what is meant by the term side-effect. [1]
d State what is meant by the term synergistic 

effect. [1]
e State what is meant by the term therapeutic 

window. Explain why it is important for 
cytomegalovirus patients who are prescribed 
ganciclovir. [2]

f Give one reason why viral infections can be 
difficult to treat. [1]

 Q4 Many drugs and other biologically important 
molecules consist of a chiral species whose activity 
depends upon the enantiomer used. Noradrenaline 
(a hormone that is also used as a drug) is a chiral 
molecule. Noradrenaline is a stimulant.
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a Some enantiomers can be prepared by using 
a chiral auxiliary. Outline how a chiral auxiliary 
functions and state the advantage it provides.
 [4]

Caffeine and nicotine are two well studied 
stimulants whose structures are shown in Table 20 
of the IB chemistry data booklet.
b Describe two similarities in their structures, 

not including the presence of carbon–carbon 
double bonds, methyl groups (-CH3) and 
nitrogen atoms. [2]

c Discuss the problems associated with nicotine 
consumption (via smoking cigarettes), 
distinguishing between short-term and long-
term effects. [6]
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Stimulants speed up brain activity; depressants 
slow down brain activity.

Depressants such as tranquillizers and sedatives, 
for example Valium, are capable of affecting the 
central nervous system (CNS).
d State one effect, in each case, on the human 

body of taking:
i a low dose of a tranquillizer [1]
ii a high dose of a sedative. [1]

e Explain why depressants are sometimes 
described as antidepressants. [1]

f One problem with many drugs, including 
Valium, is that users develop tolerance. Explain 
what is meant by the term tolerance and state 
why it could increase the risk to the user. [2]

 Q5 Phenacetin was  
previously used as a 
mild analgesic and 
antipyretic. It has been 
replaced by aspirin. 
Phenacetin is often 
mixed with cocaine.
a State what is meant by the terms analgesic and 

antipyretic. Explain the difference in the mode 
of action of mild and strong analgesics. [4]

b State the general names of the two functional 
groups attached to the benzene ring in a 
molecule of phenacetin. [2]

c The use of aspirin can have beneficial effects 
for the user, but can also produce some 
unwanted side-effects. State one beneficial 
effect (other than its analgesic activity) and one 
unwanted side-effect. [2]

d Naproxen is a non-steroidal, anti-inflammatory 
drug with the following structure:

   O
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i Identify the chiral carbon atom(s) in the 
structure of naproxen using an asterisk (*).
 [1]

ii Explain the term racemic mixture. [1]
iii Explain why it is often important to use only 

the desired enantiomeric form of a drug 
and state an example of what can happen 
biologically if a racemic mixture is used. [2]

 Q6* Some drug molecules contain a  
structure that can be represented 
as follows.

a Draw the two enantiomeric forms of this 
structure. [1]

b State the type of isomerism exhibited by the 
two enantiomers. [1]

c The effect of some drugs used to treat cancer 
depends on geometrical isomerism. One 
successful anti-cancer drug is cisplatin  
[Pt(NH3)2 Cl2], whose active form is  
[Pt(NH3)2(Cl)(H2O)]+.

  Describe the structure of the active form of 
cisplatin by referring to the following:
i the meaning of the term geometrical 

isomerism as applied to cisplatin [1]
ii diagrams to show the structure of cisplatin, 

its inactive geometric isomer, transplatin, 
and the active form of cisplatin [3]

iii the types of bonding in the active form of 
cisplatin. [1]

 Q7* Acidified sodium dichromate(vi) is commonly 
used in roadside tests for ethanol in the breath of 
persons operating motor vehicles. The ethanol, 
C2H5OH, present in the breath takes part in a 
redox reaction to form ethanoic acid, CH3COOH.
a State the function of sodium dichromate(vi) 

during this redox reaction and give the colour 
change that takes place. [2]

b Identify two other methods used in the 
police station for the detection of ethanol in a 
person’s breath or blood that are considered to 
be more accurate. [2]

c State one harmful effect of aspirin that is more 
likely to occur if it is taken with ethanol. [1]

Alcohol (at high concentrations), mescaline, 
lysergic acid diethylamide (also known as LSD or 
‘acid’) are all psychoactive or mind-altering drugs.  
LSD is a semi-synthetic drug first prepared in 1938 
from lysergic acid derived from ergot, a grain 
fungus. 
d State one effect caused by both substances 

and one effect caused by LSD or mescaline 
only. (specify the substance that causes the 
effect.) [2]

e Outline the structural similarities and 
differences between LSD and mescaline. 
(Structures are given in Table 20 of the IB 
chemistry data booklet.) [2]

f Describe the use of computers and a 
compound library in modern drug design. [2]

g Define the term combinatorial chemistry and 
state one reason why it has been used to 
develop new medicinal drugs. [2]
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STARTING POINTS■ n  Chemical processes can add or remove chemicals to and from the atmosphere.
n The atmosphere consists of several separate layers.
n Gases and suspended particles in the atmosphere have natural and man-made sources.
n Gases released into the atmosphere can undergo chemical reactions.
n Reactions in the atmosphere may involve homogeneous or heterogeneous catalysis.
n Chemicals can be concentrated in clouds by dissolving or building up on the surface of 

ice crystals.
n Chemicals in the atmosphere often participate in free-radical chain reactions.
n Non-metallic oxides may react with water to release hydrogen ions.
n Acids can be neutralized to form salts by reaction with bases.
n Some gas molecules absorb infrared radiation.
n Ultraviolet radiation can break covalent bonds and release radicals.

■ n  Some reactions involve chemical equilibrium, for example dissolving of gases; some 
reactions in the atmosphere involve redox.

 25.1 Air pollution
E.1.1  Describe the main sources of carbon monoxide (CO), oxides of nitrogen (NOx), oxides of sulfur (SOx), 

particulates and volatile organic compounds (VOCs) in the atmosphere.

Pollution refers to changes in the equilibrium (or balance) of biological and non-biological 
systems, as a result of human activity. Although many so-called pollutants are substances that 
occur naturally, such as ozone or carbon dioxide, human activity has led to an increase in the 
concentrations of such substances, which upsets the delicate balance of natural cycles.

The atmosphere (Figure 25.1) consists of a relatively thin layer of gas surrounding the Earth. It 
extends to a height of approximately 100 km above the Earth’s surface (by comparison, the Earth’s 
radius is around 6400 km). The higher you go, the less dense the gases making up the atmosphere. 
Even at a height of 5 km, the air density is less than half that at sea level.
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The atmosphere consists of four layers: the troposphere, the stratosphere, the mesosphere and 
the thermosphere. Most human activity takes place in the troposphere, which extends to a height 
of about 10–12 km. The troposphere contains 90% of the matter in the atmosphere. The four 
layers of the atmosphere are separated from other layers by a change in temperature gradient.

Figure 25.1 The structure 
of the Earth’s atmosphere

Option E

25 Environmental chemistry
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In the troposphere the temperature falls with  
increasing height, so that at a height of 12 km the 
temperature is about −55 °C. This temperature 
gradient allows convection (warm gases rise; cooler 
gases sink). Convection currents cause mixing of the 
atmosphere, so atmospheric pollutants generated at 
ground level quickly spread throughout the 
troposphere. (This situation changes in the 
stratosphere – see Section 25.4.) In addition, the 
horizontal movement of air masses (wind) causes 
lateral dispersion of pollutants. The normal, 
unpolluted composition of the troposphere is shown 
in Table 25.1.

Atmospheric pollutants
Some substances that we consider to be pollutants such as carbon dioxide and carbon monoxide, 
are produced both naturally and by human activity. In some cases the anthropogenic, or man-
made, output is not a large proportion of the worldwide total. However, such pollutants can cause 
problems due to high concentrations in localized areas.

Many atmospheric pollutants arise from the combustion of fossil fuels in motor vehicles or in 
power stations. By modifying the design of vehicle engines and power stations, and by cleaning 
the exhaust gases, the amount of pollutants entering the atmosphere can be minimized. 

n Extension: Gas concentrations
Concentrations of trace gases in the atmosphere are often measured in parts per million by 
volume (ppmv). One part per million (by volume) is equivalent to one volume of a given 
gas mixed in a million volumes of air, i.e. one molecule of the gas present for every million 
molecules present in the air.

1 ppmv = 
1 gas volume

106 air volumes

Language of Chemistry
The site from which pollutants originate is called the source (Table 25.2). Sources in 
the atmosphere may be direct, or indirect from chemical reactions involving the emitted 
chemicals, for example chlorofluorocarbons (CFCs).

A sink is a process which removes the pollutant from the atmosphere. Sinks are often chemical 
reactions. Examples include photolysis – the decomposition of molecules by light; dry and wet 
deposition (Section 25.2); and transport to the stratosphere (Sections 25.4 and 25.9). n

Gas Percentage composition 
(by volume)/%

Nitrogen 78.09

Oxygen 20.94

Noble gases 
(mostly argon)

0.93

Carbon dioxide 0.035

Water vapour 0–4

Other gases Variable

Table 25.1 Composition of the troposphere

Figure 25.2 Moremi 
Wetlands, Okavango – 

major natural emitters of 
methane
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Compound Natural sources Man-made sources

CO Oxidation of methane (via a mechanism involving 
hydroxyl radicals), e.g. CH4 + O2 → CO + H2 + H2O, 
volcanoes, forest fires, decomposition of chlorophyll

Incomplete combustion of fossil fuels, e.g. (petrol)  
C8H18 + 8.5 O2 → 8CO + 9H2O

CH4 Intestinal fermentation in wild animals, termites, 
emissions from natural wetlands (Figure 25.2), etc.

Cattle rearing, emissions from rice paddies, leakages from land fills, 
sewage

Volatile organic 
compounds (VOCs)

Tree emissions – isoprene (C5H8) and monoterpenes 
(various isomers of C10H16)

Motor vehicles – evaporation and incomplete combustion, gas 
leakage, refinery emissions

Particulates Wind-borne dust, sea spray and volcanoes Incomplete combustion of fuels

NO Forest fires, anaerobic processes in soils, electric storms Combustion of oil, gas, coal, e.g. N2 + O2 → 2NO 

NO2 Forest fires, electric storms Combustion of oil, gas, coal, e.g. 2NO + O2 → 2NO2

N2O Emissions from denitrifying bacteria Combustion of oil and coal

SO2 Oxidation of hydrogen sulfide, volcanic activity, decay 
of biological material

Combustion of coal and heavy fuel oil (containing sulfur impurities), 
roasting or smelting sulfide ores, e.g. S + O2 → SO2

H2S Anaerobic fermentation (eutrophication), volcanoes Oil refining, animal manure, coke oven gas

HCXs 
(halogenoalkanes) 

Solvents, aerosols, etc.

Ozone, O3 From stratosphere, NO–NO2 conversion NO–NO2 conversion

SF6 Electrical insulators

Table 25.2 Summary of sources

n Extension: Steady state
Pollutants in the atmosphere are not in equilibrium, but in a steady state. The term steady state 
describes the state when the input (known as a source) and the output (known as a sink) of the 
gas to the atmosphere are equal. An analogy is a leaky bucket into which a tap is pouring water. 
The bucket would fill for a while until the pressure rose and the leak was rapid enough to match 
the inflow rate. The bucket is in a steady state. The residence time is used to describe gases in a 
steady state. This is the average lifetime of a gas molecule (in a well-mixed atmosphere).

E.1.2  Evaluate current methods for the reduction of air pollution.

Reduction of air pollution
In the internal combustion engine, hydrocarbon fuels are mixed with air, injected into a cylinder 
and ignited with a spark. The resultant explosion forces a piston to move. The movement of a 
series of pistons is converted to the rotation of a crankshaft, which in turn drives the wheels of 
the vehicle (Chapter 10, Figure 10.42).

If we consider a molecule of octane (a component of petrol, or gasoline), we can see that 
complete combustion, with full oxidation of every atom of carbon and hydrogen, requires 12.5 
moles of oxygen for each mole of octane:

2C8H18 + 25O2 → 16CO2 + 18H2O

The stoichiometry of this equation equates to an air/fuel mass ratio (mass of air : mass of fuel) of 
approximately 15 : 1. If the air/fuel ratio is lower than this, the mixture is said to be ‘rich’ and the 
amount of oxygen is insufficient for complete combustion. This will result in the formation of 
some carbon monoxide, as in the example below, where only 10 moles of oxygen are available for 
each mole of octane:

C8H18 + 10O2 → 3CO2 + 5CO + 9H2O
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A rich mixture may also lead to the emission of unburnt 
hydrocarbon molecules (called volatile organic compounds or 
VOCs) from the exhaust. 

If the air/fuel ratio is increased, the mixture is said to be 
‘lean’. A lean mixture will not produce carbon monoxide. 
However, the greater proportion of air in the mixture increases 
the likelihood that nitrogen and oxygen from the air will 
chemically combine to form nitrogen oxides (Figure 25.3). 
This reaction has a very high activation energy (Chapter 
6) and does not occur at an appreciable rate under normal 
atmospheric conditions. 

In the engine cylinder, the temperature can reach 
3000 °C and the explosions cause very high pressures. Under 
these conditions some nitrogen and oxygen molecules are 
dissociated into atoms and can combine to form nitrogen 
oxides NOx). Another disadvantage of a lean mixture is 
that the engine may ‘misfire’, meaning that some of the 

fuel ignites before the spark, causing a sudden pressure increase in the cylinder, resulting in the 
piston generating a metallic ‘knocking’ sound. This inefficient combustion actually increases the 
proportion of unburnt hydrocarbons in the exhaust gases. A very poorly designed or maintained 
engine may emit solid particles of carbon (or ‘soot’) from the exhaust, due to incomplete 
combustion, or an over-rich air/fuel mixture.

An engine that runs rich will produce a lot of power, but with poor fuel consumption and high 
emissions of carbon monoxide and VOCs. An engine that runs lean will produce less power, 
but also less carbon monoxide and VOCs, although it will produce more nitrogen oxides. If the 
mixture is too lean, misfiring may result in the VOC level rising. 

The primary pollutant produced in vehicle engines is nitrogen monoxide:

N2 + O2 → 2NO•

It has a similar (though less serious) effect to carbon monoxide, binding to hemoglobin in the 
blood. It also damages the tissues of plants, causing leaf spotting and diminished photosynthetic 
ability due to its effects on cell permeability.

Nitrogen monoxide oxidizes further in the atmosphere. This reaction can be summarized as:

2NO• + O2 → 2NO2

The direct reaction only occurs at very high concentrations of nitrogen monoxide. It actually 
takes place by a complex free-radical mechanism involving VOCs. Nitrogen dioxide is a toxic 
gas which builds up in urban areas. Long exposure causes health problems as the gas irritates the 
mucous membranes and causes inflammation of lung tissues.

As with carbon monoxide emissions, man-made nitrogen oxide emissions tend to be localized 
in urban areas, causing similar health effects on urban populations. Nitrogen oxides also 
contribute to the formation of acid rain (Sections 25.2 and 25.11).

Catalytic converters
Most cars sold in industrialized nations are fitted with a three-way catalytic unit placed in the 
exhaust system of a car which treats the exhaust gases produced by the engine. The three-way 
catalytic converter (Figure 25.4) consists of a fine mesh or honeycomb of ceramic material or 
metal, coated with a thin layer of finely divided platinum, rhodium or palladium. These metals 
act as heterogeneous catalysts (Chapter 6), adsorbing the exhaust gases onto their surface. 

The label ‘three-way’ refers to the three tasks carried out by the catalyst:
1 reduction of nitrogen monoxide to nitrogen
2 oxidation of unburnt hydrocarbons to carbon dioxide and water vapour
3 oxidation of carbon monoxide to carbon dioxide.
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The gases first pass over the reduction 
catalyst (usually platinum or palladium), 
which utilizes the reaction between 
nitrogen monoxide and carbon monoxide, 
generating the products, carbon dioxide and 
nitrogen:

2NO + 2CO → N2 + 2CO2

The gases then pass over an oxidation 
catalyst (rhodium). A three-way catalytic 
converter allows an air/fuel ratio of at least 
15 : 1. This means that there is sufficient 
unreacted oxygen remaining in the exhaust 
gases to oxidize the unburnt hydrocarbons 
(VOCs) and carbon monoxide:

2C8H18 + 25O2 → 16CO2 + 18H2O
2CO + O2 → 2CO2

Oxides of sulfur
Sulfur dioxide (SO2) is an important primary pollutant. It is pungent smelling, toxic gas, which 
damages the respiratory system and may lead to asthma attacks. It is highly soluble in water, and 
contributes to the formation of acid rain (Sections 25.2 and 25.11).

Language of Chemistry
Primary pollutants are emitted directly from the sources and remain unchanged once they 
enter the environment. Examples include particulate matter and inorganic gases, such as sulfur 
dioxide. Secondary pollutants are formed in the atmosphere by chemical reactions involving 
primary pollutants and gases normally present in the air. n

Most man-made sulfur dioxide emissions arise from the sulfur that exists as an impurity in coal. 
Sulfur is oxidized during the combustion process:

S + O2 → SO2

Sulfur dioxide dissolves and reacts with water to produce sulfurous acid (sulfuric(iv) acid), H2SO3:

SO2 + H2O → H2SO3

Sulfur dioxide also undergoes photochemical oxidation in the atmosphere. This process occurs 
inside water droplets in which the sulfur dioxide is dissolved, and is catalysed by particulates, such 
as soot and fine metallic particles:

2SO2 + O2 → 2SO3

Sulfur trioxide dissolves and reacts with water to produce sulfuric acid:

SO3 + H2O → H2SO4

(For a more detailed discussion of the mechanism of acid formation in the atmosphere, see 
Section 25.11.)

Reducing sulfur dioxide emissions 
There are three methods by which sulfur dioxide emissions from power stations can be limited: 
1 The coal or oil can be refi ned to remove the sulfur before combustion. 
2 Fluidized bed combustion (FBC) reduces the amount of sulfur oxides resulting from 

combustion. 
3 Flue gas desulfurization (FGD) removes sulfur dioxide from the exhaust gases before they 

leave the power station fl ue (chimney). 

Gases in
(typical % values)
NOx 0.15
HC 0.05
CO 0.75

Gases out
N2, CO2, H2O

stainless
steel body

tiny particles of the catalyst inside a
large number of narrow tubes called

a monolith, the cross-section of which
looks like a honeycomb

Remaining pollutants / %
NOx 0.015

HC 0.01
CO 0.15

Figure 25.4 A three-way catalytic converter
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Fluidized bed combustion
A fluidized bed suspends the solid coal on an upward flowing jet of air during combustion. Coal 
dust is mixed with limestone powder (calcium carbonate, CaCO3) and blasted into the furnace 
with a jet of air. The jet of air suspends the solid particles so they flow like a fluid. 

At the high temperatures of the furnace, calcium carbonate decomposes to form calcium oxide:

CaCO3 → CaO + CO2

The calcium oxide neutralizes the sulfur dioxide as it is formed. Further oxidation with oxygen 
produces particles of calcium sulfate:

2CaO + 2SO2 + O2 → 2CaSO4

The calcium sulfate must be removed by electrostatic precipitation (page 872).

Flue gas desulfurization
Sulfur dioxide emissions can be removed from the flue gases by passing the gases through a 
suspension of calcium carbonate and calcium oxide in water. The product is calcium sulfite. 

CaCO3 + SO2 → CaSO3 + CO2 

CaO + SO2 → CaSO3

The calcium sulfite (calcium sulfate(iv)) is then further oxidized, producing calcium sulfate:

2CaSO3 + O2 → 2CaSO4

Particulate emissions
Particulate emission refers to the generation of small particles of solid or liquid. Some such 
pollutants are visible to the naked eye, but most are too small to be seen. There are several 
sources of particulate material.

Metal particles
During the manufacture and fabrication of metals and metal products, small particles of metals are 
released into the atmosphere. Metal particles are also released by mechanical action, for example 
from vehicle brake pads (one of the largest uncontrolled sources of copper and zinc).

Metal oxide particles
When coal containing residual metal compounds (such as sulfides) is burned, the metals are 
oxidized, forming particles of metal oxides. Iron(iii) oxide is an example. 

Fly ash
Fly ash is a combination of very fine carbon, hydrocarbon and metal oxide particles released 
during the combustion of fossil fuels. Most of it is filtered out in the flues, but some very fine 
particles escape into the atmosphere. 

Asbestos dust
Asbestos is a silicate material with insulating and heat-resistant properties. It was formerly used 
as a fire-retardant material, and in the manufacture of building insulation, car brake linings and 
pipes. It was released into the atmosphere during the mining and manufacturing processes. It is 
little used today because its fine particles are known to cause serious cancers of the chest and 
lungs. 

Organic particles
Carcinogenic hydrocarbons can be generated by incomplete burning, including biomass burning. 
Examples are benzopyrenes, chrysene and benzanthracene. These substances are readily adsorbed 
onto the surface of soot particles, rendering the soot particles much more harmful.
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Aerosol mist
When nitrogen oxides or sulfur trioxide combines with moisture, a fine mist of acidic particles is 
formed. For nitrates, ammonia or metals must also be present. Although sulfuric acid can form in 
power station chimneys, it is usually rapidly neutralized by ammonia once it has been emitted and 
mixed into the atmosphere.

Removal of particulates
Particulates can be removed by sedimentation, which relies on letting heavy particles settle out 
under gravity, or by filtration, in which simple fabric filters capture particles. However, the most 
effective method is electrostatic precipitation. 

The electrostatic precipitator has two sections – the ionization section and the collection 
section. The ionization section consists of a mesh of thin wires, carrying an electrical charge. The 
flue gases pass through this mesh, causing any solid or liquid particles to acquire a charge.

The collection section consists of metal plates carrying an opposite charge. The particulates 
are therefore attracted to the plates and will stick to them. The plates are shaken at intervals to 
dislodge the built-up layer of particles. The particles are then removed and disposed of. 

Environmental impact of particulate emissions
Effect on human health
The body’s defence mechanism against particulate inhalation is the hair-like cilia on the surface 
of the respiratory tract. The cilia capture larger particles before they reach the lungs, and move 
them to the mouth, where they are swallowed. These particles can still cause harm, however. 
Soot particles with carcinogenic compounds on their surfaces will introduce these substances into 
the body, where they may be carried to the organs via the bloodstream. Heavy metals and their 
oxides may also enter the body in this way. The smallest particles are the most harmful because 
they are able to reach into the deepest parts of the lungs, as they are not effectively captured by 
the cilia. In the lungs they can contribute to respiratory diseases such as asthma and bronchitis.

Secondary effects
Atmospheric particles offer a catalytic surface on which other atmospheric pollutants can be 
adsorbed, leading to increased rates of potentially harmful reactions. For example, sulfur dioxide 
may be converted to sulfur trioxide on the surface of soot or fine metallic particles.

 25.2 Acid deposition
E.2.1  State what is meant by the term acid deposition and outline its origins.

Acid deposition refers to the processes by which acidic particles leave the atmosphere. The most 
well-known example is acid rain, but acidic substances may also be removed by snow and fog, as 
well as by dry processes involving gases and solid particles.

Acid rain
Natural rain water is acidic, with a pH of around 5.6. This acidity arises from the reaction of 
carbon dioxide and water in the atmosphere. Carbon dioxide dissolved in water is sometimes 
referred to as carbonic acid, but only a very small percentage of molecular carbonic acid, H2CO3, 
exists in solution:

H2O + CO2 → H2CO3

The carbonic acid molecules immediately dissociate in water to form hydrogencarbonate ions, 
HCO3

−, and hydronium ions, H3O+:

H2CO3 + H2O → HCO3
− + H3O+
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Wet deposition
The most important sources of acid rain are the sulfur oxides produced in power stations. When 
sulfur oxides dissolve and react in rain water, solutions of sulfuric acids are formed:

SO2 + H2O → H2SO3 sulfurous acid (sulfuric(iv) acid) 
SO3 + H2O → H2SO4 sulfuric acid (sulfuric(vi) acid)

(However, another route to sulfuric acid is a gas-phase reaction of a sulfur dioxide molecule with 
a hydroxyl radical, HO•, to give sulfuric acid in two steps.)

Nitrogen oxides also contribute to acid rain. Nitrogen monoxide, formed in vehicle engines, 
combines in the atmosphere with a hydroxyl radical to form nitrous acid (nitric(iii) acid), HNO2:

HO• + NO• + M → HNO2 + M

In this reaction M represents a ‘third body’ – an inert molecule which absorbs some of the excess 
energy of the reaction. In atmospheric reactions M is often a nitrogen molecule, N2. Nitrogen 
dioxide, NO2, formed by the oxidation of nitrogen monoxide, NO, in the atmosphere, reacts with 
a hydroxyl radical to form the strong acid nitric acid (nitric(v) acid), HNO3:

HO• + •NO2 + M → HNO3 + M

(Nitrogen monoxide can also react with ozone to 
form nitrogen dioxide; another source of nitrous acid 
is the reaction between nitrogen dioxide and water.)

These acids may be deposited not only in rain 
water, but also in snow and fog. Fog is a particular 
problem for high-altitude forests. The lower 
temperature at high altitudes causes water vapour 
to condense out of the atmosphere, forming a 
moist ‘blanket’ of acidic fog which surrounds trees 
(Figure 25.5).

Figure 25.5 Trees from the Czech Republic damaged by acid rain

Dry deposition
Dry deposition refers to acidic substances such as gases and particulates leaving the atmosphere 
in the absence of precipitation (without rain, snow or fog). Heavy particulate particles may settle 
out of the atmosphere under gravity. Acidic gases such as sulfur dioxide may have directly harmful 
effects on the environment (for example the leaves of plants) without first being dissolved in rain 
water. 

E.2.2  Discuss the environmental effects of acid deposition and possible methods to counteract them.

Environmental effects of acid deposition
Acid deposition impacts the environment in five ways:
1 It affects the pH of lakes and rivers, which impacts the organisms living in them.
2 It affects the availability of metal ions in soil, which goes on to affect nearby plant life or 

surface water.
3 It directly affects plants.
4 It affects buildings and other materials.
5 It directly affects human health.

Impact on lakes and rivers
A low pH has a direct impact on aquatic organisms. Below pH 5.5 some species of fish, such as 
salmon, are killed, and algae and zooplankton, which are food for larger organisms, are depleted. 
In addition, low pH prevents hatching of fish eggs.
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Fish are also killed when aluminium, leached from the soil by acid rain, enters lakes and rivers. 
The function of fish gills is affected by aluminium, leaving the fish unable to extract oxygen from 
the water. 

Impact on soils
The pH of soils is a key factor determining whether certain species of plants will grow. 
Aluminium ions are present in soil in a number of forms (Section 25.12). At high pH aluminium 
forms an insoluble hydroxide, Al(OH)3. As the pH falls due to acid deposition the aluminium 
ions are released into solution. For example, if the acid deposition contains sulfuric acid, 
aluminium is released into nearby lakes and streams as soluble aluminium sulfate:

2Al(OH)3 + 3H2SO4 → Al2(SO4)3 + 3H2O

Other ions such as magnesium and calcium, which are essential for plant growth, are washed 
out of the soil in a similar way. They are therefore unavailable for absorption by the roots of 
plants. Low pH also favours the release of excessive concentrations of metal ions such as iron and 
manganese, which may be toxic to plants. The effect of soil pH on the availability of metal ions is 
discussed further in Section 25.12.

Direct effects on plants
As well as damaging the soil, and lowering the availability of nutrients, acid deposition can 
damage plants directly, For example, it can damage leaf chlorophyll, turning leaves brown and 
reducing the photosynthetic ability of the plant. 

Effects on buildings
Limestone and marble are forms of calcium carbonate. Many historical buildings are made from 
these materials, so they can be eroded by acid rain:

CaCO3 + H2SO4 → CaSO4 + H2O + CO2

Metallic structures, especially those made of iron (or steel) or aluminium, are readily attacked by 
acid deposition. Sulfur dioxide gas may directly attack iron as follows (an example of damage by 
dry deposition):

Fe + SO2 + O2 → FeSO4

Or sulfuric acid may attack the iron (an example of wet deposition):

Fe + H2SO4 → FeSO4 + H2;   Fe + 2H+ → Fe2+ + H2

Measures to counteract acid deposition
Most measures to counteract acid deposition involve lowering the amount of acidic substances 
released into the atmosphere. Nitrogen oxides are removed from vehicle emissions using catalytic 
converters, and sulfur dioxide emissions from coal-fired power stations can be decreased in several 
ways. These processes were discussed in detail in Section 25.1.

Soil and lakes whose pH has been significantly decreased by acid deposition can be treated 
with limestone (calcium carbonate, CaCO3) or calcium hydroxide (Ca(OH)2) to raise the pH.

 25.3 Greenhouse effect
E.3.1  Describe the greenhouse effect.

The greenhouse effect
The greenhouse effect is the cause of the phenomenon of global warming, in which the average 
temperature of the Earth rises, causing various environmental disasters. The greenhouse effect is a 
necessary mechanism for maintaining the Earth’s temperature at a habitable level. However, it is 
thought that human activity is disrupting the natural equilibrium in the atmosphere, causing the 
planet to become warmer.



875 Greenhouse effect

The average temperature of the troposphere at sea level is 14–15 °C, but varies with location 
(the tropics are hotter than the poles, for instance). This average temperature is maintained 
because the energy incident on the Earth (coming from the Sun), is balanced by the energy 
leaving the Earth and escaping into space.

Most of the radiation from the Sun is in the visible region, with some at invisible longer 
wavelengths close to the visible region (known as ‘near infrared’), and a smaller amount at shorter 
wavelengths close to the visible region (the ‘near ultraviolet’).

If all this radiation reached the Earth’s surface, the average temperature would be intolerably 
hot. In fact only about 47% of the energy reaches the surface; the remainder is reflected back into 
space by the atmosphere and clouds, or is absorbed and retained by the atmosphere.

The peak of the incoming radiation has a wavelength in the visible region at around 500 nm. 
This wavelength is not absorbed to a significant extent by any of the major atmospheric gases: 
oxygen, nitrogen or argon, or even the less abundant gases, carbon dioxide or water vapour.

This radiation is therefore mostly absorbed by the Earth’s surface. This causes the surface 
temperature to rise. Since energy flows from hotter to colder regions, energy is transferred to the 
atmosphere, warming it. The atmosphere is hence mostly warmed from below. 

The energy that is re-radiated from the surface, and transferred to the atmosphere, is no longer 
in the visible region. It is in the infrared region, with a much longer wavelength, with maximum 
intensity at around 10 000 nm. This change in wavelength occurs because the Earth is radiating 
at a much lower temperature than the Sun. If all of this energy were allowed to escape into space, 
the Earth would cool to a temperature of around −20 °C. However, these wavelengths, while still 
not absorbed by nitrogen or oxygen, are strongly absorbed by water vapour and carbon dioxide. 

The carbon dioxide and water molecules are able to both emit and absorb infrared radiation. 
They therefore emit (or re-radiate) the energy they have absorbed from the surface. Some of this 
energy is re-radiated in the direction of space, and the remainder is radiated back down towards 
the surface (Figures 25.6 and 25.7).

rate of energy transfer
from Sun to Earth

rate of energy transfer
from Earth to Sun

(greatly exaggerated)

these transfer processes play little part
and we will ignore them in what follows

rate of energy transfer
from space to Earth

(greatly exaggerated)

rate of energy transfer
from Earth to space

The temperature at the surface is therefore maintained by a balance between the downward 
solar radiation and downward infrared radiation from the atmosphere, and the upward radiation 
of infrared from the surface.

It can be seen that an increase in the concentration of infrared-absorbing gases, carbon 
dioxide and water vapour, will decrease the amount of energy escaping from the Earth by 
radiation (by absorbing the energy on its journey upwards) and will increase the amount of energy 
moving downwards towards the surface (by re-radiating this infrared). The upwards/downwards 
equilibrium is therefore disturbed, and the surface temperature will rise until the upwards energy 
flow again equals the downwards flow. 

Figure 25.6 The 
greenhouse effect of the 

Earth’s atmosphere
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History of Chemistry 
Jean Baptiste Joseph Fourier 
(1768–1830) was a French 
mathematician and physicist who 
discovered that the gases in the 
atmosphere might increase the 
surface temperature of the Earth, 
later termed the greenhouse effect 
(Figure 25.7). Fourier recognized 
that the Earth primarily obtains 
energy from solar radiation.  
 
 
 
 

Figure 25.7 The greenhouse effect

Language of Chemistry
Recently, the term ‘climate change’ has become the term much more commonly used in the 
media and in education, in preference to ‘global warming’. This change may not be a good 
thing. As the climate has always changed, throughout the Earth’s history, the new term 
sounds more benign, and it lessens the implication that the current warming is an undesirable 
consequence of human activity. n

Absorption and emission in the infrared range of wavelengths occurs when molecules vibrate and 
rotate. Recall that the absorption and emission of ultraviolet radiation occurs when electrons 
move up and down between fixed energy levels (Chapter 2). The vibrational and rotational 
energies of molecules are similarly quantized (Chapter 21), that is, a molecule can absorb a 
photon, and move to a higher vibrational energy level. If it falls to a lower energy level, a photon 
is emitted. These photons have wavelengths in the infrared region.

Absorption and emission of infrared radiation by molecules can only occur if the molecule 
has a dipole. Nitrogen and oxygen, being diatomic molecules, do not have permanent dipoles, 
and create no temporary dipoles when they vibrate. Water absorbs strongly because it is an 
asymmetric molecule, and also the O−H bonds have a permanent dipole owing to the greater 
electronegativity (Chapter 3) of oxygen compared to hydrogen. 

The shape of the carbon dioxide molecule suggests that it has no permanent dipole 
(Chapter 4), because the individual C=O bond dipoles cancel out, as the molecule is linear. 
However, one of the vibrational modes of carbon dioxide is a so-called asymmetrical stretching 
mode, in which the symmetry of the molecule is disrupted and a temporary dipole formed (Figure 
25.8). Vibrational transitions of carbon dioxide can therefore occur, resulting in emission or 
absorption in the infrared at a wavenumber of 2360 cm−1. (Wavenumber is related to frequency. 
For a full discussion see 
Chapter 21.) Carbon dioxide 
has a second vibrational mode 
corresponding to a bending 
vibration. This mode absorbs 
much more weakly at a 
wavenumber of 670 cm−1. Both 
vibrational modes can be seen 
in Figure 21.41 in Chapter 21.

Figure 25.8 A diagram illustrating how the asymmetrical stretch (bending) 
leads to a change in the dipole moment of carbon dioxide
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Both the emission and absorption of infrared are important to the greenhouse action of 
water and carbon dioxide. Collisions between molecules may ‘excite’ the molecules to higher 
energy levels. When the molecule ‘relaxes’ to a lower energy level, infrared radiation is emitted. 
This radiation may move upwards into space, or downwards towards the surface. Conversely, a 
molecule may absorb infrared radiation. Collisions pass this additional energy to the surrounding 
gas, warming it. 

E.3.2  List the main greenhouse gases and their sources, and discuss their relative effects.

The main greenhouse gases and their contributions to 
global warming
The contribution of a greenhouse gas to the warming of the atmosphere depends on three factors:

the abundance of the gas in the atmosphere■n

the ability of the gas to absorb infrared radiation■n

the lifetime of the gas molecules in the atmosphere, before being removed by chemical ■n

processes.

The second and third factors are often combined to give a figure called the Global Warming 
Potential (GWP). Note that this figure must specify the timescale over which it is measured. 
Some gases are extremely effective at absorbing radiation, but are present in the atmosphere for 
a very short time, minimizing their contribution. Other gases are less effective, but are present 
for many years, so their contribution to global warming is more significant. Carbon dioxide is 
assigned a GWP of 1. 

Water vapour, H2O
Water vapour is the most important greenhouse gas. The GWP of water is sometimes given as 0.1, 
but is often not calculated because water vapour is constantly cycling through the atmosphere, 
and its concentration varies according to temperature and location. Typically the percentage of 
water vapour in the troposphere ranges from 1 to 4% (Section 25.1), far greater than any other 
greenhouse gas. In addition, water absorbs infrared over a broad range of frequencies. Increased 
atmospheric temperatures lead to more rapid evaporation of the oceans, and a larger capacity of 
the air to carry water vapour. This leads to increased concentration of water in the atmosphere, 
which may lead to further warming. Estimates of water’s contribution to global warming range 
from 36% to 75%.

Carbon dioxide, CO2

The percentage of carbon dioxide in the atmosphere is only 0.035%, or about one-thirtieth that 
of water. However, it is more efficient than water at absorbing infrared radiation (GWP = 1, by 
definition). Importantly, carbon dioxide absorbs infrared in a ‘window’ of wavelengths at which 
water does not absorb. Increases in carbon dioxide concentration therefore upset the equilibrium 
of absorption and transmission though the atmosphere. 

n Extension: Sulfur hexafluoride
Sulfur hexafluoride is the most potent greenhouse gas with a global warming potential of 22 000 
times than that of carbon dioxide. It is used in the electrical industry in circuit breakers. Its 
ability to strongly absorb infrared radiation is a consequence of the large number of vibrational 
modes (Chapter 21) accessible to the molecule due to the cage-like structure in which the sulfur 
atom is suspended. 
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Atmospheric concentrations of carbon dioxide are rising as a result of the following human 
activities:
1 Combustion of fossil fuels releases carbon dioxide into the atmosphere.
2 Manufacture of cement and concrete involves the thermal decomposition of calcium carbonate 

to calcium oxide, releasing carbon dioxide: CaCO3 → CaO + CO2.
3 Deforestation in the tropics leads to lower rates of photosynthesis, meaning that carbon dioxide 

is entering the atmosphere more quickly than it is being removed.

Estimates of carbon dioxide’s contribution to global warming range from 9% to 26%. The Earth’s 
oceans are warming making them less able to absorb (dissolve) carbon dioxide emissions.

Methane, CH4

The concentration of methane in the atmosphere is around 1.7 × 10−4 %. However, its GWP 
(100 years) is 25, meaning it absorbs infrared more much efficiently than carbon dioxide. In fact, 
methane’s GWP (20 years) is 72, meaning that methane is a very powerful greenhouse gas in the 
short term, but is removed from the atmosphere relatively quickly. 

Methane is formed when cellulose (plant fibre) decomposes anaerobically by the action of 
bacteria. Cellulose is a long-chain carbohydrate, made from glucose units (represented below as 
(CH2O)n).

(CH2O)n → n
2  

CH4 + 
n
2  

CO2 

This reaction occurs on a large scale as a result of human actions in the following situations:
1 rice cultivation (paddy fields)
2 fermentation of grass in the stomachs of ruminants (cows), and methane produced from rotting 

manure. In the European Union around 10 million tonnes annually are produced this way – it 
is the largest source of methane

3 leaking gas pipelines
4 fermentation of organic material in covered landfills (waste tips).

Estimates of methane’s contribution to global warming range from 4% to 9%.

Nitrous oxide, N2O
Nitrous oxide has a GWP (100 years) of 296. It is less efficient at absorbing infrared radiation 
than carbon dioxide; its high GWP arises from its long residence time in the atmosphere. Its 
concentration in the atmosphere stands at 0.031%, but this figure is increasing. Despite its low 
concentration, its high GWP means that it is thought to account for about 5% of global warming 
effects.

Nitrous oxide is produced naturally by bacteria in the oceans and the soil, and human 
activity only accounts for about 10–12% of the nitrous oxide produced each year. However, 
anthropogenic nitrous oxide production is increasing for the following reasons:
1 Industrialized agriculture, including the use of nitrogenous fertilizers, stimulates soil bacteria to 

produce more nitrous oxide. 
2 Industrialized livestock farming, and poor handling of animal waste, generates nitrous oxide.
3 The chemical industry, especially nitric acid and nylon production, generates nitrous oxide.

Chlorofluorocarbons, CFCs
Chlorofluorocarbons (CFCs) are important greenhouse gases. CFCs have been largely 
replaced as aerosol propellants and refrigerants by hydrochlorofluorocarbons (HCFCs) and 
hydrofluorocarbons (HFCs) (Section 25.4). These gases are less damaging to the ozone layer but 
still have GWP values much higher than carbon dioxide, and are important contributors to global 
warming. 

Ozone, O3

The production of ground level ozone has risen dramatically since the Industrial Revolution. This 
ozone is formed by the action of sunlight on hydrocarbons and nitrous oxide from the burning 
of fossil fuels. This ozone eventually finds its way to the troposphere and helps increase the 
greenhouse effect. 
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Effects of greenhouse gases
Rising sea levels
As the temperature increases sea levels will 
rise for two reasons. Firstly, the increased 
temperature causes accelerated melting of 
polar ice and glaciers (Figure 25.9). This will 
deposit more water into the oceans. (Note that 
the floating ice at the Arctic will not cause a 
sea-level rise on melting, as it already displaces 
water while it floats. However, melting land-
based ice will add to the volume of the oceans.) 
Secondly, as the oceans warm up, the water in 
them will expand, occupying more volume. 

Glacier retreat
Glaciers undergo a seasonal melting and refreezing cycle as temperatures vary through the year. In 
the Himalayas glacial melt water is an important source of fresh water, feeding the rivers of South 
Asia. Increased melting increases erosion and risk of flooding downriver, a particular problem in 
low-lying countries.

Changing patterns of agriculture
In temperate regions, such as Europe, yields of grain will most likely increase due to the higher 
temperature, longer growing season and increased concentration of carbon dioxide available for 
photosynthesis. However, the increased humidity and rainfall that accompanies the temperature 
rise may lead to increased incidence of fungal crop diseases, and migration of tropical insects 
to higher latitudes. In addition, the increase in yield of useful crops will be accompanied by 
increased weed growth, leading to greater use of herbicides. Raised sea levels will reduce land 
availability both directly, as land becomes submerged, and indirectly, as salt concentrations in 
groundwater increase, damaging the land’s ability to support crops.

At higher latitudes, more land may become available, as now-frozen land thaws and becomes 
workable. However, in tropical regions, temperature increases will lead to now-fertile land 
becoming desert with much lower crop yields, and erosion of the existing soil.

Worldwide, the possibility of extreme weather increases the likelihood of ruined harvests due 
to soil erosion, flooding or storms. 

TOK Link

Evidence for long-term climate change came 
from the Greenland Ice Core Project. A 
research group drilled into the polar ice and 
analysed samples from different depths. The 
deeper the ice sample, the older the ice. The 
atmospheric temperature at the time the ice 
was laid down (Figure 25.10) can be inferred 
from the characteristic profi le of isotopes of 
hydrogen and oxygen present, determined by 
mass spectrometry (Chapter 2).

Figure 25.10 The three types of data 
recovered from the Vostok ice cores over 

400 000 years of Earth history

E.3.3 Discuss the 
influence of 
increasing 
amounts of 
greenhouse 
gases on the 
atmosphere.

Figure 25.9 The Aletsch glacier in Switzerland
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Atmospheric carbon dioxide levels have also been recorded 
(Figure 25.11), with steady increases shown. Comparison of carbon 
dioxide levels from the 19th century (obtained by analysis of air 
bubbles trapped in Arctic ice) shows that this increase has continued 
for 150 years or more.

One diffi culty surrounding the science of global warming is that whilst 
it is believed to be occurring, the amount of future warming and the 
extent of its effects are diffi cult to predict. Computer modelling is 
complicated by uncertainty about how changes in one greenhouse 
gas impact on the concentration of another, for example, and also by 
unknown feedback effects. For example, the role of clouds in warming 
is not well understood: clouds add to warming by refl ecting radiation 
back to the Earth and clouds reduce warming by refl ecting the Sun’s 
radiation away from the Earth. The net result is uncertain.

A possible positive feedback effect relates to methane gas in the 
Siberian tundra. If the permafrost in Siberia were to thaw, massive 
amounts of methane would be released into the atmosphere, 
accelerating warming further. Similarly, the loss of Arctic ice reduces 
the amount of radiation refl ected from the Earth, and the newly 
exposed area of land and sea water absorbs more radiation, leading 
to further warming. Some scientists are concerned that a point will be 
reached at which runaway global warming will occur.

Figure 25.11 Atmospheric carbon dioxide levels 
recorded at Mauna Loa, Hawaii, 1957–2005

Language of Chemistry
A carbon footprint is a measure of the impact that human activities have on the environment 
in terms of the amount of greenhouses gases produced, measured in units of carbon dioxide. n

Applications of Chemistry
Carbon capture and storage (CCS) is an approach to reducing global warming based 
on capturing carbon dioxide from fossil fuel power stations and storing it instead of 
releasing it into the atmosphere. The carbon dioxide could be pumped into the sea or into 
underground salt water deposits and exhausted natural gas fi elds. 

 25.4 Ozone depletion
E.4.1  Describe the formation and depletion of ozone in the stratosphere by natural processes.

Natural formation and depletion of ozone
Ozone is a powerful oxidizing agent. When formed in the troposphere, ozone is classified as a 
pollutant, since it can reach concentrations at which it is harmful to humans. Ozone is also 
harmful to plants and building materials. Ozone is a pollutant formed by the photochemical 
reactants that lead to smog (Section 25.10). 

However, ozone is also responsible for the absorption of harmful ultraviolet radiation from 
the Sun. A layer of ozone in the stratosphere filters out the harmful ultraviolet radiation which 
contributes to skin cancer in humans and similar damage to genetic material in plants. Without 
the existence of this ozone layer life as we know it could not have evolved.

Human activity in the later part of the 20th century caused damage to the ozone layer, 
especially in polar regions. International efforts have been made to prevent further damage and to 
allow the ozone layer to recover.
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Stratospheric ozone
The stratosphere is the layer of the atmosphere lying above the troposphere at altitudes 
of 12–52 km (Section 25.1). Over 90% of all the ozone in the atmosphere is found in the 
stratosphere. The remainder is in the troposphere. Even in the stratosphere, ozone exists at a 
concentration of less than five parts per million. Nonetheless, this small amount of ozone is 
responsible for absorbing the majority of the harmful ultraviolet radiation that reaches Earth from 
the Sun.

In the stratosphere, the level of ozone is maintained by a cyclic series of processes, in which 
ozone is continuously created and destroyed. These processes involve the absorption of ultraviolet 
radiation. 

The ultraviolet region of the spectrum 
The ultraviolet region of the spectrum is divided into three regions: UV-a (320–400 nm), UV-b 
(280–320 nm), and UV-c (200–280 nm). UV-c is the most harmful to humans, causing sunburn, 
as well as DNA damage and skin cancer. However, it is very effectively screened by ozone (and 
dioxygen, O2) in the stratosphere. UV-b is less damaging, but is less effectively screened, and 
UV-a is least damaging, and is less effectively screened – in fact most UV-a reaches the Earth’s 
surface. Small changes in stratospheric ozone concentration can lead to significant rises in the 
intensity of UV-b reaching the Earth’s surface, resulting in increased incidence of skin cancers.

Maintenance of stratospheric ozone concentration
The formation and depletion processes for ozone both occur in the stratosphere. In normal 
circumstances the competing processes lead to a steady state, meaning that the rates of 
formation and depletion are equal. In this way, the concentration of stratospheric ozone remains 
approximately constant.

Natural ozone formation
A dioxygen molecule, O2, absorbs a photon with a wavelength shorter than 242 nm, forming a 
pair of oxygen atoms (note that this process absorbs radiation in the UV-c region):

O2 (+ UV 242 nm) → O• + O•

These highly reactive oxygen atoms now combine with dioxygen molecules to produce ozone:

O2 + O• + M → O3 + M

In this equation the symbol M is used to represent a ‘third body’ (another molecule) which carries 
away excess energy. In this way the energy of the ultraviolet radiation has been transferred into 
thermal energy, which warms the stratosphere.

Natural ozone depletion
The action of a UV photon can cause an ozone molecule to dissociate into a dioxygen molecule 
and an oxygen atom. This process involves a photon with a wavelength in the range 290–320 nm, 
which is in the UV-b region. It is therefore important in the prevention of sunburn and DNA 
damage:

O3 (+ UV 290–320 nm) → O2 + O•

An oxygen radical can also lead to removal of an ozone molecule by collision:

O3 + O• → 2O2

These processes of formation and depletion lead to an approximately steady concentration of 
ozone in the atmosphere, as ozone is formed and removed at equal rates. UV-c and UV-b are 
largely filtered out during the process.
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E.4.2 List the ozone-depleting pollutants and their sources.

Ozone-depleting pollutants
In 1985 the British Antarctic Survey published research showing that the ozone concentration 
over Antarctica was lower than expected (Figure 25.12). They used ultraviolet spectroscopy 
to compare the extent to which different frequencies of ultraviolet were being absorbed. This 
unexpected lowering of the ozone concentration became known as the ‘hole’ (Figure 25.13) in 
the ozone layer. The scientific community concluded that some chemical process had increased 
the rate of ozone depletion, whilst formation rates were unchanged. Over time, the concentration 
of ozone had fallen. The suspected cause of this additional ozone depletion was a class of 
chemicals known as CFCs, or chlorofluorocarbons.

Source: New Scientist, 5 May 1988
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Figure 25.12 Halley Bay: drop in mean total ozone  Figure 25.13 NASA image of the ozone hole in
correlated to incidence of CFCs 2006 (blue and purple colours show where there
 is least ozone)

Chlorofl uorocarbons (CFCs)
Chlorofluorocarbons were designed as propellants for aerosol sprays and as refrigerants. These 
compounds are volatile and are chemically inert in the troposphere. Their inertness made them 
unlikely to contaminate the liquid in an aerosol, whilst their volatility made them suitable for 
transferring heat in a refrigerator or air conditioner. They were also used in the production of 
expanded polystyrene (Chapter 23). A further use was as fire extinguishers, as the rapid expansion 
of the compressed vapour causes cooling, the vapour displaces oxygen, and halogen atoms are 
released which interfere with the combustion process. 

Ozone depletion by CFCs
The ozone-depleting properties of CFCs arise from photochemical reactions in the stratosphere. 
When CFCs are released at ground level, they slowly mix throughout the troposphere. They remain 
unchanged because their chemical reactions are slow and ultraviolet radiation which might act on 
them has been absorbed higher in the atmosphere. However, when the CFC molecules eventually 
reach the stratosphere they are dissociated by ultraviolet radiation as follows:

CFCl3 + UV → CFCl2• + Cl• (photodissociation of CFC-11)
CF2Cl2 + UV → CF2Cl• + Cl• (photodissociation of CFC-12)
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A chain reaction is initiated in which chlorine radicals destroy an ozone molecule, and are then 
regenerated in another reaction, allowing them to further deplete ozone. Note that the carbon–
fluorine bond is shorter and hence stronger than the carbon–chlorine bond, so fluorine atoms are 
not released and fluorine does not contribute to ozone depletion (see Section 25.9).

Nitrogen oxides and ozone depletion
Most nitrogen oxides formed in the troposphere are sufficiently reactive that they are used up 
in chemical reactions, such as those which produce smog, or acid rain. However, nitrogen(i) 
oxide, N2O (nitrous oxide), is relatively unreactive, which allows it to eventually rise to the 
stratosphere. Here it combines with an oxygen atom, produced in an earlier photodissociation of 
dioxygen, to form nitrogen monoxide, NO:

O• + N2O → 2NO•

Nitrogen monoxide participates in similar chain reactions to chlorine atoms, and so is regarded as 
a serious ozone-depleting pollutant.

E.4.3 Discuss the alternatives to CFCs in terms of their properties.

Alternatives to CFCs

Hydrochlorofluorocarbons
The presence of a weaker C−H bond in the molecule affects the reactivity of the molecule. 
Whilst CFCs, with their strong carbon–halogen bonds, can exist in the troposphere for the many 
years it takes to diffuse into the stratosphere, the C−H bond in HCFCs makes them susceptible 
to attack by hydroxyl radicals (•OH) in the troposphere. The hydrogen atom of the HCFC 
combines with the hydroxyl radical forming a water molecule. The resulting chlorofluorocarbon 
radical is unstable and can be broken down further. The breakdown of the HCFC molecule 
releases the chlorine atoms in the troposphere. In the troposphere the chlorine atoms will 
combine with other substances forming water-soluble compounds that are removed from the 
atmosphere by rain. 

Hydrofluorocarbons
Hydrofluorocarbons are preferable to hydrochlorofluorocarbons because they contain no chlorine. 
The carbon–fluorine bond is shorter and much stronger than the carbon–chlorine bond (C−F: 
467 kJ mol−1; C−Cl: 346 kJ mol−1). Ultraviolet photons carry insufficient energy to break the C−F 
bond. HFCs are broken down in the troposphere in a similar way to HCFCs, but the absence of 
chlorine means that HFCs have no tendency to deplete ozone. 

Hydrocarbons
Mixtures of propane and butane have been marketed as alternatives to CFCs, especially in 
refrigeration and air conditioning applications. Such appliances must be carefully designed to 
minimize the possibility of the hydrocarbon being ignited, for example by an electrical spark. 

 25.5 Dissolved oxygen in water
E.5.1  Outline biochemical oxygen demand (BOD) as a measure of oxygen-demanding wastes in water.

Biochemical oxygen demand (BOD)
Human activity can adversely affect the concentration of dissolved oxygen in water. The 
solubility of oxygen in water is rather low (around 8.3 mg dm−3 (ppm) at 25 °C), and can be 
decreased further by changes in the temperature, concentrations of dissolved minerals, and 
quantities of biological waste. If the oxygen concentration falls below 5 ppm fish will start to die, 
and below 3 ppm most fish cannot survive.
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Examples of biological waste introduced into the environment by humans include human and 
animal waste (sewage/manure), and waste from food processing factories, slaughterhouses and 
paper mills.

Organic material in water will gradually decay by the action of microorganisms. This process 
consumes oxygen according to the equation:

(CH2O)n(aq) + nO2(g) → nCO2(g) + nH2O(l) 

(CH2O)n is an empirical formula representing carbohydrates such as cellulose which form the 
structure of plants.

This process is called aerobic decomposition, as the microorganisms involved require oxygen. 
As decay occurs, the oxygen available for other organisms such as fish is decreased. 

The biochemical oxygen demand (BOD) describes the quantity of oxygen used when the 
organic material in the water is decomposed by microorganisms. A small BOD corresponds to a 
small amount of organic matter present, i.e. the water is quite pure. A high BOD corresponds to 
impure water, as much of the oxygen present will be used up in decomposing the organic material, 
with less available for the fish. 

Pure water has a BOD of around 1 ppm (1 mg dm−3), whereas the value for polluted water may 
exceed 5 ppm. Since the total oxygen in water at 25 °C is around 8 ppm, a BOD of 5 ppm lowers 
the oxygen level of the water to the point (around 3 ppm) where it cannot sustain most fish. 
Values of BOD can be measured using a dissolved oxygen probe or via a redox titration.

Eutrophication

E.5.2 Distinguish between aerobic and anaerobic decomposition of organic material in water.
E.5.3 Describe the process of eutrophication and its effects.

The term eutrophication is defined as ‘an increase in the level of chemical nutrients in an 
ecosystem’. However, the term is most often used to mean the resultant increase in plant growth, 
lowering of oxygen concentration and decline of fish populations.

Lake environments typically favour fish over plant life. This occurs because the levels of 
nitrogen and phosphorus are low. Limited plant growth results, which leads to little decaying 
vegetation. Lake water has a low BOD, therefore fish populations reach a high level.

However, human activities have often led to large increases in the concentrations of nutrients 
in rivers and streams. Use of fertilizers on farmland, and the release of sewage into rivers, result in 
a rapid increase in the nutrient concentrations (phosphorus in particular) in the lakes these rivers 
feed. This causes excessive growth of primitive plants called algae, which float on the surface 
of the water, a ‘green scum’ known as an algal bloom. The turbidity (cloudiness) of the water 
increases. Eutrophic lakes can be recognized by a green tint to the water.

The algal bloom lends an unpleasant taste to the water and may release harmful toxins. The 
colour, taste and toxicity of the water affect human activities such as fishing and boating, and 
water clogged with algae is more difficult to treat for drinking. However, the biggest problem 
occurs after the algae die. The dead algae are consumed by aerobic bacteria, which use up the 
dissolved oxygen in the water. The oxygen level falls below that required to sustain fish and 
shellfish. Only species which can tolerate low oxygen levels will survive, such as sludgeworms, 
maggots and eels. The lake is now useless for fishing, which has a disastrous effect on local 
communities.

The oxygen level may fall so low that aerobic bacteria cannot survive. Instead, anaerobic 
bacteria decompose the remaining dead algae, forming foul-smelling products such as ammonia, 
hydrogen sulfide, methane and thioalcohols (general formula RSH). These substances make the 
lake even less attractive for leisure activities. In addition, bacteria (such as Clostridium botulinum) 
may release highly dangerous toxins lethal to all birds and mammals. 
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Thermal pollution

E.5.4  Describe the source and effects of thermal pollution in water.

The solubility of oxygen in water is highly sensitive to temperature. At 25 °C the solubility is 
8.3 ppm, but at 30 °C this falls to around 5 ppm, the level at which fish start to die.

Human activities may lead to such an increase in the temperature of bodies of water. This is 
known as thermal pollution. It occurs around power stations where water is drawn from a lake 
or river to cool the steam from turbines in devices called heat exchangers. Hot steam under high 
pressure drives the turbine, and is then cooled in a heat exchanger before being returned to the 
boiler, where it is reheated and the process repeated. The cooling water is warmed during this 
process. Water leaving a heat exchanger may be 20 °C warmer than the temperature of the lake or 
river from which it was drawn, which leads to an increase in temperature of the lake or river.

The oxygen level in the water decreases for two reasons. Firstly, the higher temperature 
lowers the solubility of oxygen (less oxygen is dissolved). Secondly, at a higher temperature 
microorganisms respire more quickly, so processes involving the decay of biological material (and 
consumption of oxygen) occur more quickly. This may lead to eutrophication-style effects.

Larger temperature rises may cause enzymes in microorganisms to denature, rendering the 
organisms unable to digest food molecules. Changing temperatures can also affect natural cycles 
at work in the river or lake. For example, fish may spawn (lay eggs) earlier in the season, or the 
eggs may hatch earlier. At this time the other organisms necessary to feed the young fish may not 
be available.

Alternatively, thermal pollution may involve a decrease in temperature. For example, In 
Australia, colder water at the bottom of reservoirs is released into warmer rivers. The decrease in 
temperature affects eggs and larvae and causes a decrease in fish populations.

 26.6 Water treatment
The water cycle
Figure 25.14 illustrates the water cycle, which shows how water circulates around the Earth. The 
driving force behind the water cycle is the heat of the Sun. The thermal energy from the Sun 
causes evaporation from oceans, seas and lakes. Water vapour is also released into the air from 
transpiration, respiration and combustion. The water vapour rises, cools and condenses to form 
water droplets which form clouds. The water vapour is returned to the earth as rain. 

the sea

evaporation

transpiration

combustion

clouds

clouds
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Figure 25.14 
The water cycle
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Water is an excellent solvent and dissolves a wide range of different chemical substances. 
Hence, water is rarely found in the pure state. As water falls through the atmosphere it dissolves 
gases, such as carbon dioxide, and pollutants, such as sulfur dioxide and oxides of nitrogen. 
Chemical fertilizers washed off farmland will add nitrate and phosphate ions. River water may 
also contain pesticides, bacteria and oil. All of these impurities, both artificial and natural, must 
be removed from water before it can be used for drinking.

E.6.1  List the primary pollutants found in waste water and identify their sources.

Primary pollutants in waste water
Water pollution by humans falls into two broad categories: point source pollution and non-point 
source pollution. Point source pollution occurs when the source of pollution is clearly identifiable 
at one point, for example a chemical factory releasing toxic substances into a river. Non-point 
source pollution describes situations in which water collects pollutants over a larger area, and thus 
cannot be attributed to single source. Examples are acid rain, which pollutes lakes, and fertilizer 
run-off, where a river accumulates large quantities of nitrogen and phosphorus compounds as it 
flows through farmland.

The primary pollutants found in waste water are:

heavy metals (toxic metals with a high relative atomic mass)■n

pesticides (insecticides and herbicides) ■n

chemical wastes (dioxins, PCBs)■n

organic wastes (sewage)■n

fertilizers.■n

Tables 25.3 and 25.4 detail their sources and their harmful effects.

Pollutant Major source(s) Effects

Mercury Man-made sources include:
Mercury is used in the industrial electrolysis of 
brine (Chapter 23).
Some paints require mercury compounds for 
their manufacture.
Mercury compounds are used as catalysts in 
manufacture of some organic compounds.
Mercury is released as a by-product of cement 
manufacture.

Mercury poisoning affects the nervous system, leading to 
blindness, loss of coordination and paralysis.
In 1953 the population of Minamata, a fishing village in Japan, 
began displaying symptoms of mercury poisoning. A chemical 
factory in the bay had been discharging mercury wastes into 
the water. The plankton absorbed the mercury and were eaten 
by fish, which in turn were eaten by larger fish. In this way the 
mercury accumulated through the food chain until it reached 
a harmful concentration. When people ate the large fish they 
received a massive dose of mercury.

Lead Lead is no longer used as a petrol additive 
(Chapter 10), so levels of lead in the environment 
have fallen. However, lead is still present in the 
water pipes of many older buildings. 

Lead poisoning also affects the nervous system, causing 
drowsiness, visual problems and psychological effects.

Cadmium Zinc mining and zinc plating (galvanizing) 
releases cadmium into the environment. 
Cadmium compounds are also used as an orange 
pigment in paints.
If rechargeable nickel-cadmium (Ni-Cad) batteries 
(Chapter 23) are allowed to enter landfills the 
cadmium can find its way into groundwater. 

Cadmium is carcinogenic and extremely toxic. Inhalation of 
fumes containing cadmium can lead to pulmonary oedema 
(excess fluid in the lungs) and death.

Chromium Chromium is used in electroplating (Chapter 19) 
and in tanneries (leather treatment). 

Chromium(vi) compounds are carcinogenic and irritate the eyes 
and mucous membranes and can lead to blindness. 

Table 25.3 Major sources and harmful effects of heavy metal pollutants
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Pollutant Major source(s) Effects

Organochlorine insecticide 
– DDT (dichlorodiphenyl 
trichloroethane or 
1,1,1-trichloro-2,2-bis 
(4-chlorophenyl)ethane)

DDT is an insect neurotoxin. 
In the 1950s it was hoped that DDT would 
allow the total eradication of malaria, and 
spraying took place in large areas of Africa 
and Asia. However, it soon became clear 
that several species of insects had evolved a 
resistance to DDT. 

Declining bird populations (especially of those at the top of the food 
chain, such as falcons and eagles) were attributed to accumulation 
of DDT. DDT is soluble in fat, which allows it to build up in animal 
tissues.
The publication of Rachel Carson’s landmark book silent spring in 
1962 alerted the world to the dangers of pesticides such as DDT. 
Today, DDT is banned for agricultural use in most countries, but is 
still permitted for use in the control of malaria. 

Organophosphate 
insecticides – Parathion, 
Malathion

Organophosphate insecticides are also 
neurotoxins. 
Organophosphates are less persistent: in the 
presence of sunlight, air and soil they are 
decomposed. 
Organophosphates are introduced to the 
environment by spraying. They are used in 
agricultural applications.

Most organophosphates will kill unintended species. In particular, 
organophosphates are highly toxic to bees, which are needed to 
pollinate crops.
In 1995 the Japanese religious cult Aum Shinrikyo perpetrated a 
terrorist attack on the Tokyo subway using liquid Sarin, a powerful 
nerve gas. 

Herbicides –
dipyridilium compounds, 
phenoxyethanoic acids 

Herbicides are applied to crop fields by 
spraying. The purpose is to remove weeds 
before replanting crops. 
After use they are washed down through the 
soil and eventually enter streams and rivers. 

Paraquat, the most common bipyridilium herbicide, is dangerous to 
humans by ingestion and inhalation. 
Phenoxyethanoic acids are used as weedkillers. Their most infamous 
use was during the US–Vietnam war in the 1960s. ‘Agent Orange’ 
a mixture of two such compounds, was widely sprayed over the 
Vietnamese jungle as a defoliant. 

Dioxins Dioxin, refers to the class of compounds 
correctly called polychlorinated 
dibenzodioxins.
Dioxins are produced during the incineration 
of plastic waste. 
Dioxins are also formed as by-products 
during the manufacture of herbicides.
Dioxin was present as an impurity in ‘Agent 
Orange’.
Dioxins are also present in cigarette smoke 
and the soot from barbecues.

They are persistent, and, like DDT, they are fat-soluble, which leads 
to their being concentrated through the food chain. 
Dioxins damage the heart, liver and kidneys. They are teratogenic, 
meaning that they can cause deformities in unborn children, and 
they are suspected carcinogens.
Exposure to high dioxin levels leads to 
the skin disease ‘chloracne’. In 2004 the 
Ukrainian politician Viktor Yushchenko 
(Figure 25.15) visibly suffered from this 
condition. 

Figure 25.15 Ukrainian former Prime 
Minister and presidential candidate 

Viktor Yushchenko, with his face 
disfigured by dioxin

Polychlorinated biphenyls 
(PCBs)

PCBs are a class of organic compounds 
in which a number of chlorine atoms are 
attached to a pair of benzene rings. 
PCBs were used as coolants in electronic 
components, as sealants, as hydraulic 
fluids, as additives in plastics and as flame 
retardants.

Like DDT and the dioxins, PCBs are persistent and fat-soluble, 
making bio-accumulation possible.
The primary victims of PCB poisoning have been sea birds. 
In humans, PCB poisoning causes liver damage and the skin 
condition chloracne.
The Great Lakes in the USA suffered massive amounts of PCB 
pollution in the 1950s and 1960s. Consumption of fish from these 
areas is still restricted today.

Organic matter Organic matter in waste water usually refers 
to sewage. 

Organic matter may contain plant nutrients leading to 
eutrophication. Organic waste allows the spread of disease. People 
suffering from diseases spread by impure water, will produce faeces 
containing bacteria. 

Chemical fertilizers – 
nitrates and phosphates

Nitrate pollution arises from excess fertilizer 
that has entered rivers that pass through 
farmland. Nitrates are rapidly washed out of 
the soil by rain water. 
Phosphate fertilizers are less soluble than 
nitrates, and so are less rapidly leached 
from the soil. The most important source of 
phosphate pollution is detergents. 

Nitrate and phosphate pollution leads to eutrophication (see Section 
25.5).
In ‘blue-baby syndrome’ nitrate ions in water are metabolized to 
nitrites in the baby’s digestive system. The nitrites then oxidize iron(ii) 
in the baby’s hemoglobin to iron(iii). Iron(iii) cannot perform the role 
of oxygen transport, so the baby suffers a lack of oxygen. 

The term pesticide encompasses herbicides (weed killers), fungicides (fungus killers), algicides (algae killers) and insecticides. They are usually artificially synthesized organic compounds. Many of 
them are bio-accumulative, meaning that they are not excreted by organisms, leading to increasing concentrations through the food chain.

Table 25.4 Major sources and harmful effects of pesticides, chemical wastes, organic matter and fertilizers.
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Waste water treatment
The treatment of waste water (Figure 25.16) before it can be safely re-introduced to rivers takes 
place in three stages:

primary treatment – screening to remove solids, followed by sedimentation of sand, grit and ■n

sludge
secondary treatment – use of oxygen and bacteria to remove organic matter■n

tertiary treatment – chemical precipitation of remaining organic compounds, heavy metals, ■n

nitrates and phosphates.

sewage

screens
grit channel

settlement
tank

trickling filter

gravelsludge (for either dumping or conversion
to fertilizer and methane gas)

to tertiary
treatment

Primary treatment
Raw waste water contains floating and suspended solid material. This may include paper, rags, 
wood and plastic rubbish that may cause blockages elsewhere in the treatment plant. This 
material is removed by passing the water through coarse mesh screens. 

The water is then passed through a grit channel. The speed of the water flow is controlled so 
that sand and grit settles out of the water while the liquid keeps moving. Sometimes a spinning 
centrifuge is used that forces the grit to the edges of a tube while the water flows down the centre.

The water then passes into large holding tanks where it is left to settle. Fine solid particles 
eventually sink to the bottom, forming a sludge which is periodically removed. Insoluble grease 
floats to the surface where it is skimmed off.

Sometimes primary treatment is deemed sufficient and the water is returned to a river. If the 
BOD of the water is low (i.e. there is only a small amount of organic waste present) then there is 
little risk that the river biodiversity will be affected.

Secondary treatment
Secondary treatment focuses on lowering biological oxygen demand by removing organic matter. 
Recall that the presence of organic matter lowers the oxygen available to fish, so removal is 
desirable before the water is returned to rivers and lakes.

The principle of secondary treatment is to allow aerobic bacteria to oxidize the organic 
material. The aerobic bacteria, waste water and air must be thoroughly mixed to allow efficient 
oxidation.

One method involves spraying the waste over a bed of small stones coated in microorganisms. 
Aerobic respiration converts the organic material into carbon dioxide, water, and a sludge 
containing nitrogen compounds.

A more effective method is called the activated sludge process. Bacteria and sewage are mixed 
together, constantly stirred, and air is blasted into the mixture. The bacteria multiply rapidly and 
feed on the organic material in the sludge. The resulting sludge contains the remaining nitrogen 
and phosphorus compounds, and also still-active microorganisms. The microorganisms can be 
recycled. This process removes 90% of BOD from the waste water. 

Tertiary treatment
Tertiary treatment is sometimes called advanced water treatment. The term refers to any level 
of treatment beyond secondary treatment. Most commonly, this series of processes removes the 
remaining inorganic pollutants from the water, in particular nitrogen compounds, phosphates and 

E.6.2  Outline 
the primary, 
secondary and 
tertiary stages 
of waste water 
treatment, 
and state the 
substance that is 
removed during 
each stage.

Figure 25.16 The 
processes involved in 

sewage treatment
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heavy metal ions. Tertiary treatment is particularly important where industrial point sources such 
as metal works or chemical plants have led to high concentrations of these pollutants. 

Nitrogen compounds are removed from waste water in order that they do not contribute to 
eutrophication in a river or lake. There are two common types of nitrogen compound in waste 
water: ammonium ions and nitrate ions. Each type is removed using a different bacterial process. 
Phosphate and heavy metal ions also need to be removed by tertiary treatment.

Ammonium ions
These are first treated with nitrifying bacteria, which oxidize the ammonium ions to nitrate ions. 
This is a two-step process as follows:

NH4
+(aq) + 1 12 O2(g) → NO2

−(aq) + 2H+(aq) + H2O(l)

NO2
−(aq) + 1

2 O2(g) → NO3
−(aq)

Nitrate ions
The nitrates originally present in waste water, along with those formed in the oxidation of 
ammonium, are then reduced (by different strains of bacteria) to nitrogen gas, which is released 
into the atmosphere.

Phosphates
Phosphates are removed by either biological or chemical processes. The waste water can be 
treated with biomass saturated with specific bacteria which absorb phosphate ions. This biomass 
used in absorbing the phosphate can be later recycled as fertilizer.

Alternatively, phosphates can be removed by chemical precipitation. Addition of iron(iii) or 
aluminium ions results in a precipitate which can be filtered out.

Fe3+(aq) + PO4
3−(aq) → FePO4(s) 

Al3+(aq) + PO4
3−(aq) → AlPO4(s)

Heavy metal removal
Heavy metals can be removed by chemical precipitation or by ion exchange. 
Most transition metal ions have insoluble hydroxides (Chapter 13), so the addition of alkali 
precipitates the metals from the waste water. The alkalis most commonly used are calcium 
hydroxide or sodium carbonate (which generates hydroxide ions in solution). For example:

Cr3+(aq) + 3OH−(aq) → Cr(OH)3(s)

The precipitates are then removed by adding a coagulant organic polymer (plastic) which causes 
the precipitate particles to clump together. The water then enters a sedimentation tank where the 
sediment settles out. Remaining finer particles are removed by filtration.

An ion exchange resin is a material that binds reversibly to particular cations or anions 
(Chapter 21). In water treatment, a mesh coated in a resin is introduced to the waste water in 
a tank. When placed into the tank, the resin binds a less toxic ion such as hydrogen, sodium or 
calcium. The resins have a greater preference for heavy metals, such as cadmium, than for the 
original cation. The following equilibrium therefore lies far to the right:

2Na+(resin) + Cd2+(aq)  2Na+(aq) + Cd2+(resin)

E.6.3 Evaluate the process to obtain fresh water from sea water using multi-stage distillation and reverse 
osmosis.

Membrane desalination
Osmosis (Chapter 17) is a natural process which serves to equalize the concentrations of 
solutions. If pure water and salt solution are placed either side of a semi-permeable membrane, the 
water will tend to flow to the salt solution, until the two concentrations are the same. 

However, if pure water is required, then we want the water to flow from the salt solution side 
to the pure water side – against the normal osmotic flow. Such a phenomenon is called reverse 
osmosis (Figure 25.17). Reverse osmosis requires that a pressure be applied to the salt water, 
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greater then the osmotic pressure – in other words, the pressure is enough to stop the water 
flowing from the pure to the salt water, and force it to go in the other direction.

seawater under pressure

semi-permeable membrane
water molecules forced
through membrane

fresh water

Reverse osmosis has an energy cost, because you have to provide energy to force the water 
through the membranes. Reverse osmosis plants are carefully designed to maximize the amount 
of pure water obtained for a given energy input. Membrane systems are arranged in spirals to 
maximize surface area, and the flowing water which leaves the system is used to turn rotors which 
help to increase the incoming water pressure. 

Thermal desalination
The most commonly used distillation method used today is multi-stage flash distillation (MSF). 
Sea water is heated under high pressure and then passed into a chamber at a lower pressure. The 
rapid decrease in pressure causes some of the sea water to evaporate (or ‘flash’). Since only a small 
amount of the water evaporates, the water is then passed into another chamber at a still lower 
pressure. More water then ‘flashes’. The process is repeated several times. The steam produced 
at each stage is cooled in heat exchangers. The thermal energy released by the hot steam can be 
used to help heat the incoming sea water. In this way the energy consumption is minimized. The 
steam condenses to form fresh water.

Table 25.5 summarizes the advantages and disadvantages of reverse osmosis and thermal 
desalination.

Method Advantages Disadvantages

Reverse osmosis Increasing energy efficiency as membrane and plant 
design improves.
Lower carbon footprint as less fossil fuels are used.

Membranes can be a breeding ground for bacteria.
Chemicals used for cleaning membranes can enter the 
environment.

Thermal desalination Plants can utilize waste energy from thermal power 
plant (co-generation plant).
Regions with water shortages (such as the Middle East) 
also have plentiful oil to provide energy for desalination.

Environmentalists are concerned about the ‘carbon footprint’ 
of desalination owing to its use of fossil fuels.
Water is heated, so there is a possibility of thermal pollution as 
well as excess salt.
Corrosion in the pipes can lead to copper entering the water 
outflow.

Table 25.5 Advantages and disadvantages of desalination methods

 25.7 Soil
E.7.1 Discuss salinization, nutrient depletion and soil pollution as causes of soil degradation.
E.7.2 Describe the relevance of the soil organic matter (SOM) in preventing soil degradation, and outline its 

physical and biological functions.

Soil is a chemical mixture formed as rock is gradually weathered down to form ions in aqueous 
solution. Soil plays a part in natural cycles such as the water cycle (rain water travels through 
soil to groundwater, and eventually replenishes rivers), the carbon cycle (Figure 25.18) 
(decomposition of organic matter takes place in soil, which re-introduces carbon to the 
atmosphere as carbon dioxide) and the nitrogen cycle (some types of bacteria in soil can ‘fix’ 

Figure 25.17 The 
principle of reverse 

osmosis
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nitrogen from the air, converting relatively inert nitrogen gas, N2, into soluble ammonium ions, 
NH4

+, which can be absorbed by plants).

carbon dioxide in
the air

plants take in CO2 
and give out oxygen

animals take in oxygen,
eat plants and breathe

out CO2

Sun

decay

respiration

death and 
decay

carbon compounds in crude oil
(petroleum), coal and carbonates

burned as fossil 
fuels producing CO2

photosynthesis

Soil composition
Soil (Figure 25.19) is composed of 
organic and inorganic components 
in varying proportions. The organic 
component is called humus and 
consists of plant material that has been 
partly decayed by bacteria and fungi. 
The inorganic component includes 
mineral particles (gravel, sand, silt and 
clay), water and air. Water trapped 
between soil grains contains ions 
(formed by the process of dissolving 
of minerals) which can be absorbed 
by plant roots. This liquid, containing 
dissolved ions and organic substances, 
is called the soil solution. 

Figure 25.19 The structure of soil

Soil supports a variety of living organisms, including bacteria, insects and worms, which by 
the processes of growth and decay and the circulation of air and water modify the soil structure. 
The composition by volume of a typical surface soil is 45% inorganic matter (rock particles), 5% 
organic matter (from living or dead organisms), 25% water and 25% air.

Soil and water
One of the key factors in the effectiveness of soil for agriculture is drainage. Soil that is 
waterlogged is sticky, difficult to plough and plant, and tends to contain too much organic 
material and not enough minerals. However, some water is essential as it forms the basis of the 
soil solution, that is needed for plant growth. Surface tension between water and soil grains also 
helps hold the soil together. 

Below the soil, the bedrock may also be a porous rock, such as limestone, which can store 
water. Such rocks are called aquifers. Other rocks, such as granite, are impermeable (non-porous) 
and prevent the flow of water.

Figure 25.18  
The carbon cycle

carrier gas (mobile phase) walls of column

root hair

water absorbed
onto soil particles

air space

soil saturated
with water

drainage to
ground water

soil particle or 
aggregate
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The combination of water stored in soil spaces and aquifers is called the groundwater. 
When soil drains the water enters the groundwater where it will eventually work its way, via 
underground channels or through the pores of the aquifer, to rivers. 

Soil organic matter
Soil contains rotting organic matter 
in various stages of decomposition 
(Figure 25.20). Depending on the 
conditions, the decomposition results 
in a wide variety of products. In the 
early stages of decomposition, plant 
tissue (cellulose) can be broken into 
shorter polysaccharides. Animal 
tissues can be broken down into their 
constituent proteins. Further decay 
breaks polysaccharides into simpler 
sugars and proteins into amino acids. 
When soil is aerated, aerobic bacteria 
and fungi can decompose most of these molecules still further, ultimately forming carbon dioxide 
and water. 

Soil organic matter (SOM) is beneficial to soil in the following ways.

The products of partial decomposition replenish the soil by rendering large insoluble molecules ■n

into smaller, soluble ones which can be taken up by plant roots, via the soil solution. 
Partially decayed organic matter helps to bind the soil together. By binding the soil together, ■n

the retention of water is improved, which in turn improves the thermal properties of the soil. 
When soil is well bound together, conduction of heat through the soil is more efficient. 
Dark-coloured SOM-rich soil absorbs heat better than lighter-coloured (low SOM) soil. ■n

Formation of humus
In very wet soils oxygen is less able to reach the organic material. Anaerobic bacteria take over, 
resulting in the formation of more complex organic compounds such as phenols and carboxylic 
acids. These are known as ‘humic substances’ and the mixture is called humus. Soils in cold, wet 
climates often have a very high percentage of humus as organic matter builds up and is not removed 
as carbon dioxide. In extreme cases, soils may contain up to 95% organic matter. Such soils are 
known as ‘peat soils’. However, SOM is a common and important component of many soils.

The phenols and carboxylic acids in the humus, being weak acids, help to buffer the soil pH. 
This is important because pH affects the solubility of metal cations in the soil. For example, 
at low pH, aluminium ions present in clay minerals are released into the soil solution. High 
concentrations of aluminium are toxic to plants. These organic molecules also increase the 
capacity of the soil to hold water (since they are able to hydrogen-bond to water molecules) and 
metal cations, thus holding onto micronutrients. However, these properties can also lead to a 
build-up of toxic heavy metals in the soil, as well as persistent organic pollutants.

Formation of soil

Physical weathering
Soil is a mixture of weathered (broken-down) rock particles, organic matter, air and water. At 
the bottom is the bedrock. This is the upper layer of the Earth’s crust. When rock is recycled 
to the surface, the pressure it experiences decreases, which causes it to expand and crack. In 
addition, it now experiences variations in temperature, which also cause repeated expansion 
and contraction. This weakens the rock, which causes it to crumble. These processes are called 
‘physical weathering’ as they do not change the chemical composition of the rock, they just break 
it up into smaller fragments. 

Figure 25.20 A compost heap on a farm: a good source of humus
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Chemical weathering
In addition to the physical weathering, the rock also experiences chemical weathering: the rock 
is attacked by various chemical substances, and new materials are formed. The most common 
types of chemical weathering that help to break bedrock down to soil grains are oxidation and 
acid–carbonate reactions. 

Oxidation
Oxidation involves the action of free (i.e. atmospheric) oxygen on minerals present in rock. An 
example is the action of oxygen on pyrites (sulfide-containing minerals):

2FeS2(s) + 7 1
2 O2(g) + 7H2O(l) → 2Fe(OH)3(s) + 4H2SO4(aq)

In this reaction iron(ii), in iron(ii) persulfide, FeS2, has been oxidized to iron(iii) in iron(iii) 
hydroxide, Fe(OH)3. This oxidation process is catalysed by microorganisms such as the bacterium 
Thiobacillus thiooxidans.

Acid–carbonate reactions
Carbonate rocks such as limestone (calcium carbonate, CaCO3) are attacked by rain water 
containing carbon dioxide in solution (sometimes described as carbonic acid, H2CO3). This 
reaction dissolves the calcium carbonate:

CaCO3(s) + H2CO3(aq) → Ca2+(aq) + 2HCO3
–(aq)

Silicate minerals are broken down in a similar way:

Mg2SiO4(s) + 4H2CO3(aq) → 2Mg2+(aq) + 4HCO3
−(aq) + H4SiO4(aq)

Soil degradation
Soil degradation refers to damage to the soil, which reduces its ability to support crops. Sources of 
soil degradation include salinization, nutrient depletion and chemical pollution.

Salinization
Salinization is the build-up of salts in the soil, eventually to levels where they become toxic to 
plants. It can arise from irrigation or from the natural water table.

Irrigation is the process by which water is diverted from waterways to farmland to support 
crops, especially in areas where rainfall is limited. Since irrigation waters contain some dissolved 
salts, these salts enter the soil. The water is removed from the soil by evaporation or transpiration, 
which leaves the salts behind. Continued irrigation leads to a build-up of salts. 

Nutrient depletion
The natural cycling of nitrogen and other minerals requires that the substances taken up by 
plants during growth will re-enter the soil when the plants die and decay. However, repeated 
cultivation and harvesting of crops removes the plants and thus removes the nutrients from the 
soil permanently. Nutrient depletion can be prevented by rotating different crops around different 
fields over a number of years, including at least one year where the crops are not harvested but 
instead ploughed back into the soil and allowed to decay, replenishing the nutrients.

Organic soil pollutants

E.7.3 List common organic soil pollutants and their sources.

Soil nutrient depletion is often addressed by the use of chemical fertilizers, containing nitrates 
and phosphates. These excess nutrients can lead to their own environmental problems (Section 
25.6).

As well as inorganic pollutants, soil can be polluted by organic compounds. Some organic soil 
pollutants are discussed below.
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Persistent chemical pollutants
Chemicals such as pesticides and persistent industrial pollutants such as PCBs (Section 25.6) can 
ruin soil by killing small organisms including insects and earthworms which play a part in aerating 
the soil. 

Volatile organic compounds
Volatile and semi-volatile organic compounds (Section 25.1) can be adsorbed onto the surface of 
soil mineral grains, and can also be absorbed by organic matter in the soil. They then slowly move 
through the soil and eventually contaminate groundwater. 

Polycyclic organic compounds
During the incomplete combustion of fossil fuels, a class of carcinogenic compounds called 
polycyclic aromatic hydrocarbons (PAHs) can be formed. These compounds include a number 
of benzene rings joined together. Such compounds are also found naturally in crude oil and tar 
deposits and can be released into the atmosphere during refining processes such as distillation and 
catalytic cracking (Chapter 23). They are not easily degraded by bacteria so they persist in the 
soil, until they eventually descend to the groundwater. 

Organotin compounds
Organotin compounds are those containing tin atoms joined to hydrocarbon substituents by 
carbon–tin covalent bonds. These are examples of organometallic compounds (Chapter 27).

The most common category is the triorganotins (Figure 25.21), with three hydrocarbon 
constituents. These substances are used as bactericides and fungicides in industrial processes such 
as paper manufacture, and as wood preservatives. They have also been added to paints used to 
paint ship hulls as they prevent the growth of microscopic plants on the hull. However, their use 
is now controlled in maritime environments as they are highly toxic to marine plants. 
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If abrasive grit is used to scrub the paint from the bottom of a ship, the organotin paint and 
grit must be disposed of. If the waste is added to a waste landfill, then nearby soils can become 
contaminated. Once again, the pollutant will eventually reach groundwater.

 25.8 Waste
E.8.1 Outline and compare the various methods for waste disposal.

Municipal solid waste (MSW) is more commonly known as household rubbish or garbage. The 
most common methods of disposal are landfill sites (burying the waste) and incineration (burning 
the waste). Both methods have potentially damaging environmental impacts.

Recycling waste is advantageous for two reasons: firstly, it removes the need to dispose of 
waste, as the waste can reprocessed and reused; secondly, recycling materials such as plastics and 
metals cuts down the amount of non-renewable natural resources that must be used to produce 
these materials.

Landfill
MSW falls into five categories, as follows:

food and kitchen waste and plant waste – this material is biodegradable, meaning that it will ■n

decay naturally due to the action of bacteria
recyclable materials – such as glass, plastics, metals and paper■n

Figure 25.21 Structure of 
tributyltin oxide



895 Waste

composite wastes – these are items made of mixtures of materials which makes them difficult to ■n

recycle. Examples are clothing (which may include different fabrics and plastics) and packaging 
materials (such as milk cartons made from plastic-coated cardboard)
inert wastes – these include rubble and debris from construction sites■n

hazardous wastes – including paints, household and garden chemicals such as pesticides and ■n

cleaning products, car batteries, light bulbs and medicines. 

Landfills are designed to minimize the possibility of surface water passing through from top to 
bottom, leaching out harmful chemicals (such as heavy metals, chlorinated wastes (PCBs, dioxins 
and nitrates) and carrying these pollutants into the groundwater. Sites are usually chosen in areas 
where soil permeability is low, so that water movement through the ground is minimized. Clay 
soils are most suitable because water molecules are strongly attracted to clay mineral surfaces.

Landfill pits are first lined with a plastic membrane. Then, a layer of gravel or similar material 
is added, and a drainage system installed. This is to ensure that polluted water which does 
accumulate in the landfill (a substance called the ‘leachate’) can be collected and removed in a 
controlled manner. The waste is compacted at each stage to minimize its volume. When the pit is 
full, it is covered with a final layer of plastic and soil, so that rain water cannot enter the site.

When the waste is first added to the site, trapped air allows aerobic bacteria to work on 
organic material in the waste, generating carbon dioxide. When the oxygen is used up, anaerobic 
decomposition occurs, which generates methane (greenhouse gas and potential fuel), hydrogen 
sulfide (toxic) and hydrogen. These gases can accumulate below ground, so the landfill must 
be constructed with vents which allow them to escape. Air can be pumped into the landfill to 
encourage aerobic respiration and accelerate decomposition. 

The liquid leachate, possibly containing heavy metals and cyanide, is extracted from the 
landfill via the drainage system. This liquid must be treated by chemical or biological means to 
remove these pollutants before being re-introduced to waterways. Heavy metals are removed by 
precipitation (Section 25.6). Cyanide can be removed by oxidation with sodium chlorate(i), 
NaOCl, producing first cyanate ions, CNO−, and then chloride and hydrogencarbonate ions:

NaCN + NaOCl → NaCNO + NaCl 
2NaCNO + 3NaOCl + H2O → 3NaCl + N2 + 2NaHCO3

Incineration
Incineration has many advantages. It removes much of the bulk of solid waste, and the resultant 
ash has a uniform composition that can be more densely packed into landfills. Municipal 
incineration plants (Figure 25.22) often utilize the energy produced by burning the waste for 
power generation. However, the flue gases must be thoroughly cleaned before being allowed to 
enter the environment as they are likely to contain pollutant gases such as carbon monoxide, 
hydrogen chloride and hydrogen cyanide, as well as organic pollutants, heavy metals and 
particulates.

Rotary-kiln incinerator
This type of incinerator uses a rotating chamber to allow movement of waste, and to ensure 
that all of the waste is exposed to air. Most of the waste is combusted to form gases. These gases 
are passed to an ‘afterburner’ to ensure that solid particulates carried by the gas stream are fully 
combusted. The gases are then ‘scrubbed’ to remove pollutants. Any remaining solid waste drops 
out of the kiln and is cooled with water. Recyclable metals can be reclaimed from this solid waste.

Fluidized-bed incinerator
This uses a sand bed through which hot air is blasted. The hot air separates the sand grains, 
allowing air to flow in between them. The sand is suspended on the air currents and it behaves 
like a fluid, flowing and circulating. Ground-up waste is then introduced to the sand bed, where it 
is suspended in the air and thoroughly mixed with it. This ensures that the maximum surface area 
of the waste particles is exposed to the air. 

Figure 25.22 Municipal 
waste incineration plant 

in Tuas, Singapore
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Atmospheric pollution
Most of the carbon present in waste (for example in organic material, or in plastics) is converted 
into carbon dioxide in the incinerator. This is arguably preferable to the situation in landfills 
where methane is formed. If the methane is not reclaimed as fuel, it enters the atmosphere, where 
it has a much larger global warming potential than carbon dioxide. Other flue gas pollutants are 
removed using the procedures described in Section 25.1.

Recycling
Recycling waste material has the dual benefit of reducing the bulk of landfill or incinerated 
waste, while conserving non-renewable resources. It also requires less energy than manufacturing 
from scratch. Plastic manufacture consumes crude oil and generates volatile organic compounds 
(VOCs) and carbon dioxide. Paper manufacture generates water pollution, whilst extraction of 
metals from their ores is energy intensive and generates enormous quantities of carbon dioxide. 

Glass recycling
Glass for recycling is first sorted according to colour. Then it is broken up into small pieces called 
‘cullet’. This cullet can be easily melted and remoulded into new bottles and jars, or into glass 
fibres which can be used for insulation materials. ‘New’ glass sometimes includes a percentage 
of cullet, to help reduce energy costs, since cullet melts at a lower temperature than the raw 
materials of glass manufacture. 

Metal recycling
Metals retain their physical properties when they are recycled. Recycled aluminium or steel, 
unlike plastics, can be used for exactly the same purposes as the newly extracted metals, but 
consume less raw materials and energy. The ferrous (iron-containing) metals and non-ferrous 
metals can be separated by the use of a powerful magnet. The non-ferrous metals are separated 
by a sink-and-float process. In a tank containing a solution of high density, aluminium floats and 
other metals sink.

Aluminium
The cost of collecting, cleaning, remelting and remoulding aluminium waste is less than that 
of extracting new aluminium. In practice not all scrap aluminium is recycled, as aluminium 
producers are reluctant to collect and clean scrap metal. However, aluminium waste is stockpiled 
because, if energy costs rise in the future, producers may become more willing to recycle it.

Steel
Recycling steel reduces air and water pollution. The Basic Oxygen Process for steel manufacture 
(Chapter 23) requires that some scrap steel is added to the furnace, so steel manufactured in this 
way will contain some recycled metal. Other scrap steel can be melted in an electric arc furnace, 
which uses a powerful electric current to melt the steel ready for remoulding. 

Plastic recycling
There are a number of advantages in recycling plastics:

Manufacturing plastics consumes non-renewable crude oil.■n

Manufacturing plastics consumes large amounts of energy, emits carbon dioxide and other ■n

pollutants such as volatile organic compounds.
Most plastics do not decompose so they will be present in landfill for thousands of years.■n

If plastics are incinerated they can release harmful toxins such as dioxins into the atmosphere ■n

(though this can be minimized at a sufficiently high temperature).

Most plastics used for household applications, such as packaging, are thermoplastic polymers. This 
means they can be repeatedly melted and re-moulded. However, when combinations of different 
plastics are melted together they do not mix thoroughly, due to their very long polymer chains. 
The resultant mixture does not have a uniform structure – there are weaknesses within it, where 
regions of different kinds of polymer chains meet.

E.8.2 Describe the 
recycling of 
metal, glass, 
plastic and 
paper products 
and outline its 
benefits.



897  Waste

Another method of plastic recycling is depolymerization to recover useful monomers. This is 
achieved by treating the plastics with chemical agents. Unfortunately, this approach is restricted 
to condensation polymers, but addition polymers make up the bulk of plastic waste.

A final method to material recovery from plastics involves pyrolysis to produce fuel 
oils. Pyrolysis is a process of thermal degradation in the absence of oxygen. Plastic waste is 
continuously treated in a cylindrical chamber and the pyrolytic gases condensed in a specially 
designed condenser system to yield a complex mixture of short-chain hydrocarbons which can be 
used as a fuel.

Biodegradable and photodegradable plastics
Plastics are synthetic materials which 
cannot be decomposed by bacteria, 
because bacteria lack the necessary 
enzymes to digest them. However, by 
modifying the structure of the polymer, it 
is possible to produce a plastic which can 
be decomposed when buried in a landfill. 
Other plastics are designed to undergo 
photochemical reactions, so the action 
of sunlight gradually breaks down the 
plastic. Biodegradable (Figure 25.23) and 
photodegradable plastics must be carefully 
sorted from plastic waste, because if they 
are incorporated into recycled plastic they 
will weaken the resulting items. 

Applications of Chemistry
‘Biopol’ is a polyester composed of hydroxybutyrate units with hydroxyvalerate units randomly distributed along 
the polymer chain. ‘Biopol’ is produced by fermenting sugar with Alcaligenes eutrophus, a bacterium found in water 
and soil. ‘Biopol’ biodegrades to water and carbon dioxide, in both aerobic and anaerobic conditions. Genetically 
modified plants (Chapter 26) which produce ‘Biopol’ may make the plastic commercially viable.

Take-back recycling
Some countries with limited space for landfill have a greater incentive to promote recycling. 
Car manufacturers are therefore encouraged to take back vehicles at the end of their useful lives, 
and recycle them. This in turn means that modern vehicles are designed so that dismantling, 
separation and recycling are more straightforward. 

E.8.3 Describe the characteristics and sources of different types of radioactive waste.
E.8.4 Compare the storage and disposal methods for different types of radioactive waste.

Radioactive waste
Radioactive decay
Radioactivity is the release of radiation from the nucleus of an atom as it changes, or decays, into 
a different element. Nuclei decay in order to stabilize their structure. In general, radioactive decay 
decreases the neutron : proton ratio of the nucleus in question. There are three types of radiation 
that are emitted from decaying atomic nuclei: alpha, beta and gamma radiation (Chapter 2). 
These all pose some risk to humans.

Alpha radiation
Alpha radiation is the most harmful type, as alpha particles are relatively heavy and slow moving, 
making them more likely to ionize nearby atoms. Alpha particles are composed of two protons 
and two neutrons. 

Figure 25.23 Biodegradable plastic bag
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In the nuclear equation below, a uranium-238 nucleus decays by ejecting an alpha particle, 
forming a nucleus of thorium-234. 

238
92U → 234

90Th + 42He

Poisoning by alpha radiation is relatively unlikely, since clothing, or even human skin, is able to 
prevent alpha radiation penetrating the body. However, if alpha-emitting material is ingested or 
inhaled, then serious radiation poisoning results, as the radiation is able to damage soft tissues 
inside the body.

Beta radiation
Beta radiation consists of high-energy electrons formed from a neutron transmuting into a 
proton and a high-speed electron. In the equation below, a caesium-137 nucleus decays into a 
barium-137 nucleus.

137
55Cs → 137

56Ba +  0−1e−

Beta radiation can penetrate clothing and body tissues. Exposure to beta radiation outside the 
body is potentially harmful, but inhalation and ingestion pose the highest risk of harm.

Gamma radiation
Gamma radiation is usually released in addition to either alpha or beta decay, since these decay 
types often leave the nucleus in an energetically ‘excited’ state. Energy is emitted in the form 
of gamma radiation, allowing the nucleus to return to the ground state. In the equation below, 
iodine-131 decays to xenon-131 with emission of beta and gamma radiation.

131
53I → 131

54Xe +  0−1e− + γ
Gamma radiation is weakly ionizing, but highly penetrating. The likelihood of harm from gamma 
radiation increases with prolonged exposure, and gamma sources are difficult to shield, since 
gamma radiation is able to penetrate metal containers and brick walls. Most radioactive waste is 
placed in deep storage sites, to prevent radiation harming humans, plants or animals. 

Waste from nuclear power generation
Radioactive waste is produced as a by-product of nuclear power generation. In a nuclear power 
station (Figure 25.24), radioactive nuclear fuel (uranium, or sometimes plutonium) undergoes 
a process of nuclear fission (the breaking apart of a nucleus to form two smaller nuclei). The 
process generates large amounts of heat energy which can be used to boil water, producing 
steam. The pressurized steam can then be used to turn turbines for electricity generation. Some 
environmentalists see a shift from fossil fuels to more nuclear power as a useful way of cutting 
carbon emissions, while others see the production of larger quantities of dangerous radioactive 
waste as too great an environmental price to pay.

Figure 25.24 Nuclear 
reactor in a power station
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Nuclear fission typically involves the  
nucleus of a uranium-235 atom 
breaking apart and releasing fast-
moving neutrons. These neutrons 
move through the uranium, 
colliding with other nuclei, which 
in turn causes them to split apart, 
ejecting more neutrons. An ongoing 
chain reaction occurs 
(Figure 25.25).

Figure 25.25 Chain reaction

Language of Chemistry
The discoverer of an element is allowed to name it. Many of the new heavier radioactive 
elements were discovered by Russian and American researchers based at their own nuclear 
research reactors and named by the researchers. A scientific argument arose when the USA 
called element 104 rutherfordium (Rf) and element 105 hahnium (Hn), while the USSR 
called them kurtschatovium (Ku) and nielsbohrium (Ns). This difference was finally settled in 
1995 by an international committee (IUPAC) which named the elements dubnium (Db) and 
joliotium (Jl).  n

Hazards from radioactive waste
Nuclear accidents or accidental exposure to high-level nuclear waste can result in acute radiation 
poisoning which results in death within a matter of days. However, the risks of such occurrences 
are minimized by careful reactor design and regulation of waste disposal. Nonetheless, many 
people are worried about possible exposure to low levels of radiation over prolonged periods. 

Disposal of nuclear waste

High-level waste
When the uranium-235 fuel in a reactor is used up, the fuel rods are extremely radioactive. 
They contain substances called actinides, such as uranium-234 and plutonium-239, which are 
radioactive because of the production of fission products such as strontium-90 and caesium-137 
which emit beta particles and gamma rays, respectively. High-level waste also contains the 
activation product plutonium-239, which can be used to make nuclear weapons.

The long half-lives of these materials, combined with their very dangerous levels of 
radioactivity, means that they must be disposed of very carefully. Some high-level waste is 
treated by a process called vitrification. The waste is heated in a furnace with the powdered raw 
materials for borosilicate glass. The resulting liquid glass is poured into steel containers. The glass 
solidifies into cylinders with the radioactive materials fused into the glass structure, which is fully 
waterproof. It is thus unlikely that the radioactive materials will be leached out. 

However, the vitrified waste is still radioactive. It must be stored in places where people are 
unlikely to accidentally encounter it, and at a safe distance from plant and animal life. Much 
vitrified waste is actually held in temporary storage facilities under guard, but some countries 
are exploring options for burying the waste in very deep bunkers in isolated areas. The thick 
surrounding rock will absorb any gamma rays from the waste, minimizing the chances of radiation 
harming any plant and animal life. 

Low-level waste
The removal of items from nuclear power station sites is carefully controlled. Even materials 
that have not been present near the reactor itself are designated as radioactive waste, and their 
disposal is monitored. These articles include protective clothing, paper filters and plastic bags. 
The radioactivity is low level and short-lived. Such waste is treated in a similar way to municipal 
solid waste – it is incinerated to reduce its volume, and then buried in dedicated landfills.

4-bromophenol

neutron

fission fragment

fission
neutronsU-235

U-235

U-235
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Medical waste
Radioactive isotopes are used in numerous medical applications. 

Medicines or diagnostic tools – short half-life substances are used for these applications. ■n

Technetium- is used as a tracer and iodine-131 is used to treat thyroid cancers, as the thyroid 
gland absorbs iodine (Chapter 2)
Radiotherapy – long half-life substances such as caesium-137 are used to generate radiation in ■n

machines used for radiotherapy.
X-rays for radiography – long half-life substances such as cobalt-60 and iridium-192 are used to ■n

generate X-rays for imaging.

Materials used by medical professionals such as clothing and gloves are classified as low-level 
waste. Disposal of isotopes from defunct X-ray or radiotherapy machines is carefully regulated. 
These materials are buried, as with high-level waste from reactors.

TOK Link
Most nuclear waste storage facilities are temporary. This has its advantages: future advanced technology might 
allow used nuclear fuel rods to be reprocessed and further utilized as fuel. Governments are attracted to burying 
the waste permanently, in a location far from people and inaccessible to their enemies.

In 2008, the United States Department of Energy applied to open a permanent waste disposal facility under 
Yucca Mountain in Nevada. The site has been chosen so that the material will not be exposed by a future 
earthquake or a volcanic eruption. However, how should the engineers warn future humans to stay away? 

10 000 years ago, people spoke languages very different to those now spoken. Languages evolve and languages 
die. Only a few experts can read inscriptions on the Egyptian pyramids, which date from around 2500 BC. The 
original scriptures which became the New Testament are less than 2000 years old, but they cannot be read by 
most people today. If the Yucca storage repository is surrounded by written warnings, it is likely that they will be 
unreadable long before the dangerous radiation has decreased to safe levels. 

(Adapted from the Economist web edition, 22 October 2007.)

 25.9 Ozone depletion 
Specific wavelengths of ultraviolet radiation are absorbed by specific reactions in the stratosphere. 
The wavelength and frequency of electromagnetic radiation are related by a formula known as the 
wave equation:

speed of light in a vacuum (constant) = frequency (f) × wavelength (λ) 
c = f × λ

Since the speed of light is a constant, increasing frequency corresponds to decreasing wavelength 
(Figure 25.26). UV-c radiation, with wavelengths in the region of 200–280 nm, has higher 
frequencies than UV-b radiation, with wavelengths in the region of 280–320 nm.
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The frequency of radiation correlates with its energy, according to the formula:

E = h × f

where h represents Planck’s constant (Chapter 2). The shorter wavelength, higher frequency 

E.9.1 Explain the 
dependence 
of O2 and O3 
dissociation on 
the wavelength 
of light.

Figure 25.26 The 
inverse relationship 

between wavelength and 
frequency
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electromagnetic radiation therefore has a higher energy than the longer wavelength, lower 
frequency electromagnetic radiation.

The formation of ozone in the stratosphere begins with the photodissociation of dioxygen, O2.

O2 (+ UV 242 nm) → O• + O•

Note that the frequency of electromagnetic radiation absorbed is 242 nm. The depletion of ozone 
involves the photodissociation of ozone, O3.

O3 (+ UV 290–320 nm) → O2 + O•

Note that the wavelength here is longer, so the energy of the photons involved here is lower. 
This suggests that more energy is required to dissociate the bond in a dioxygen molecule, O2, than 
that in a ozone molecule, O3. Recall that a molecule of dioxygen, O2, contains a double bond 
(Figure 25.27). The bond energy of O=O is 498 kJ mol−1.

The Lewis structure suggests that the ozone molecule contains both a single and a double 
bond. However, it is usually considered to be a delocalized structure (Figure 25.28) in which the 
bonding is intermediate between a single and double bond. The bond strength is 445 kJ mol−1, 
which is intermediate between the 144 kJ mol−1 of an O−O single bond, and the 498 kJ mol−1 of 
the O=O double bond. 
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History of Chemistry 
English physicist Sidney Chapman (1888–1970) formulated in 1930 the first 
photochemical theory for the formation and decomposition of ozone in the atmosphere 
(Section 25.4). The Chapman cycle (Figure 25.29) describes how ultraviolet radiation 
converts the various forms of oxygen from one to another and explains why the highest 
contents of ozone occur in the layer between 15 and 50 km above the Earth’s surface, 
termed the ozone layer. 
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     Figure 25.29 The Chapman or ozone cycle

Mechanism of the depletion of ozone by 
chlorofluorocarbons
Ozone depletion by CFCs involves the photodissociation of a CFC molecule by a photon, with 
the formation of a chlorine atom:

CF2Cl2 + UV → CF2Cl• + Cl• (photodissociation of CFC-12)

The highly reactive chlorine atom (a free radical) goes on to react with an ozone molecule. The 
chlorine atom can later be regenerated by reaction with an oxygen atom:

Cl• + O3 → ClO• + O2 
ClO• + O• → O2 + Cl•

O O

O O

O O

O O

Figure 25.27 
Representations of the 
Lewis structure of the 

oxygen molecule

Figure 25.28 Resonance 
structures and hybrid of 

the ozone molecule

E.9.2 Describe the 
mechanism in 
the catalysis of 
O3 depletion by 
CFCs and NOx.



902 EnvironmEntAl chEmistry

This represents a chain reaction. One photon initiates the formation of one chlorine atom, which 
can then destroy thousands of ozone molecules, as the chlorine atom is regenerated by collision 
with oxygen atoms, which are relatively abundant in the stratosphere. 

Addition of this pair of reactions gives us the net result:

O3 + O• → 2O2

Ozone is also depleted by reaction with oxychlorine radicals, ClO•, to form chlorine dioxide.

ClO• + O3 → O2 + ClO2

The reactive chlorine, Cl•, will not continue removing ozone indefinitely however, as the cycle 
is broken by collisions and reactions with other species. In one such reaction, the oxychlorine 
radical (ClO•) intermediate combines with a molecule of nitrogen dioxide:

ClO• + •NO2 → ClONO2 (chlorine nitrate)

Other reactions include those in which chlorine atoms combine with hydrogen and methane 
molecules present in the stratosphere:

Cl• + CH4 → HCl + •CH3

Cl• + H2 → HCl + H•

Hydrogen chloride and chlorine nitrate are ‘sink’ compounds which temporarily ‘lock up’ the 
Cl• and ClO• radicals. However, depending on the atmospheric conditions the radicals may be 
released. This is the basis of the seasonal variation in ozone depletion.

The mechanism of the depletion of ozone by nitrous oxide 
(nitrogen(i) oxide)
As discussed in Section 25.4, nitrogen monoxide, NO, is formed in the stratosphere by the 
reaction of nitrous oxide, N2O, with an oxygen atom:

O• + N2O → 2NO•

Nitrogen monoxide can deplete ozone as follows:
•NO + O3 → NO2 + O2

NO2 + O• → NO• + O2

Again, the nitrogen monoxide has been regenerated and can continue depleting more ozone 
molecules.

The ozone hole in the Antarctic
Most CFCs are released in the tropical 
and temperate regions, where most of the 
Earth’s population live. However, ozone 
layer damage has been confined to the 
polar regions. Long-term studies of ozone 
concentrations suggest that depletion is 
fastest in the spring months (September 
and October for the Antarctic, March and 
April at the Arctic).

The polar regions are naturally 
colder than the tropics and, in addition, 
prevailing air currents in the stratosphere 
tend to isolate a region of air above the 
poles so it does not mix with tropical 
air during the polar winter. This leads 
to much lower temperatures in the 
polar stratosphere, around −80 °C. This 
phenomenon is termed the polar vortex 
(Figure 25.30).

Antarctica

tropopause
(9 km)

mixing

slow radiatively
    driven circulation

cold core of
Antarctic vortex

disturbed flow in the
low stratosphere

strong westerlies in the
mid–low stratosphere

E.9.3 Outline the 
reasons for 
greater ozone 
depletion in 
polar regions.

Figure 25.30 The polar vortex
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 These low temperatures lead to the formation of high-altitude 
polar stratospheric clouds (PSCs) (Figure 25.31). Water and 
nitric acid condense on pre-existing microparticles of sulfur 
compounds. At even lower temperatures, ice crystals also form. 
The existence of PSCs, along with the relative isolation of 
stratospheric air at the poles, causes a shift in the balance of 
chlorine compounds, from the unreactive ‘sink’ compounds, 
hydrogen chloride (HCl) and chlorine nitrate (ClONO2), to 
much more photoactive species, such as chlorine molecules 
(Cl2). This occurs because the cloud particles offer a catalytic 
surface which speeds up gas phase reactions. Hence, through the 
winter, the heterogeneous reactions on PSCs lead to a build-up 
of chlorine.

The reactions involved in the depletion of ozone involve 
ultraviolet radiation from sunlight. In winter, the extreme polar 
latitudes receive almost no sunlight so the ozone-depleting 

reactions have no photons to drive them. In the spring (around October in the southern 
hemisphere), the Sun reappears and photolyses the gaseous chlorine molecules that have built 
up through the winter to form chlorine radicals, which then enter the ozone depletion cycle and 
cause sudden rapid depletion of ozone. 

In the southern hemisphere, temperatures rise in December and the polar vortex shuts down. 
The increase in temperature disperses the PSCs, which removes the catalytic surfaces. This 
removes the mechanism by which sink compounds generate reactive oxychlorine radicals, ClO•. 
In addition, the concentration of these species falls as they undergo photochemical reactions 
which convert them back into unreactive sink compounds. The balance has shifted back from 
reactive chlorine to unreactive chlorine compounds. Ozone depletion stops and the hole has an 
opportunity to repair itself through photochemical reactions and by mixing with ozone-rich air 
from higher latitudes through the summer of the southern hemisphere.

History of Chemistry 
In 1974 Frank Sherwood Rowland (1927– ), Professor of Chemistry 
at the University of California, Irvine and his post-doctoral assistant, 
Mexican born, Mario J. Molina (1943– ) suggested that CFCs were 
involved in ozone depletion due to production of chlorine atoms 
in the stratosphere. Rowland and Molina (Figure 25.32) shared the 
Nobel Prize in Chemistry in 1995 with Paul Crutzen.  

Figure 25.32 Mario Molina 

 25.10 Smog
E.10.1   State the source of primary pollutants and the conditions necessary for the formation of photochemical 

smog.

Originally, smog referred to the fog-like covering that fell over cities due to large amounts of 
smoke (i.e. particulate emissions) and sulfur dioxide, arising from the burning of coal. At that 
time, coal was widely used as a domestic heating fuel, as well as a source of power for electrical 
generation. 

Today, the term smog usually refers to photochemical smog, in which primary pollutants, 
derived largely from vehicle traffic (Figure 25.33) undergo a series of light-driven chemical 
reactions which lead to the formation of numerous toxic compounds (Figure 25.34), with 

Figure 25.31 Arctic polar 
stratospheric clouds
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resultant increases in the prevalence of respiratory diseases. Photochemical or secondary smog 
(Table 25.6) is common in large urban environments especially where a hot climate leads to the 
upper atmosphere being quite warm, inhibiting convection.

Cities experiencing especially intense photochemical smog include Athens, Hong Kong, 
Houston, Los Angeles, Mexico City, São Paulo and Tehran. Los Angeles and Mexico City suffer 
especially owing to their peculiar local atmospheric and geographical conditions. 

     

Primary pollutants
NOx (NO + NO2), VOCs, CO

particulate matter

Secondary pollutants
O2, NO2, H2O2

PAN (peroxyacetyl nitrate).
partially oxidized VOCs, HNO3

particulate matter

Photochemical smog

Figure 25.33 Car exhaust emissions  Figure 25.34 The main constituents of 
photochemical smog

Characteristic Secondary smog Primary smog

Air temperature 24–32 °C −1 to 4 °C

Relative humidity <70% 85% (and fog)

Wind speed Slow Calm

Inversion height ∼1000 m (Los Angeles) ∼100 m

Visibility < 800 m and 1600 m < 30 m

Months of most frequent 
occurrence

July to September December to January

Major fuels Petrol Coal

Principal constituents Ozone, nitrogen monoxide, nitrogen 
dioxide, carbon monoxide and organic 
matter, peroxyacyl nitrates (PANs) and 
particulate matter

Particulate matter, carbon monoxide, 
sulfur compounds

Type of chemical reaction Oxidizing Reducing

Time of maximum 
occurrence

Midday Early morning

Principal health effects Temporary eye irritation (PAN); respiratory 
system (ozone, secondary organic 
aerosol) and cardiovascular system

Bronchial irritation, coughing (sulfur 
dioxide/smoke)

Materials damaged Rubber cracked (ozone) Iron, concrete

Table 25.6 Comparison of primary and secondary smogs

Conditions that lead to photochemical smog
The primary pollutants that eventually lead to photochemical smog are nitrogen monoxide and 
volatile organic compounds (VOCs) (see Section 25.1). These substances are emitted from vehicle 
exhausts. Nitrogen monoxide (nitric oxide) is produced by the oxidation of nitrogen under the 
extreme heat and pressure present in the internal combustion engine, with a net reaction:

N2 + O2 → 2NO•
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VOCs, mainly hydrocarbons, are also emitted from vehicle exhausts as a result of incomplete 
combustion, and are also emitted from solvent usage, and from industrial emissions (for example, 
refineries).

Geographical location and weather can lead to the build-up of these primary pollutants. For 
example, Los Angeles and Mexico City are located in-between mountains, in a geological ‘bowl’ 
or ‘basin’, with persistent inversion layers in the case of Los Angeles. This prevents movement of 
air currents across country – these cities are relatively windless. 

Los Angeles and Mexico City often experience a so-called temperature inversion (Figure 
25.35), in which the air close to the ground is colder than that above. A layer of warm air 
accumulates high in the atmosphere above the city, which prevents polluted air from the city 
from rising and dispersing. Essentially the combination of a geological basin with a temperature 
inversion ‘caps’ the atmosphere over the city, causing a build-up of pollutants, which are then 
acted upon by sunlight. 

Temperature

warm layer

cold layer

warm layer

A
lti

tu
de

temperature inversion

Language of Chemistry
The pollutant standards index 
(PSI) is a system for measuring 
pollution levels of major pollutants. 
It is based upon a scale devised by 
the United States Environmental 
Protection Agency (EPA). It is used 
by broadcasts and newspapers to 
report air quality (Figure 25.36) on 
a daily basis. The PSI is reported as 
a number on a scale of 0 to 500 and 
is the air quality indicator. n

Figure 25.36 Air pollution above
Istanbul, Turkey

E.10.2  Outline the formation of secondary pollutants in photochemical smog.

Chemical reactions leading to photochemical smog
Harmful substances resulting from photochemical smog include nitrogen dioxide, NO2, ozone, O3, 
aldehydes, such as methanal, HCHO, and peroxyethanoyl nitrate, a member of the peroxyacyl 
nitrates (commonly known as PANs), and secondary aerosol particles (comprised of sulfates, 
nitrates and oxidized organic compounds). These substances are formed by a series of free-radical 
processes driven by sunlight.

Figure 25.35 
Temperature inversion
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Formation of nitrogen dioxide, NO2

Nitrogen dioxide is formed via a slow mechanism involving the primary pollutant nitrogen 
monoxide:

2NO• + O2 → 2NO2•

This reaction occurs at very high nitrogen dioxide concentrations, such as in a power plant plume. 

Formation of ozone
The formation of ozone in the stratosphere requires a photon of wavelength 242 nm or shorter. 
Such photons are unavailable at ground level as they have been absorbed by the atmosphere. 
Tropospheric ozone is instead formed via a mechanism involving nitrogen dioxide, which in 
turn was formed by the oxidation of nitrogen monoxide from vehicle exhausts through a series of 
photochemical reactions involving VOCs and NOx.

Nitrogen dioxide absorbs a photon in the visible region, with the formation of an oxygen atom:

NO2• (+ light 430 nm) → NO• + O•

The oxygen atom then combines with dioxygen, O2, forming ozone. Note that a ‘third body’, M, 
is necessary to absorb excess vibrational energy:

•O + O2 + M → O3 + M

However, nitrogen monoxide formed during the photodissociation of nitrogen dioxide can also 
lead to removal of ozone:

NO• + O3 → NO2• + O2

If these were the only processes involved then a steady state would be reached, with ozone 
concentration dependent on the ratio of nitrogen monoxide and nitrogen dioxide. However, 
these processes do not account for the observed ozone concentrations. Further processes are 
involved which allow nitrogen monoxide to re-oxidize to nitrogen dioxide without destruction of 
ozone. More ozone is created than is destroyed, hence a build-up in ozone concentration occurs.

A proposed mechanism for this re-oxidation involves hydroxyl radicals and hydrocarbons. The 
hydroxyl radical, HO•, is generated by the reaction of excited oxygen atoms (O•*) with water 
molecules. These excited oxygen atoms were formed from the photodissociation of ozone:

O3 (+ UV 290–320 nm) → O2 + O•* 
O•* + H2O → 2HO•

Hydroxyl radicals combine with hydrocarbons, RH, (i.e. the VOCs from vehicle exhaust) leading 
to formation of alkyl free radicals:

RCH3 + HO• → RCH2• + H2O

Organic free radicals combine with dioxygen, O2, forming organic peroxy radicals, RCH2O2•. 
Peroxy radicals are able to oxidize nitrogen monoxide to nitrogen dioxide:

RCH2• + O2 → RCH2O2• CR

H
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O O +CR
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H

O O

RCH2O2• + NO•  
          → RCH2O• + NO2• 
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H
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The resulting RCH2O• radicals can react with dioxygen molecules to form aldehydes, RCHO: 

RCH2O• + O2 → RCHO + HO2•

This is followed by:

•HO2 + NO• → HO• + •NO2
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These regenerated hydroxyl radicals convert nitrogen monoxide to nitrogen dioxide, which then 
photolyses to form ozone. So there is a net reaction:

•OH + RCH3 + 2O2 + 2NO• ⇒ H2O + RCHO + 2NO2• + •OH

This is then combined with:

2NO2 + 2hf + 2O2 → 2NO• + 2O3

This results in:

 presence of nitrogen monoxide and air
•OH + RCH3  H2O + RCHO + 2O3 + •OH

The daily cycle of pollutant concentration
The primary pollutant concentrations 
in a polluted city are high early in the 
morning, as the traffic during rush 
hour generates nitrogen monoxide and 
hydrocarbons. Later in the morning, 
the nitrogen dioxide concentration 
increases as the nitrogen monoxide 
is oxidized. This process is driven by 
sunlight, which increases in intensity 
towards noon. Ozone concentration 
builds up to a peak at lunchtime, as 
nitrogen dioxide generates excited 
oxygen atoms, which leads to ozone 
formation. Later in the evening, 
nitrogen monoxide is replenished 
by the evening rush hour, leading to 
depletion of ozone (Figure 25.37).

Figure 25.37 Variation of the concentrations of ozone and 
oxides of nitrogen on a summer weekday in London

Harmful effects of ozone
Ozone is able to add across carbon–carbon double bonds (Figure 25.38) in synthetic materials 
such as paints, dyes and plastics, causing deterioration and colour bleaching. The polymer chains 
that make up rubber contain carbon–carbon double bonds, which are broken down by ozone, 
meaning that rubber items such as car tyres will crack and split. Ozone attacks green plants, 
discolouring their leaves, reducing the rate of photosynthesis and slowing their growth. 
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Figure 25.38 The reaction between ozone and carbon–carbon double bonds

Aldehydes are also formed by direct oxidation of unsaturated hydrocarbons with ozone:

O3 + RH → R• + R′CO2• + R″CHO

Ozone reacts similarly with flexible (liquid-like) unsaturated compounds in lung tissue, such 
as fatty acids, to form more rigid saturated molecules (comparable to waxes), which leads to 
stiffening of the lungs and lung disease.

Formation of peroxyacyl nitrates (PANs)
We have seen that nitrogen dioxide plays a key role in the cycle of ozone reactions in the 
troposphere. Nitrogen dioxide can be removed from the photochemical chain reaction by 
reaction with a peroxyacyl radical. The resultant compound is called a peroxyacyl nitrate (Figure 
25.39), and has many adverse health effects. 
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An aldehyde molecule combines with a hydroxyl radical, HO•, and then quickly goes on to 
combine with a dioxygen molecule, forming the peroxyacyl radical, RC(O)O2•:

RCHO + HO• → RCO• + H2O CR O +  +CR

H

O

OH H
2
O

RCO• + O2 →  RC(O)O2• CR O O O + CR

O

O

O

 

(i.e. RC(=O)OO)

The peroxyacyl radical combines with nitrogen dioxide forming 

C

O

R O

O

O

+

–

O

N

 
a peroxyacyl nitrate:

RC(O)O2• + NO2• → RC(O)O2NO2

Figure 25.39 A generalized structure for a  
peroxacyl nitrate molecule, RC(O)O2NO2

The peroxyacyl nitrates, such as peroxyethanoyl nitrate, in which R represents a methyl group 
(−CH3), are toxic, irritant (especially to eyes) and mutagenic. They are also highly damaging to 
green plants.

By combining peroxyacyl radicals and nitrogen dioxide into a relatively stable compound, 
PAN compounds are able to transport these reactive species away from the original source of 
pollution. They then slowly dissociate, releasing nitrogen dioxide and thus contributing to 
tropospheric ozone production elsewhere. 

 25.11 Acid deposition
E.11.1  Describe the mechanism of acid deposition caused by the oxides of nitrogen and oxides of sulfur.

Mechanism of acid deposition
In Section 25.10 we discussed how hydroxyl radicals (HO•) are formed by the reaction of excited 
oxygen atoms with water molecules. (The excited oxygen atoms are formed by the action of 
ultraviolet radiation on ozone (see Sections 25.4 and 25.9).

O•* + H2O → 2HO•

Hydroxyl radicals are also formed by the action of tropospheric ozone on water molecules:

O3 + H2O → 2HO• + O2

In addition to their role in the formation of photochemical smog (see Section 25.10), hydroxyl 
radicals are important in the formation of nitric acid (nitric(v) acid, HNO3), nitrous acid 
(nitric(iii) acid, HNO2), and sulfuric acid (sulfuric(vi) acid, H2SO4) in the atmosphere.

Formation of nitrous and nitric acids
Nitrogen monoxide is produced by oxidation of nitrogen in vehicle engines (see Section 25.1). 

N2 + O2 → 2NO•

Combination with a hydroxyl radical produces nitric(iii) acid, HNO2 (nitrous acid):

HO• + NO• → HNO2

Nitrogen dioxide can be formed in the atmosphere by oxidation of nitrogen monoxide. The 
nitrogen dioxide molecule can then combine with a hydroxyl radical forming nitric(v) acid, 
HNO3 (nitric acid):

2NO• + O2 → 2NO2• 
HO• + NO2• → HNO3
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n Extension: Further reactions of nitrogen monoxide
This reaction involving nitrogen monoxide and oxygen molecules is too slow under atmospheric 
conditions to be important. The important reactions for converting NO• to NO2• are shown 
below, where the HO2• and RO2• radicals come from the atmospheric oxidation of VOCs, and 
in the case of HO2•, also from the oxidation of carbon monoxide.

NO• + O3 → NO2• + O2

NO• + HO2• (hydroperoxy radical) → NO2• + HO•

NO• + RO2• (alkylperoxy radical) → NO2• + RO• (alkoxy radical)

Nitrous acid, HNO2, is only moderately soluble in water, and it is a weak acid, (pKa = 3.4). It 
dissociates as follows:

HNO2 + H2O → H3O+ + NO2
−

In addition, the nitrous acid molecule is rapidly photolysed back to nitrogen monoxide and 
hydroxyl radicals, meaning that less nitrous acid is available to dissolve in water droplets.

HNO2 (+UV) → HO• + NO•

Nitric acid is more soluble in water, and is a strong acid, with dissociation close to 100%. 

HNO3 + H2O → H3O+ + NO3
−

These factors mean that nitric acid contributes much more to the acidity of rain water droplets 
than nitrous acid.

Formation of sulfuric acids
Sulfur dioxide (SO2) and sulfur trioxide (SO3) are both highly soluble in water. Sulfur dioxide is 
formed by the oxidation of sulfurous impurities in fossil fuels (see Section 25.1):

S + O2 → SO2

Sulfur dioxide dissolves and reacts in water, forming sulfuric(iv) acid, H2SO3:

SO2 + H2O → H2SO3

Sulfurous acid, H2SO3, is considered a weak acid, dissociating as follows:

H2SO3 + H2O → HSO3
− + H3O+  pKa = 1.85 

HSO3
− + H2O → SO3

2− + H3O+  pKa = 7.20

(pKa is a measure of acid strength that does not depend on concentration. Acid strength decreases 
with an increase in pKa (Chapter 18).)

The commonly proposed pathway for the formation of sulfur trioxide, and later sulfuric acid, 
involves the action of a hydroxyl radical on a sulfur dioxide molecule, followed by oxidation 
involving a dioxygen molecule:

HO• + SO2 → HOSO2• 
HOSO2• + O2 → HO2• + SO3 

SO3 + H2O → H2SO4

In fact, this mechanism does not account for the observed rate of formation of sulfuric acid 
in clouds. It is thought that numerous additional oxidation pathways are at work, involving 
the sulfur dioxide molecules and hydrogensulfate and sulfate ions in the aqueous phase. These 
include the following examples, in which tropospheric ozone oxidizes aqueous sulfur(iv) species to 
sulfate(vi) species such as hydrogensulfate(vi) ion, HSO4

−, and sulfate(vi) ion, SO4
2−:

O3 + SO2 + H2O → HSO4
− + H+ + O2 

O3 + HSO3
− → HSO4

− + O2 

O3 + SO3
2− → SO4

2− + O2
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As well as ozone, other important oxidants for sulfur(iv) are hydrogen peroxide (H2O2) and its 
organic derivatives such as methyl hydroperoxide, CH3OOH. Organic peroxides are generated in 
photochemical reactions involving ozone, hydroxyl radicals and volatile organic compounds (see 
Section 25.10).

H2O2 + HSO3
− → HSO4

− + H2O 
CH3OOH + HSO3

− → HSO4
− + CH3OH

These reactions can also occur in the gas phase. In the gas phase, (NH4)2SO4 (and (NH4)HSO4) 
have very low vapour pressures and so can undergo homogeneous nucleation to form new 
(nanometre size) particles, which then grow by condensation of organic compounds. This process 
is thought to be an important source of nuclei (seeds) for cloud formation, and so impacts on the 
climate.

E.11.2  Explain the role of ammonia in acid deposition.

Ammonia and acid deposition
The original source of the nitrogen in the Earth’s atmosphere was ammonia, released by volcanoes 
as the planet cooled. However, this early ammonia was gradually photolysed to form nitrogen. 
Today the atmosphere contains only a trace amount of ammonia.

Sources of ammonia in the atmosphere include:

decomposition of nitrogenous matter such as plant and animal proteins by microorganisms (the ■n

largest source)
decomposition of ammonium-based fertilizers■n

leakage of ammonia from refrigeration systems■n

leakage of ammonia from manufacturing plants (Chapter 7).■n

Ammonia in the atmosphere can neutralize (Chapter 8) acid in raindrops, forming ammonium 
salts:

2NH3 + H2SO4 → (NH4)2SO4 

NH3 + HNO3 → NH4NO3

These ammonium salts exist both in aqueous and solid forms. Aqueous ammonium salts are 
carried to the ground by rain, where they cause damage to plants. These particles form an aerosol 
haze in the atmosphere which significantly reduces visibility. 

Nitrification of soil
Nitrogen in soil exists primarily in two forms: ammonium ions, NH4

+, and nitrate(v) ions, NO3
−. 

The positively charged ammonium ions are attracted to soil particles, and are retained by the soil 
(see Section 25.12 for more about how clay soils retain cations). Nitrates are leached out of soils 
by rain water. 

When ammonium fertilizers are added to soil the ammonium is slowly oxidized to nitrate ions 
in a two-step process called nitrification. 

Firstly ammonium is oxidized to nitrate(iii) ions by an aerobic bacterium called nitrosomonas:

NH4
+(aq) + 1 1

2 O2(g) → NO2
−(aq) + 2H+(aq) + H2O(l)

The second stage involves further oxidation of nitrate(iii) to nitrate(v) by another bacterium 
called nitrobacter. These two types of bacteria use these processes as their way of obtaining energy.

NO2
−(aq) + 1

2 O2(g) → NO3
−(aq)

The two reactions are summarized as:

NH4
+(aq) + 2O2(g) → 2H+(aq) + NO3

−(aq) + H2O(l)

The deposition of ammonium ions in soils therefore leads to acidification of the soil, as hydrogen 
ions are generated. Ammonia pollution and the additional deposition of ammonium salts that this 
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represents leads to acidification beyond that generated by use of ammonium-based fertilizers in 
agriculture. Section 25.12 includes a full discussion of how soil pH affects the availability of soil 
nutrients. Figure 25.40 summarizes the role of nitrifying bacteria and the movement of nitrogen 
compounds between the soil and air.

decay

2NH3 + 3O2 2HNO2 + 2H2O + ENERGY
(nitrifying bacteria)

eaten

death +
urine and faeces

death

2HNO2 + O2 2HNO3 + ENERGY

N2 + 3H2 2NH3

(nitrifying bacteria)

by Nitrobacter species

by Nitrosomonas species

nitrogen gas
in the air

artificial
fertilizers

nitrates

nitrites

ammonium salts

ammonianitrogen
of humus

amino acids and
proteins of animals

amino acids and
proteins of plants

soluble nitrogen
compounds of

the soil

industrial manufacture
(Haber process – Chapter 7)

application of
fertilizers in
agriculturelightning

absorption

denitrification by
anaerobic bacteria

nitrogen fixation
by bacteria

Figure 25.40 The nitrogen cycle

 25.12  Water and soil
E.12.1   Solve problems relating to the removal of heavy-metal ions, phosphates and nitrates from water by 

chemical precipitation.

In Section 25.6 we discussed how the limited solubility of many transition metal hydroxides 
(Chapter 13) allows us to remove the transition metals from waste water by chemical precipitation. 
Transition metals are often harmful due to their ability to inhibit enzymes (Chapter 22).

When the concentration of a solute exceeds its solubility at the given temperature, the excess 
solute will precipitate out of the solution. However, by careful choice of added substances, the 
solubility of the dangerous transition metal compounds can be lowered still further, to the extent 
that almost all of the heavy metal ions can be removed from the solution. In order to explain 
this effect we need to introduce a new form of the equilibrium constant (Kc) called the solubility 
product constant, Ksp.

Solubility product, Ksp

Consider a sparingly soluble salt, MX. When excess MX is placed in water, it will dissolve to a 
limited extent, a dynamic equilibrium (Chapter 7) forming between the ions in solution and the 
undissolved solid:

MX(s)  M+(aq) + X−(aq)
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The equilibrium expression will look like this:

Kc = 
[M+(aq)] × [X−(aq)]

[MX(s)]

This is a heterogeneous equilibrium. The concentration of solid MX is a constant (Chapter 7) at 
a given temperature. Rearranging gives:

Kc [MX(s)] = [M+(aq)] [X−(aq)]

This new constant Kc [MX(s)] is called the solubility product constant, Ksp.

Ksp= [M+(aq)] [X−(aq)]

For the most complicated situations involving non-binary solutes, for example MyXz in the 
presence of water, these equation generalize as follows:

MyXz(s)  yMz+(aq) + zXy−(aq) 
Ksp = [Mz+(aq)]y [Xy−(aq)]z

Thus, consider aluminium hydroxide, Al(OH)3, in the presence of water. The equation for the 
ionic equilibrium set up is:

Al(OH)3(s)  Al3+(aq) + 3OH−(aq) 
Ksp = [Al3+(aq)] [OH−(aq)]3 = 1.0 × 10−32

(The value is determined from experiment.) 
The solubility product constant, like other equilibrium constants, is constant at a given 

temperature. Changing the temperature changes Ksp and therefore changes the amount of 
substance that will dissolve. 

Calculating a solubility product from solubility data
If the solubility of a salt (i.e. the amount that must dissolve in order for the solution to become 
saturated) is known, the solubility product can be calculated. Solubilities are usually quoted in 
grams per cubic decimetre, g dm−3.

For example, the solubility of lead(ii) bromide at 298 K is 6.15 g dm−3. The molar mass of PbBr2 
is 288 g mol−1. The solubility product equation is:

Ksp = [Pb2+(aq)] [Br−(aq)]2

The molarity of the saturated solution of lead bromide, PbBr2= 
6.15 g dm−3

288 g mol−1  = 0.0214 mol dm−3

Upon dissociation the concentrations of each ion are as follows:

[Pb2+(aq)] = 0.0214 mol dm−3 
[Br−(aq)] = 0.0214 × 2 = 0.0428 mol dm−3

Substituting these concentrations into the solubility product equation gives:

Ksp = [Pb2+(aq)] [Br−(aq)]2 = 0.0214 × (0.0428)2 = 3.9 × 10−5

Calculating solubility from the solubility product
The solubility product can be used to calculate the solubility of a salt in g dm−3. The solubility 
product constant, Ksp for aluminum hydroxide, Al(OH)3, is 1.0 × 10−32. The equation for the ionic 
equilibrium in water is:

Al(OH)3(s)  Al3+(aq) + 3OH−(aq)

And the solubility product equation is:

Ksp = [Al3+(aq)] [OH−(aq)]3

The dissociation of one mole of aluminium hydroxide (formula unit) produces one mole of 
aluminum ions and three moles of hydroxide ions. Setting the molarity of aluminium ions as x, 
the molarity of hydroxide ions becomes 3x. We now have:

Ksp = x × (3x)3 = 27x4
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We can now substitute the value for the solubility product:

 27x4 = 1.0 × 10−32 
 x4 = 3.7 × 10−34 
 x = (3.7 × 10−34)¼ = 4.4 × 10−9

The solubility in moles of aluminum hydroxide is therefore 4.4 × 10−9 mol dm−3. The molar mass 
of Al(OH)3 is 78 g mol−1. The solubility in grams per cubic decimetre, g dm−3 can therefore be 
expressed as:

4.4 × 10−9 mol dm−3 × 78 g mol−1 = 3.4 × 10−7 g dm−3

Using solubility products
The common ion effect
The common ion effect is the observation that a salt will be less soluble if one of its constituent 
ions is already present in the solution. 

Imagine an equilibrium between solid silver chloride and its ions in solution:

AgCl(s)  Ag+(aq) + Cl−(aq)

If another source of chloride ions is added , such as sodium chloride solution, then applying Le 
Châtelier’s principle (Chapter 7) we would predict that the additional chloride ions, Cl−(aq), 
would shift the equilibrium to the left. A new equilibrium will be established with a lower 
concentration of silver ions in solution than before. In this example the ‘common ion’, chloride, 
lowers the solubility of silver chloride. 

We can also demonstrate this more precisely by calculation. Let us compare the solubility of 
silver chloride in distilled water with its solubility in a solution of sodium chloride of molarity 
0.1 mol dm−3.

Solubility of silver chloride in water
The solubility product of silver chloride, Ksp, is 2.0 × 10−10 at 298 K. The molarity of a saturated 
solution of silver chloride is calculated as follows:

AgCl(s) + (aq)  Ag+(aq) + Cl−(aq) 
Ksp = [Ag+(aq)] [Cl−(aq)]

Let [Ag+(aq)] = [Cl−(aq)] = x

Ksp = x2 = 2.0 × 10−10 
x = (2.0 × 10−10)½  
x = (2.0 × 10−10)½ = 1.4 × 10−5 mol dm−3

The molarity of the saturated silver chloride solution in water is 1.4 × 10−5 mol dm−3.

Solubility of silver chloride in 0.1 mol dm−3 sodium chloride
The two relevant equations here are:

AgCl(s) + (aq)  Ag+(aq) + Cl−(aq) 
NaCl(s) + (aq) → Na+(aq) + Cl−(aq)

In this example we shall call the molarity of silver ions y. However, there are two sources of 
chloride ions, from both the sodium chloride and from the silver chloride, so the molarity of 
chloride ions is (0.1 + y). 

Ksp = [Ag+(aq)] [Cl−(aq)] = y × (0.1 + y)

However, the contribution of chloride ions from the silver chloride is much lower than that from 
the sodium chloride, since silver chloride is only slightly soluble.

y << 0.1   hence   (0.1 + y) ≈ 0.1 
Ksp = 0.1 × y = 2.0 × 10−10 
y = 2.0 × 10−9 mol dm−3
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The molarity of the silver chloride solution in 0.1 mol dm−3 sodium chloride is 2.0 × 10−9 mol dm−3. 
The presence of the common ion, chloride, in the solution, has lowered the solubility of the silver 
chloride. 

Predicting precipitation
As discussed in Section 25.6, phosphate ions can be removed from waste water by precipitating 
them with aluminium or iron(iii) ions:

Fe3+(aq) + PO4
3−(aq) → FePO4(s) 

Al3+(aq) + PO4
3−(aq) → AlPO4(s)

When sufficient metal ions are added the product of the concentration of the added metal ions 
and that of the phosphate ions already present in the waste water exceeds the solubility product, 
so the salts precipitate out of the solution. 

Solubility products can allow us to predict whether a precipitate will form. For example, 
aluminium ions are added to waste water in the form of hydrated aluminium sulfate, 
Al2(SO4)3.14H2O, commonly called ‘alum’. This can be delivered as a solid, or as a liquid ‘slurry’. 
Multiplying the concentration of aluminium ions and phosphate ions gives us the ionic product 
of these ions in solution. If the ionic product is greater than the solubility product, a precipitate 
will form.

The following worked example shows how to calculate an ionic product to predict 
precipitation.

Worked example 1 kg of solid alum is added to a tonne of waste water containing phosphate ions at a concentration 
of 10−4 mol dm−3. Will a precipitate result? 

Assume the density of the waste water to be 1 g cm−3 and that there is no change in volume upon 
adding the alum. The solubility product of aluminium phosphate is 9.8 × 10−21 at 298 K. The 
molar mass of Al2(SO4)3.14H2O = 594.4 g mol−1.

The equilibrium in question is:

AlPO4(s)  Al3+(aq) + PO4
3−(aq)

Ksp = [Al3+(aq)] [PO4
3−(aq)]

Calculating the concentration of aluminium ions, [Al3+(aq)]:

1 kg = 1000 g Al2(SO4)3.14H2O

amount of Al2(SO4)3.14H2O = 
mass(g)

molar mass (g mol−1)  = 
1000g

594.4 g mol−1

 = 1.7 mol

One mole of alum contains two moles of aluminium ions. Therefore:

amount of aluminium, Al3+ ions = 1.7× 2 = 3.4 mol

One tonne of waste water = 1000 kg = 1000 dm3

Molarity of Al3+ in 1 tonne of waste water = 
3.4 mol

1000 dm3

 = 3.4 × 10−3 mol dm−3

Molarity of PO4
3− in waste water = 10−4 mol dm−3

Ionic product of Al3+ and PO4
3− ions  = 3.4 × 10−3 × 10−4 

= 3.4 × 10−7

This value exceeds the solubility product of aluminium phosphate, AlPO4, so a precipitate will 
form.
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Problems with chemical precipitation methods
An example of an organic ligand present in industrial waste water is EDTA. EDTA has 
widespread uses including food preservation (Chapter 26), cleaning and medical uses. It is 
commonly found in factory waste water.

EDTA is a chelating ligand (Chapter 13), which means that it forms multiple dative bonds 
to the metal ion. It is able to wrap around a central metal ion, using its four carboxylate groups 
and two amino acid groups, to form six dative bonds to the central metal ion (it is a hexadentate 
ligand). 

At low pH the ligand exists in the deprotonated form, often called EDTA4−. In solution, 
EDTA–metal complexes exist in equilibrium with the free metal ions and the ligand:

Fe3+(aq) + EDTA4−(aq)  [Fe(EDTA)]−(aq)

Iron(iii) ions, Fe3+, therefore become ‘locked up’ in EDTA complexes, meaning that more iron(iii) 
ions must be added in order to precipitate out the phosphate ions. Later the EDTA complex 
decomposes, releasing the heavy metal ions into the environment. 

E.12.2  State what is meant by the term cation-exchange capacity (CEC) and outline its importance.

Cation exchange in soils
Clay soils are able to retain water and nutrient ions which might otherwise leached out of the 
soil by rain water. This property arises because the layers of minerals which make up the clay 
carry a slight negative charge, which is balanced by hydrated metal ions (cations) held at the clay 
surface. 

n Extension:

 

 

 

Figure 25.41 Structures 
of silicates

Structure of clay soils
Clays are comprised of layers of silicate and aluminosilicate minerals. The silicate structures are 
made of tetrahedral SiO4

2− anions linked together in chains (Figure 25.41a) and sheets (Figure 
25.41b). Clay soils also contain aluminate layers, in which aluminium ions are surrounded by 
oxide and hydroxide ions in an octahedral arrangement. The octahedra combine to form sheets. 

In clays, up to one quarter of the silicon atoms (oxidation number of +4) are replaced with 
aluminium atoms, with an oxidation number of +3. This leads to the silicate sheet becoming 
negatively charged. The negative charge attracts cations such as sodium, Na+, which bind water 
to the clay. 

In addition, the aluminium ions, Al3+, in aluminate and aluminosilicate sheets are sometimes 
replaced by magnesium ions, Mg2+, or by iron(ii) ions, Fe2+. This lowering of the charge from 
3+ to 2+ results in the sheet becoming negatively charged. This in turn leads to cations such as 
hydrated sodium, Na+, binding to the clay surface.

a b

each is an SiO4 tetrahedron
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Cation-exchange capacity (CEC)
The cations which are bound to the clay surface are not a permanent fixture of the clay structure. 
They can be exchanged for other cations in the aqueous soil solution that permeates the clay. 

Cation-exchange capacity (CEC) is defined as the amount of single-positive cations that 
can be exchanged with the soil solution, per kilogram of clay. In soils which have double or 
triple positive ions available for exchange such as Mg2+ or Al3+ the amount of these ions must be 
divided by their charge. The total CEC for such a soil would be expressed as amount of  
Na+ + 1

2  amount of Mg2+ + 1
3  amount of Al3+. CEC values range from 0.03 mol kg−1 for a kaolinite 

clay up to 1.5 mol kg−1 for a vermiculite clay. However, most soils contain only a fraction of clay as 
part of their composition, so CECs for soils range from 0.02 to 0.6 mol kg−1.

A typical cation-exchange process might be:

clay – Mg(s) + 2NH4
+(aq)  clay – 2NH4

+(s) + Mg2+(aq)

This equilibrium can shift in response to changing concentrations in the soil of magnesium ions, 
Mg2+, and ammonium ions, NH4

+, as a result of chemical additions to the soil, such as artificial 
fertilizers, or the uptake of ions by plants.

Importance of cation-exchange capacity
The capacity of soils to retain and exchange cations is important in the soil’s ability to supply 
nutrients. The soil acts as a reservoir of nutrients, replacing those taken up by plant roots. These 
cations are held by the soil which prevents them being washed out of the soil by rain water.

E.12.3  Discuss the effects of soil pH on cation-exchange capacity and availability of nutrients.

Effect of soil pH on cation-exchange capacity
Acid deposition leads to addition of hydrogen ions to the soil. Over time, soil pH gradually falls. 
Hydrogen ions, H+(aq), are cations, so changes in the pH of the soil results in changes to the 
cation-exchange equilibria. 

At low pH values (high hydrogen ion, H+(aq), concentrations) hydrogen ions are able to 
displace other nutrient cations from clay particles in soil. These cations enter the soil solution, 
and may be washed out of soils by rain water. Low pH therefore decreases the capacity of the soil 
to act as a reservoir for cation nutrients.

For example, exchangeable magnesium ions are replaced by hydrogen ions as follows:

clay–Mg(s) + 2H+(aq)  clay–2H+(s) + Mg2+(aq)

Low pH also affects the availability of anion nutrients such as phosphate, PO4
3−, and nitrate, 

NO3
−. This time the low pH increases the capacity of the soil to retain the nutrients. The 

silicate sheets in the clay have hydroxyl groups, −OH, on their surfaces, which are protonated by 
hydrogen ions. The sheet then becomes positive, meaning that it attracts and binds to anions. 

clay–OH(s) + H+(aq) + NO3
−(aq)  clay–OH2

+NO3
−(s)

In addition, a low pH enables the reduction of nitrate ions to ammonium ions according to this 
ionic equation:

NO3
−(aq) + 10H+(aq) + 8e− → NH4

+(aq) + 3H2O(l)

Plants take up nitrogen in the form of nitrate ions, so this process lowers the availability of 
nitrogen for uptake by plants.

Nitrate reduction, however, only occurs under certain conditions: it occurs in soils with a high 
organic content or when the soil atmosphere does not contain oxygen – this occurs in flooded 
grasslands. Nitrate reduction takes place in most fungi and many bacteria.

Effect of pH on aluminium and iron(iii) ions in soil
Low pH in soil leads to increased levels of aluminium and iron(iii) ions in the soil solution. High 
concentrations of aluminium ions are toxic to plants. 
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The high levels of aluminium ions arise from hydrogen ions in the soil weathering the 
aluminosilicate minerals in clay particles. For example, kaolinate, a clay mineral, is weathered as 
follows:

Al2Si2O5(OH)4(s) + 6H+(aq) → 2Al3+(aq) + 2[Si(OH)4](s) + H2O(l)

Al3+(aq) can be written as [Al(H2O)6]3+(aq) as the central aluminium ion is complexed by six 
water molecules. However, the high charge density of Al3+ leads to hydrolysis, in which a water 
molecule is polarized, weakening the O−H bond and allowing it to release a proton:

[Al(H2O)6]3+(aq) + H2O(l)  [Al(H2O)5OH]2+(aq) + H3O+(aq) 
[Al(H2O)5OH]2+(aq) + H2O(l)  [Al(H2O)4(OH)2] +(aq) + H3O+(aq)

Thus the [Al(H2O)6]3
+(aq) acts as an acid (a proton donor). This process further acidifies the soil 

solution, which in turn leads to further weathering of the clay, releasing more aluminium ions. 
One of the mechanisms by which plants absorb nutrients is via the transport of microscopic 

nutrient particles suspended in water. Excess aluminium ions tend to destabilize the suspension, 
causing the suspended particles to clump together and settle out. This happens because the 
aluminium ions attract the suspended particles. The plant does not gain so much nutrient 
material from the soil solution, which leads to an ion deficiency disease.

Iron(iii) ions present in clay minerals are released into soil by a similar mechanism; with 
[Fe(H2O)6]3+(aq) ions acting as an acid in a similar way to [Al(H2O)6]3+(aq) ions. Whilst iron 
is essential to the metabolism of plants, too much iron in the soil leads to iron accumulation in 
plants, which leads to brown and red spots on the leaves. The plant also suffers damage to its root 
structure and excess iron may lead to sterility. However, plants cannot absorb iron(iii) ions, only 
iron(ii), so iron damage is limited to areas in which there is a limited supply of oxygen in the soil, 
meaning that iron(iii) tends to become reduced to iron(ii). 

Effect of pH on copper(ii) and zinc ions in soil
Copper(ii) (Cu2+) and zinc (Zn2+) ions are essential nutrients for plants and animals. Copper(ii) 
has an essential biological function as part of the cytochrome c oxidase enzyme. This enzyme is 
part of the electron transport chain in mitochondria, and so is essential to cellular respiration 
(Chapter 22). 

However, copper(ii) and zinc ions are harmful in high concentrations. In plants, copper(ii) ions 
are not very mobile, so when they are drawn from the soil they tend to accumulate in the roots. 
This leads to decreased root growth and damage to root cell membranes. Zinc also damages root 
cells, leading to decreased plant growth. 

Copper(ii) sulfate solution is used by dairy farmers to control hoof fungal infections in cattle. 
The copper(ii) sulfate solution then enters the farm waste water, which is often later used for 
watering crops. The copper(ii) ions therefore enter the soil. Zinc ions enter the soil via effluent 
from galvanizing (zinc-plating) plants (Chapter 19). These zinc ions bind strongly to clay soils, 
and also to humic substances present in the soil. 

The soil has a greater capacity to bind metal ions at high pH, meaning that less copper(ii) or 
zinc ions are available to plants. Silicate sheets have −OH groups on the surface. At high pH 
these −OH groups are deprotonated:

clay–OH(s) + OH−(aq)  clay–O−(s) + H2O(l)

The surface of the clay becomes negatively charged, making them more likely to bind strongly to 
the metal ions. 

2 (clay–O−)(s) + M2+(aq) → (clay–O)2M(s)

Similarly, carboxylic acids present in humus are deprotonated at high pH, allowing the negative 
carboxylate ions (RCO2

−) to bind metal ions:

RCO2H(aq) + OH−(aq)  RCO2
−(aq) + H2O(l) 

2RCO2
−(aq) + M2+(aq) → (RCO2)2M(s)
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In addition, proteins present in the humus have nitrogen lone pairs available which can form 
dative covalent bonds with metal ions, binding them into a species called a chelate. At high pH 
these lone pairs are more likely to be available to bind metal ions, whereas at low pH the lone 
pairs are likely to be protonated, making humus proteins less able to bind metal ions. 

Chemical functions of soil organic matter
The action of anaerobic bacteria on organic matter in the soil leads to the formation of phenols, 
carboxylic acids, proteins and peptides. These substances lend the soil certain chemical 
properties.

Binding metal cations in soil
As discussed on page 892, proteins present in the humus are able to bind to metal cations as they 
have nitrogen lone pairs available. These lone pairs are donated into empty orbitals on the cation, 
forming dative bonds. A single protein molecule may form several of these dative bonds, wrapping 
around the metal ion to form a species called a chelate, in a process called chelation (Figure 
25.42). This process holds the metal ions in the soil, and prevents them from being leached out 
by rain water. The ions are slowly released into soil by ion exchange. Chelation also prevents 
toxic metals from being released quickly into the soil solution and poisoning plants.

Increasing cation-exchange capacity of soil
As well as cation exchange by clay soils, carboxylic acids (RCOOH) and phenols (RC6H4OH) 
can also act as cation exchangers (Figure 25.43).
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OH

O

M+  + H+

 + H+
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O–M+

O

R + M+

Their mechanism of action is similar to that of clay soils. If nutrients, such as potassium ions (K+), 
are taken up from the soil solution by plants, the potassium is replaced in the soil solution, as the 
above equilibria shift to the left. 

Binding organic pollutants
Organic pesticides such as DDT and paraquat have low solubility in water. Humic substances 
have a strong affinity for these substances. When the pollutants enter soil they are said to become 
inactive, as they bind strongly to humus. However, the binding of organic pollutants by humus 
decreases the contribution of humus to the cation-exchange capacity of the soil, so the organic 
pollutants do have a detrimental effect on the soil.

Increasing the buffering capacity of the soil (resistance to pH changes)
The carboxylic acids present in humus are weak acids, dissociating according to the following 
equilibrium:

RCO2H(aq) + H2O(l)  RCO2
−(aq) + H3O+(aq)

The position of this equilibrium depends on the pH. If the pH decreases the equilibrium shifts to 
the left (according to Le Châtelier’s principle). The excess H3O+ is thus removed by combination 
with RCO2

−, leading to an increase in pH. Conversely, a pH increase causes the equilibrium to 
shift to the right, replacing the H3O+ ions.

The pH of the soil influences the cation-exchange ability and therefore the availability of 
nutrients. The presence of natural buffers in the soil helps to maintain the soil pH within certain 
limits, at which the availability of nutrients is sufficient for plants, whilst not releasing too many 
nutrients into the soil solution where they may be permanently leached from the soil, or reach a 
level at which they become toxic to plants.

E.12.4   Describe 
the chemical 
functions of soil 
organic matter 
(SOM).

Mn+

N

N

Figure 25.42 Chelation 
of a metal ion

Figure 25.43 Carboxylic 
acid and phenol 

molecules acting as 
cation exchangers
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SUMMARY OF n Pollutant gases are gases that cause harm to the environment and/or humans. 
KNOWLEDGE  n  Pollutant gases are gases not normally present in the air, for example CFCs, or present in 

excess amounts, for example oxides of sulfur.
n Primary pollutants are released into the air; secondary pollutants are formed when 

primary pollutants react in the air.
n Pollutant gases emitted into the atmosphere include carbon monoxide (CO), oxides of 

nitrogen (NOx), oxides of sulfur (SOx), particulates (dust, lead compounds and smoke) and 
volatile organic compounds (VOCs).

n Pollutant gases have natural and anthropogenic (man-made) sources.
n Major sources of pollutant gases: carbon monoxide – incomplete combustion of methane 

and fossil fuels; oxides of nitrogen – storms and car exhausts; oxides of sulfur – volcanoes 
and the combustion of coal; particulates – burning of fossil fuels; and volatile organic 
compounds (VOCs) – unburnt or partially burnt petrol and volatile solvents.

n Methods for reducing air pollution include lean-burn engines, catalytic converters (cars 
or automobiles), electrostatic precipitators (for particulates), alkaline scrubbing and 
limestone fluidized beds for sulfur dioxide (from coal-fired power stations). 

 Catalytic converter: 2CO + 2NO → 2CO2 + N2

 Alkaline scrubbing:  CaCO3 + SO2 → CaSO3 + CO2; CaO + SO2 → CaSO3  
and 2CaSO3 + O2 + 4H2O → 2CaSO4.2H2O

n Acid deposition refers to the deposition on the ground of acidic rain, fog, snow and 
gases and particles.

n Acid rain is formed from the oxides of nitrogen and sulfur:
 N2 + O2 → 2NO; 2NO2 + H2O → HNO3 + HNO2; 4NO2 + O2 + 2H2O → 4HNO3

 S + O2 → SO2;  2SO2 + O2 → 2SO3; SO3 + H2O → H2SO4

n Acid rain damages calcium carbonate (limestone and marble) and metals (for example, 
iron):

 CaCO3 + H2SO4 → CaSO4 + CO2 + H2O
 Fe + H2SO4 → FeSO4 + H2

n Rain water is naturally acidic (pH < 5.6) due to the formation of carbonic acid:  
H2O + CO2 → H2CO3 → H+ + HCO3

−

n Acid rain in lakes can be neutralized by the addition of calcium carbonate (limestone). 
This is known as liming.

n The greenhouse effect is the trapping of long-wavelength infrared radiation in the 
atmosphere by greenhouse gases.

n Greenhouse gases include methane, water vapour, carbon dioxide, dinitrogen monoxide, 
ozone and chlorofluorocarbons (CFCs).

n The contribution of a greenhouse gas to global warming depends on its concentration 
and its ability to absorb infrared radiation.

n Consequences of global warming include: thermal expansion of the oceans, melting of 
the polar ice caps, floods, droughts, changes in rainfall and temperature, changes in 
the yield and distribution of commercial crops, and changes in the distribution of pests 
(especially insects) and disease-carrying organisms.

n Ozone is formed and destroyed by natural processes involving ultraviolet radiation in the 
stratosphere.

 Formation: O2 → 2O•; O2 + O• → O3

 Depletion: O3 → O2 + O•; O3 + O• → 2O2.
 A steady state is achieved, which means that the concentration of ozone is small and 

approximately constant.
n Ozone-depleting substances include chlorofluorocarbons (CFCs) (aerosol cans, air 

conditioners and refrigerators) and oxides of nitrogen (aircraft exhausts). CFCs are broken 
down in the stratosphere to release reactive chlorine atoms.

n Alternatives to CFCs include fluorocarbons and hydrofluorocarbons (HFCs). They are 
broken down by sunlight and are removed from the atmosphere before reaching the 
ozone layer.
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n The biochemical oxygen demand (BOD) is a measure of how fast organisms use up 
oxygen in a body of water for metabolism or breaking down organic matter. It can be 
determined with a dissolved oxygen probe or a redox titration.

n Organic wastes are oxidized by dissolved oxygen and lead to an oxygen shortage.
n Aerobic respiration of organic material requires molecular oxygen. Products of aerobic 

respiration include carbon dioxide, nitrate, water, sulfate and phosphate.
n Anaerobic respiration does not require molecular oxygen. Products of anaerobic decay 

include methane, amines, ammonia, hydrogen sulfide and phosphine.
n Artificial fertilizers contain nitrate and phosphate ions (also present in detergents). Excess 

levels of these ions in fresh water leads to eutrophication – excessive plant growth 
followed by depletion of dissolved oxygen in the water when bacteria decompose the 
excess plant remains.

n Thermal pollution usually involves an increase in water temperature due to the addition 
of warmed water from power stations. The increase in temperature is accompanied by a 
decrease in the solubility of dissolved oxygen.

n Primary pollutants found in waste water include: heavy metals, pesticides (insecticides 
such as DDT, herbicides and fungicides), dioxins (burning of organochlorine compounds, 
e.g. PVC), polychlorinated biphenyls (PCBs) (transformers and capacitors), organic matter, 
nitrates and phosphates (from artificial fertilizers).

n Waste water treatment takes place in three stages: primary (filtration and sedimentation), 
secondary (chlorination and bacterial action: activated sludge process) and tertiary 
(precipitation and ion exchange).

n Fresh water can be prepared from sea water using distillation and reverse osmosis.
n Reverse osmosis involves removing dissolved salts and pathogens by forcing the water at 

high pressure through a membrane.
n Soil is a mixture of decomposing organic material (SOM) and inorganic compounds such 

as oxides, carbonates and silicates. 
n SOM includes undecayed and decayed organic matter. An important component of SOM 

is humus (weakly acidic), which has a buffering action.
n SOM acts as a source of minerals, improves the properties of soils and contributes to the 

cation-exchange capacity (CEC): the ability of soil to bind and exchange nutrient cations 
including heavy metal ions.

n Ion retention on the surface of silicate clays is important for plant growth.
n Salinization is the result of the continual irrigation of soil with salty water. The salt levels 

increase until plant growth is prevented. Nutrient depletion occurs when crops are 
harvested and fertilizers are not applied. 

n Common organic soil pollutants include: petroleum hydrocarbons, agrichemicals, 
volatile organic compounds (VOCs), solvents, polyaromatic hydrocarbons (PAHs) (from 
combustion), polychlorinated biphenyls (PCBs), organotin compounds (from marine anti-
fouling agents) and semi-volatile organic compounds (SVOCs).

n Solid waste may be disposed of in landfill sites or incinerators. There are environmental 
problems associated with both methods: landfill – methane and hydrogen sulfide 
production; incineration – emission of toxic and acidic gases.

n Some solid wastes are recycled, e.g. iron, aluminium, glass, paper and plastics.
n The disposal of high-level radioactive waste poses special problems due to its long half-

life. The best approach is underground burial in rock.
n Dumping of waste, including sewage and oil, occurs at sea and in rivers.
n Oxygen and ozone molecules are both dissociated by ultraviolet radiation. Ozone  

is broken by ultraviolet radiation of a higher wavelength (lower energy) due to the  
delocalized pi (π) bonding.

n Ozone depletion is caused by CFCs and oxides of nitrogen: 
 CCl2F2 → •CClF2 + Cl•
 Cl• + O3 → ClO• + O2; ClO• + O• → O2 + Cl•
 NO + O3 → NO2 + O2; NO2 + O• → NO + O2

 The net effect of both mechanisms is: O3 + O• → 2O2
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n Greater ozone depletion occurs in polar regions because stable chlorine compounds are 
formed on the surface of ice crystals in high altitude stratospheric clouds. They break 
down to release chlorine atoms in the spring when sunlight levels are high.

n Photochemical reactions in the lower atmosphere involving oxides of nitrogen lead 
to the formation of photochemical smog which contains ozone, aldehydes and 
peroxyacylnitrates (PANs) (toxic to plants and eye irritants).

n Photochemical smogs tend to occur on windless days in cities which lie in a ‘bowl’ 
surrounded by hills or mountains. They occur when there is a temperature inversion: 
warm air lies above cold air.

n The following reactions occur during the formation of photochemical smog:
 •NO2 → •NO + O• (photolysis of nitrogen dioxide)
 O• + H2O → 2OH• (formation of hydroxyl radicals)
 •OH + •NO2 → HNO3 (nitric acid formation)
 •OH + RH → R• + H2O (radical propagation)
 R• + O2 → ROO• (peroxide radical formation)
 RCOOO• + •NO2 → RCOOONO2 (chain termination: formation of PANs) 
n Sulfur dioxide and oxides of nitrogen are converted into acids via a free-radical 

mechanism involving hydroxyl radicals formed from water:
 H2O + O3 → 2OH• + O2; H2O + O• → 2OH•

 The hydroxyl radicals react directly with sulfur dioxide and oxides of nitrogen (in the 
presence of water) to form the acids:

 •OH + •NO2 → HNO3; HO• + •NO → HNO2

 HO• + SO2 → HOSO2•; HOSO2• + O2 → HO2• + SO3; SO3 + H2O → H2SO4

n Ammonia can neutralize sulfuric and nitric acids in the atmosphere to form ammonium 
sulfate ((NH4)2SO4) and ammonium nitrate (NH4NO3)

n Ammonium ions may undergo acidification and nitrification in soil:  
NH4

+ + 2O2 → 2H+ + NO3
− + H2O

n If a solid partially dissolves in water, an equilibrium is set up between the solid and the 
ions. The equilibrium constant for the process is the solubility product. For example, 
ABx(s)  Ax+(aq) + xB−(aq); Ksp = [Ax+(aq)] [B−(aq)]x (concentrations measured at 
equilibrium).

n Precipitation of a salt will occur if its solubility product is exceeded. 
 n  The common ion effect is a term used to describe the effect on a solution of two 

undissolved solutes that contain the same ion. The presence of a common ion suppresses 
the dissolving of a sparingly soluble salt (or ionization of a weak acid or base).

n Examination questions – a selection
Past Paper 3 IB questions and IB style questions 
Questions marked * are for Higher Level only

 Q1 This question is about atmospheric pollution.
a List the four major layers of the atmosphere in 

order of increasing altitude. [2]
b Draw a table listing the gases present in the 

atmosphere, and their percentage abundances 
by volume. [5]

c For each of the pollutant gases O3, CO, NO and 
SO2, describe:
i a process by which the gas is introduced to 

the troposphere
ii a process by which the gas is removed from 

the troposphere.
 Include equations as appropriate. [16]

d By reference to your answer to part c, explain 
what is meant by the term atmospheric lifetime 
or residence time of a pollutant. [2]

 Q2 In addition to gaseous pollution, many processes 
produce small solid particles which have harmful 
environmental effects.
a Describe three processes by which particulates 

enter the atmosphere. [3]
b Describe the harmful effects of particulates on 

humans. [2]
c Explain the role that particulates play in the 

reactions leading to acid deposition. [2]
d Explain how particulates may be removed from 

emissions from coal-fired power stations. [4]
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 Q3 This question is about acid deposition.
a Describe three harmful effects of acid 

deposition. [3]
b Starting with sulfur, S(s), write a series of 

molecular equations to illustrate how sulfuric 
acid, H2SO4(aq) is formed in the atmosphere. [3]

c Outline the processes which occur in a catalytic 
converter. [6]

 Q4 This question is about the greenhouse effect and 
global warming. Atmospheric warming arises 
because the amount of radiation incident on the 
Earth from the Sun is no longer matched by the 
amount of radiation leaving the Earth into space.
a What types of electromagnetic radiation are 

most prevalent in sunlight? [3]
b How does this radiation result in warming of 

the atmosphere? [2]
c Explain how a greenhouse gas such as carbon 

dioxide results in increased atmospheric 
warming. [3]

d What do you understand by the term global 
warming potential (GWP)? [4]

e Explain how methane, a much less abundant 
atmospheric pollutant than carbon dioxide, is 
thought to make a significant contribution to 
anthropogenic global warming. [2]

f Describe the likely effects of anthropogenic 
global warming. [4]

 Q5 This question is about the damage to 
the stratospheric ozone layer caused by 
chlorofluorocarbons.
a Outline the natural processes by which 

ozone is:
i formed in the stratosphere [2]
ii removed from the stratosphere. [2]

 Write equations where appropriate.
b Explain why chlorofluorocarbons are inert in 

the troposphere. [2]
c Explain how the conditions in the 

stratosphere lead to the decomposition of 
chlorofluorocarbons. [1]

d Why do hydrofluorochlorocarbon emissions not 
lead to ozone depletion? [1]

 *e Draw the Lewis structures of:
i oxygen, O2

ii ozone, O3.
 Explain how the frequency of electromagnetic 

radiation absorbed by these molecules is 
related to the bond strengths within these 
molecules. [3]

 *f Write a series of free-radical chemical reactions 
explaining how CFC-11 (CFCl3) leads to ozone 
depletion. [6]

 *g What two ‘sink’ compounds are able to 
temporarily store chlorine in an unreactive form 
in the stratosphere? [2]

 *h Explain why ozone layer damage occurs only 
at the poles. Why does the hole form in the 
winter, and repair itself in the summer? [8]

 Q6 This question is about dissolved oxygen in water 
and waste water treatment.
a Define the term biochemical oxygen  

demand and explain the relationship between 
BOD and the amount of organic pollution in 
the water.  [3]

b Write an equation for the aerobic 
decomposition of a carbohydrate, such as 
would occur by the action of microorganisms 
in water. [2]

c Starting with the emission of man-made 
fertilizers into a river, describe the stages 
of ‘eutrophication’ and summarize its 
environmental effects. [8]

d Explain why thermal pollution (the emission 
of warm water into a river or lake) causes 
environmental problems. [4]

e Explain, with examples, the difference between 
point source and non-point source water 
pollution. [4]

f List the common man-made pollutants in waste 
water. [4]

 Q7 This question is about the treatment of waste 
water.
a Outline the role of aerobic bacteria in 

secondary treatment of waste water. How is 
the availability of air maximized during this 
process, and why is this necessary? [3]

b Tertiary treatment of waste water involves the 
removal of inorganic chemical pollutants.
i Write an equation to show how a heavy 

metal ion such as mercury(i), Hg+, may be 
removed from waste water using a calcium-
based ion exchange resin. [2]

ii Write an equation for the precipitation of 
iron(iii) ions from waste water by addition of 
sodium hydroxide. [2]

*iii Write the solubility product (Ksp) expression 
for the reaction in b ii. [2]

*iv The solubility product of iron(iii) hydroxide in 
pure water is 4 × 10−38 at 298 K. Calculate 
the solubility of iron(iii) hydroxide in pure 
water, in g dm−3. [3]

*v Calculate the solubility of iron(iii) hydroxide 
in waste water to which sodium hydroxide 
has been added to a concentration of 
0.1 mol dm−3. [3]
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*vi Comment on the difference in solubility 
of iron(iii) hydroxide in pure water and 
0.1 mol dm−3 sodium hydroxide solution. [3]

 Q8 Many man-made pollutants become concentrated 
in the food chain, leading to the death of higher 
organisms such as birds and fish. 
a With reference to the structure of their 

molecules, explain why the following 
substances tend to accumulate in the food 
chain. [8]
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b Malathion (shown below) is an 
organophosphate insecticide. It is regarded as 
less harmful to humans and animals because 
their enzymes are able to hydrolyse the ester 
groups present in the molecule.
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 Write a balanced equation showing clearly 

the structure of the products obtained when 
malathion is hydrolysed by an enzyme. [3]

 Q9* One type of ‘smog’ is photochemical smog formed 
over a number of cities with large numbers of cars 
and a thermal inversion, where a warm air layer 
acts like a ‘lid’ on the atmosphere over a city. The 
smog is only formed in the presence of sunlight 
and one of the products (secondary pollutants) is 
ozone. Very harmful small soot particles are also 
present.
a i  State the two chemicals required for the 

formation of photochemical smog. [2]
ii State the type of radiation present in 

sunlight responsible for photochemical 
smog formation. [1]

iii Is photochemical smog an oxidizing or a 
reducing smog? Explain your answer. [2]

b i  Name two other secondary pollutants 
present in photochemical smog. [2]

ii State one effect on human health caused 
by the presence of photochemical smog. [1]

iii State one method a city could use to reduce 
the incidence of photochemical smog. [1]

c ii  With suitable equations, describe the 
formation of secondary pollutants in 
photochemical smog. [3]

ii Although nitrogen dioxide is necessary for 
photochemical smog formation, suggest 
why a reduction in the concentration of 
oxides of nitrogen may increase the rate of 
formation of smog. [2]

  Q10* Plants rely on a supply of nutrients and the ability 
of the soil to retain nutrients. The cation-exchange 
capacity (CEC) is the number of milligrams of 
hydrogen ions that can be held at cation-exchange 
sites by 100 g of soil.
a Explain how cation exchange can occur at the 

surface of silicate clay. [2]
b What is the effect of increasing acidity on the 

extent of cation retention? [2]

A 20 g sample of soil is treated so that all of its 
cation-exchange sites becomes saturated with 
hydrogen ions. These ions are then released 
and made into a 250 cm3 aqueous solution. A 
25.0 cm3 sample of this solution is titrated against 
0.100 mol dm−3 sodium hydroxide and 23.0 cm3 are 
required for neutralization.
c Calculate the cation-exchange capacity (in 

milligrams (to the nearest whole number) of 
hydrogen ions per 100 g of soil) of the soil. [3]

d i  Explain why hydrated aluminium ions are 
acidic and explain how they might act as a 
buffer in soils which have acidified due to 
acid rain. [2]

ii Suggest another component of the soil 
which can act as a buffer. State two other 
functions of this component. [3]

e A sample of montmorillonite clay changes 
colour from light green to brown when 
left exposed to the air for a week. Analysis 
confirms the presence of iron.
i Account for the observed colour change. [2]
ii State the names of two non-metallic 

elements present in the clay. [2]



STARTING POINTS	 n Foods contain nutrients – proteins, lipids, carbohydrates, vitamins, minerals and water. 
n Proteins and polysaccharides are polymers of amino acids and simple sugars.
n Simple lipids (fats and oils) are triesters.
n The physical and chemical properties of food molecules are determined by their 

structures and shapes.
n Some types of food molecules undergo complex degradation reactions, some of which 

involve oxygen.
n Chemical and physical methods are used to slow down or prevent food becoming 

inedible.
n Food molecules with conjugated structures are often coloured due to molecular 

transitions involving electrons in π orbitals.
	 n Many foods are stable dispersed systems of two or more substances.

 26.1 Food groups
Foods and nutrients
Food
Food can be defined as any substance – processed, semi-processed or raw – that is intended for 
human consumption. This includes the likes of beverages, chewing gum and any substance that 
has been used in the manufacture, preparation or treatment of ‘food’. This definition does not 
include cosmetics, tobacco or substances used only as drugs.

Language of Chemistry
The Codex Alimentarius (Latin for ‘food code’ or ‘food book’) is a collection of internationally 
recognized standards, codes of practice, guidelines and other recommendations relating to 
foods, food production and food safety. n

Nutrient
A nutrient is a chemical substance (element or compound) obtained from food and used by the 
body to provide energy and to regulate growth, maintenance and repair of the body’s tissues. 
Proteins, lipids, carbohydrates, vitamins, minerals and water are considered to be nutrients 
(Figure 26.1).

supply of energy

control of 
body processes

carbohydrates

Functions Nutrients

lipids (fats and oils)

proteins

mineral elements

water

Functions

growth and repair
of the body

vitamins

Nutrients that provide energy include proteins, lipids and carbohydrates. Nutrients that support 
metabolism include minerals, vitamins and water. Nutrients in food are grouped into several 
categories. Macronutrients, required in relatively large amounts, include fat, protein and 

F.1.1 Distinguish 
between a food 
and a nutrient.

Figure 26.1 
Summary of essential 

nutrients

Option F

26 Food chemistry
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carbohydrates. Micronutrients, required in significantly smaller amounts, are the minerals and 
vitamins. Additionally food contains water and dietary fibre.

A lack of the minimum amount of any one of the six nutrients will result in malnutrition 
(Chapter 22) and a general deficiency of all six nutrients will lead to under-nutrition and 
eventually starvation. In addition to providing nutrients, a balanced diet must also provide 
dietary fibre (Chapter 22).

Language of Chemistry
A substance can only be defined as a food if, in addition to providing the various nutrients, it is 
accepted as being a food by the community concerned. Throughout history – and in different 
parts of the world – social, religious and psychological factors have prevented – or still do 
prevent – the consumption of some nutritional and edible materials. Many Europeans would 
not normally consider eating fried insects, snakes or dogs but they are eaten as food in some 
parts of Asia. n

Chemical composition of lipids, carbohydrates and proteins
Lipids
Lipids are esters of propane-1,2,3-triol (glycerol) and long-chain carboxylic acids known as fatty 
acids. Water is eliminated by the reaction of the hydroxyl group from each of the three carboxylic 
acid groups with a hydrogen from the glycerol (Figure 26.2). The majority of lipids are triesters 
(triglycerides). 
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If the three fatty acid groups are identical then the ester is a simple triglyceride. If the fatty acids 
are different then the ester is a mixed triglyceride. Most naturally occurring fats and oils (lipids) 
are mixed triglycerides. Other major ‘food’ lipids are cholesterol, waxes and phospholipids.

Carbohydrates
Sugars, starch and cellulose are carbohydrates. Their molecules consist of carbon, hydrogen and 
oxygen atoms. The simplest carbohydrates are the sugars (monosaccharides and disaccharides) 
– for example glucose, fructose, ribose and sucrose. The monosaccharides (simple sugars) are 
aldehydes or ketones – monosaccharides are polyhdroxyaldehydes or polyhydroxyketones. Many 
monosaccharides have the empirical formula CH2O, where hydrogen and oxygen are in the same 
molar ratio (2 : 1) as water.

Monosaccharides
Monosaccharides are white crystalline solids that dissolve readily in water because of their ability 
to form hydrogen bonds with adjacent water molecules. Monosaccharides have the general 
formula (CH2O)n, where n is greater than 2. Monosaccharides cannot be hydrolysed (either by 
enzymes or dilute acids) to smaller, simpler sugar molecules.

Each molecule contains one carbonyl functional group (>C=O); all the remaining carbon 
atoms are bonded to hydroxyl groups (-OH). The carbonyl group may be terminal – that is, 
located at the end of the chain – in which case the sugar is classified as an aldose. If the carbonyl 
group is not terminal – that is located within the carbon chain – the sugar is classified as a ketose.

F.1.2 Describe 
the chemical 
composition 
of lipids (fats 
and oils), 
carbohydrates 
and proteins.

Figure 26.2 The 
formation of a simple 

triglyceride
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The simplest sugars are the trioses, (CH2O)3, which are structural isomers of each other 
(Figure 26.3).

Glyceraldehyde has a chiral carbon atom, and so can exist as a pair of enantiomers (Figure 
26.4). These have identical physical properties except that one of the isomers rotates the plane of 
plane-polarized light to the right and the other rotates it to the left – by the same angle if the 
solutions are at the same concentration (Chapter 20).

The enantiomers, known as the d and l forms, are used as reference molecules to classify other 
sugars. d-glyceraldehyde is an important intermediate in cell metabolism.

Most monosaccharides are pentoses or hexoses – that is, their molecules contain five or six 
carbon atoms. Ribose is a pentose and glucose is a hexose. Glucose, in its free state, is a major 
component of fruits and honey; ribose is a component of nucleic acids (Chapter 22). Glucose is 
the major substrate for respiration (Chapter 22). Ribose and glucose are both aldoses, due to the 
presence of an aldehyde group.

An important property of pentoses and hexoses is their ability to exist as an equilibrium 
mixture (Chapter 7) of straight-chain and cyclic-ring forms. The equilibrium strongly favours the 
cyclic-ring form, which is also found in disaccharides and polysaccharides. Ribose and glucose 
(Figure 26.5) can both exist in d and l forms, but only the d forms are found in nature.
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The d and l forms of glucose (Figure 26.6) are  
identified by comparing the arrangement of the 
functional groups around carbon atom 5 with that 
around the asymmetric carbon atom in 
glyceraldehydes.

All naturally occurring monosaccharides belong 
to the d series. Their highest numbered asymmetric 
(chiral) carbon atom, the one furthest from the 
carbonyl group (>C=O), has the same configuration 
as d-glyceraldehyde. The mirror image of the d 
monosaccharide molecule will be the l isomer.

Figure 26.4 The structures of d- and l-glyceraldehyde
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Figure 26.3 Two triose sugars
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chain and cyclic forms of 

d- and l-glucose

Figure 26.6 d and l forms of glucose
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Reducing sugars
All monosaccharides and some disaccharides, including maltose and lactose, are reducing 
sugars. Sucrose, however, is not a reducing sugar. If the carbonyl groups of both constituent 
monosaccharides are involved in the glycosidic linkage then the disaccharide is non-reducing. If 
one of the carbonyl groups is free then the disaccharide is reducing. A reducing sugar is one that, 
in basic solution, forms a ketone or an aldehyde. This allows the sugar to act as a reducing agent, 
for example in the Maillard reaction (see page 945) and in Benedict’s test. Benedict’s test uses 
an alkaline solution of copper(ii) sulfate, which is reduced to insoluble copper(i) oxide. The ionic 
equation is:

Cu2+(aq) + e− → Cu+(s)

n Extension: Anomers of glucose
d-glucose exists in aqueous solution as an equilibrium mixture of two isomeric ring structures 
known as α-d-glucose and β-d-glucose – these differ only in the position of the hydroxyl group 
on carbon atom 1. If the hydroxyl group is below the plane of the ring, the structure it is known 
as the alpha (α) isomer; if it is above the plane of the ring, the structure is known as the beta 
(β) isomer. The existence of the α and β isomers (known as anomers) leads to the very different 
physical properties of the polysaccharides starch and glycogen compared to cellulose.

Disaccharides
Disaccharides are sugars that consist of two 
monosaccharide units joined together covalently. The 
most common disaccharide is sucrose (Figure 26.7), 
C12H22O11, which is formed when d-glucose and 
d-fructose are linked together via a condensation 
reaction. The oxygen ‘bridge’ between the 
monosaccharide is known as a glycosidic bond, which 
is an acetal group, -C-O-C-O.

Sucrose occurs in many fruits and 
vegetables. Sugar cane (Figure 26.8) 
and sugar beet are used as sources of 
sucrose. Sugar cane is a family of species 
of tropical grasses that can be crushed to 
yield a sucrose sap. Sugar beet is grown in 
Europe, Russia and the USA. The roots 
contain sucrose, but it accounts for only 
30% of world sugar production.

Applications of Chemistry
The hydrolysis of sucrose is an important reaction in jam-making. When fruits are boiled with sucrose, acids in the 
fruits partially hydrolyse the sucrose into a mixture of glucose and fructose. This mixture, known as invert sugar, is 
less likely to crystallize than sucrose.

Two other common disaccharides are lactose – which consists of d-galactose and d-glucose 
– and maltose, a dimer of d-glucose. Lactose occurs in human milk and cow’s milk. Maltose is 
formed when starch is hydrolysed by dilute acid. This is used in the commercial production of 
glucose syrups.

Figure 26.7 Structure of sucrose
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Language of Chemistry
‘Lactose intolerance’ is an inherited inability to digest dairy products properly, due to a 
deficiency in the amount of the enzyme β-galactosidase in the small intestine. This enzyme 
is necessary for the hydrolysis of lactose into its constituent monosaccharides, glucose and 
galactose. Symptoms of lactose intolerance include abdominal cramps, flatulence (wind) and 
frothy diarrhoea. n

Polysaccharides
Polysaccharides are polymers of monosaccharides (monomers). They have relatively large molar 
masses, and as a consequence are not sweet and many are only partially soluble in water. This is 
because the many hydroxyl groups, -OH, tend to be involved in hydrogen bonding, either within 
the polysaccharide molecule or with -OH groups in neighbouring polysaccharide molecules.

Starch and glycogen are storage polysaccharides in plant and animal cells. Both occur as 
hydrated granules and are easily hydrolysed by amylases to release glucose, which can be respired 
(Chapter 22). Starch is the main carbohydrate in the human diet and is present in foods such as 
potatoes, cereals, rice and vegetables. Glycogen is present in the muscles of animals.

Starch contains two types of d-glucose polymer – amylose (Figure 26.9) and amylopectin. In 
amylose, long unbranched chains of α-glucose residues bonded by 1,4-glycosidic bonds coil up to 
form a compact structure stabilized by hydrogen bonding.
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Figure 26.9 The structure of amylose Figure 26.10 The structure of amylopectin

Amylopectin (Figure 26.10) also has long chains of α-glucose molecules bonded together by 
1,4-glycosidic bonds, but a 1,6-glycosidic bond is formed every 24 to 30 residues and this causes 
the chain to branch. Amylopectin has closely packed, branched chains that are held in shape by 
hydrogen bonding between the hydroxyl groups located along the chains.

Glycogen has a similar structure to amylopectin, but is more highly branched. Glycogen is 
present in the liver and skeletal muscles, as well as fat cells.

Cellulose (Figure 26.11) is a linear, unbranched polymer of β-d-glucose residues held together 
by 1,4-glycosidic bonds with each glucose residue arranged at 180° relative to the previous 
residue. This arrangement strengthens the attraction between adjacent chains, because it extends 
the hydrogen bonding between them.
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Consequently, cellulose has different physical properties from starch and glycogen. Cellulose 
is major component of cell walls in plant cells, and plays an important role in supporting and 
strengthening plant tissues such as stems and leaves. It is a major component of fibre.

Proteins
Proteins are composed of amino acids – 20 amino acids altogether 
can be found collectively in all the proteins that we know. Figure 
26.12 describes their generalized molecular structure.

The amino acids found in proteins have the amino (amine) 
functional group attached to the second carbon atom in the chain 
– that is, the carbon atom next to the carboxylic acid functional 
group – and are therefore called 2-amino acids (or α-amino acids).

The configuration of groups around this second carbon atom 
makes all 20 amino acid molecules chiral, except for glycine. 
There are two possible optical isomers (enantiomers) of each 
of the 19 chiral 2-amino acids. The enantiomers of alanine, 
H2NCH(CH3)COOH, are shown in Figure 26.13.

The enantiomer on the left is called l-alanine, and its mirror image is called d-alanine. The 
naming system (nomenclature) applies to amino acids that have a side-chain other than the 
methyl group of alanine. Both enantiomers rotate the plane of plane-polarized light by equal 
amounts, but in opposite directions. All the naturally occurring amino acids found in animal and 
plant proteins have the l-configuration.

Each amino acid contains an acidic carboxylic acid functional group, -COOH, and a basic 
amine (amino) group, -NH2. In the presence of ribosomes, the carboxylic acid group of one 
amino acid reacts with the amine group of a second amino acid. A molecule of water is eliminated 
and a dipeptide is formed (Figure 26.14).

The dipeptide formed contains two amino acid residues and these are joined by an amide 
functional group, known as a peptide bond (-CONH-). Since the dipeptide also contains an 
amine group and a carboxylic acid group, the dipeptide can combine with other amino acids via 
the formation of additional peptide bonds and elimination of water. Polypeptides or proteins are 
examples of condensation polymers (Chapters 20 and 23).
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Figure 26.13 The structures of l-alanine and d-alanine Figure 26.14 The formation of a dipeptide from glycine and alanine

Language of Chemistry
Monosaccharides and amino 
acids can be represented by 
Fischer projections (Figure 
26.15). In Fischer projections, 
the vertical bonds go down 
below the plane of the 
paper, whereas those placed 
horizontally come out of 

Figure 26.12 Generalized 
molecular structure  
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the plane of the paper. By convention, in amino acids the carboxylic acid group is placed 
at the top and the amine group and the hydrogen atom are placed horizontally. In such an 
arrangement, the l-configuration will have the amine group to the left of the 2-carbon atom, 
whereas in the d-configuration the amine group is located to the right of the 2-carbon atom. n

History of Chemistry 
The first compound with a meaty flavour was discovered in 1908 by the Japanese scientist Kikunae Ikeda. He 
discovered that a traditional Japanese broth made from kelp (a type of seaweed) owed its rich, meaty taste to a very 
high concentration of l-glutamic acid:  HOOC-CH2-CH2-C(H)(NH2)(COOH).

The sodium salt of glutamic acid, monosodium glutamate (MSG), is used as a flavour enhancer in takeaway food.

 26.2 Fats and oils
Saturated and unsaturated fatty acids
Saturated fatty acids
Fatty acids are important components of fats and oils (triglycerides) and determine their 
properties. Saturated fatty acids contain an even number of carbon atoms in an unbranched chain 
(Table 26.1).

Formula Common name Melting point/°C

CH3(CH2)10COOH Lauric acid 45

CH3(CH2)12COOH Myristic acid 55

CH3(CH2)14COOH Palmitic acid 63

CH3(CH2)16COOH Stearic acid 69

CH3(CH2)18COOH Arachidic acid 76

Unsaturated fatty acids
Unsaturated fats (Table 26.2) also contain an even number of carbon atoms, but have some 
carbon–carbon double bonds. The number of double bonds is usually one or two, but up to six 
may be present. Monounsaturated fats have one carbon–carbon double bond; polyunsaturated fats 
have two or more carbon–carbon double bonds.

Formula Common name Melting point/°C

CH3(CH2)5CH=CH(CH2)7COOH Palmitoleic acid 0

CH3(CH2)7CH=CH(CH2)7COOH Oleic acid 13

CH3(CH2)4CH=CHCH2CH=CH(CH2)7COOH Linoleic acid −5

CH3CH2CH=CHCH2CH=CHCH2CH=CH(CH2)7COOH Linolenic acid −11

CH3(CH2)5(CH=CHCH2)4(CH2)COOH Arachidonic acid −49

Fat or oil Main fatty acids

Palm oil Oleic (45%), palmitic (40%)

Olive oil Oleic (80%), linoleic acid (10%)

Lard Oleic (56%), palmitic (28%), stearic (8%)

Butter fat Oleic (30%), palmitic (30%), stearic (11%), 
myristic (10%)

Ground nut Oleic (57%), linoleic (23%), palmitic (12%)

A naturally occurring fat or oil (Table 26.3) is a complex mixture of both mixed and simple 
triglycerides, both unsaturated and saturated. A triglyceride is formed when three fatty acids are 

F.2.1 Describe the 
difference 
in structure 
between 
saturated and 
unsaturated 
(mono- and 
polyunsaturated) 
fatty acids.

Table 26.1 A selection of 
saturated fatty acids

Table 26.2 A selection of 
unsaturated fats

Table 26.3 Approximate 
composition of selected 
naturally occurring lipids

Unsaturated fats generally have the cis 
configuration about the carbon–carbon 
double bond (Chapter 20). The presence 
of a cis double bond has a dramatic 
effect on the shape of the molecule, 
introducing a kink into the hydrocarbon 
backbone.



931Fats and oils

esterified to the glycerol  
backbone. Naturally occurring  
animal and plant fats and oils  
include palm oil (Figure 26.16),  
olive oil, coconut oil, cod liver  
oil, beef fat, cocoa butter (the  
major component of chocolate)  
and lard.

Figure 26.16 Palm oil and palm kernel oil 
are edible oils derived from the fruits and 

seeds of the oil palm (elaeis guineensis)

Properties of fats and oils

F.2.2 Predict the degree of crystallization (solidification) and melting point of fats and oils from their structure, 
and explain the relevance of this property in the home and in industry.

Fats (semi-solid at room temperature) are likely to contain a high percentage of long saturated 
fatty acid chains. The fatty acid chains adopt a ‘straight’ conformation with the carbon atoms 
lying zig-zag in a plane. Consequently, fats are crystalline at temperatures below their melting 
range. 

Since natural fats are mixtures and each pure triglyceride has its own specific melting point, 
a fat does not have a sharp melting point but a melting range. For example, butter has a melting 
range between 28 and 36 °C. At temperatures below this range, all the component triglycerides 
will be below their individual melting points and the fat will be completely solid. Fats may also be 
plastic at room temperature, containing some triglycerides that are liquid and some that are solid.

The packing and large surface area of the molecules leads to relatively strong van der Waals’ 
forces of attraction. Examples of this are rich in saturated fatty acids include palm, coconut, 
butter, lard (pig fat) and shortening. ‘Shortening’ is a semi-solid fat used in food preparation, 
especially baked goods, and is so called because it promotes a ‘short’ or crumbly texture. Coconut 
oil and dairy fats contain a relatively high percentage of short-chain, saturated fatty acids 
compared to other fats and oils.

Oils
Oils are liquids at room temperature (Figure 26.17) and are likely to contain a high percentage of 
unsaturated fatty acids.

Oils with monounsaturated fats include olive 
oil, canola oil (from rape seed) and peanut oil. 
Oils with polyunsaturated fatty acids include 
safflower oil, soybean oil, sunflower oil, corn oil 
(from maize) and oils derived from fish. 

The lower melting points of the unsaturated 
fatty acids is due to the cis double bond(s) in the 
unsaturated fatty acids causing a kink in their 
shape – this makes it more difficult to pack their 
molecules together in a stable lattice (Figure 
26.18).

The trans double bond isomer of oleic acid, 
known as elaidic acid, has a linear shape and 
a melting point of 45 °C (32 °C higher than 
its cis isomer). As the number of double bonds 
increases in a molecule, the melting point 
decreases.

Figure 26.17 A selection 
of commercial oils for 
human consumption 
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Figure 26.18 Skeletal formula of palmitic 
acid (a saturated fatty acid) and linoleic 

acid (a cis,cis-unsaturated fatty acid)



932 Food chemistry

Applications of Chemistry
Cocoa butter is a pale-yellow vegetable fat extracted from ground cocoa beans. It is used 
to make chocolate, ointments and suppositories (Chapter 24). Cocoa butter is one of the 
most stable fats known, containing natural antioxidants that prevent rancidity and give it 
a storage life of two to five years, making it a good choice for non-food products.

Cocoa butter has a narrow melting range that is close to body temperature. This accounts 
for its characteristic melt-in-your mouth property. Cocoa butter has a narrow melting 
range because about 80% of its triglycerides are of one class, which contain palmitic or 
stearic acids and oleic acid. The triglycerides of this class all have similar shapes and pack 
together relatively well, giving a relatively sharp melting range.

Stability of fats and oils

F.2.3 Deduce the stability of fats and oils from their structure.

Saturated fats are more chemically stable than unsaturated fats. Unsaturated fats are more 
chemically reactive and undergo a number of different chemical reactions due to the presence of 
one or more carbon–carbon double bonds. The π bond (Chapter 14) of the carbon–carbon double 
bond is the reactive part of the double bond and is involved in electrophilic addition reactions or 
free-radical reactions (Chapter 27).

Unsaturated fats react with hydrogen in a process known as hydrogenation (Chapter 10). 
Hydrogenation is an example of both reduction and addition and is used in the manufacture of 
margarine. The hydrogenation may be complete resulting in the formation of saturated fats, or 
partial, leading to the formation of so-called trans fats (see below) that may have adverse effects 
on human health.

The fat (or lipids) in meat and fish becomes rancid when exposed to oxygen by a process 
called lipid oxidation. This process is especially rapid when unsaturated fatty acids are involved. 
One pathway involves a high-energy form of oxygen (known as ‘singlet oxygen’) reacting with 
the carbon–carbon double bond. Singlet oxygen is formed when oxygen (in its ground state) 
reacts with pigments such as chlorophyll or hemoglobin (Section 26.10) in the presence of light. 
Another pathway involves formation of free radicals that result when metals or heme proteins 
decompose pre-existing lipid hydroperoxides. Unsaturated fats and oils are also more prone to 
hydrolysis by the action of lipases, water, heat or acid.

Hydrogenation of unsaturated fats

F.2.4 Describe the process of hydrogenation of unsaturated fats.

Unsaturated oils can be converted to saturated fats by reducing the proportion of unsaturation. 
This process is called hardening and the principal oil involved is oleic acid, which may be 
hardened by converting it to stearic acid:

CH3(CH2)7CH=CH(CH2)7COOH(l) + H2(g) → CH3(CH2)16COOH(s) 
 oleic acid stearic acid

The finely divided metal catalyst (nickel, copper or zinc) is mixed with the oil and this is heated 
to a temperature of about 180 °C. The mixture is stirred and the hydrogen bubbled through the 
reaction mixture. After hydrogenation, the catalyst and the oil are separated by simple filtration. 
In addition to hardening the oil, hydrogenation increases its chemical stability. The degree of 
unsaturation in a lipid is measured by determining the iodine value of the oil (Chapter 22).
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The advantages and disadvantages of hardening
The hydrogenation of unsaturated oils to produce semi-solid fats has had unintended 
consequences. Although hydrogenation imparts desirable features – such as spreadability, texture, 
‘mouth feel’ and increased shelf-life – to naturally liquid vegetable oils, it may introduce some 
serious health problems. Trans fats occur when the cis-double bonds in the fatty acid chains 
are not completely saturated during the hydrogenation process. The catalysts used to aid the 
addition of hydrogen cause the remaining double bonds isomerize to their trans configuration. 
These unnatural trans fats appear to be associated with increased heart disease, cancer, diabetes 
and obesity, as well as immune response and reproductive problems. Although there is compelling 
evidence that trans fats cause adverse effects on human health, a definitive link has not been 
established.

 26.3 Shelf-life
Shelf-life of foods
The shelf-life is the length of time that corresponds to a tolerable loss in the quality of a processed 
food. Alternative terms are ‘sell-by date’ and ‘best-before date’, both usually used in connection 
with foods with ‘do-not-sell-past X’ labels. In some countries, laws require that such date labels 
must be fixed on all packaged perishable foods. 

Shelf-life is different from an expiration date – the former relates to food quality, the latter to 
food safety. A food that has passed its shelf-life can still be safe, but optimal quality is no longer 
guaranteed. 

A number of factors affect the shelf-life and quality of a food. These may be intrinsic or 
extrinsic. Intrinsic factors are the properties of the final product:

water activity	n

pH value	n

available oxygen	n

presence of bacteria	n

presence of enzymes and chemical reactants	n

presence of preservatives.	n

Extrinsic factors are the conditions the food product is subjected during processing and cooking. 
Extrinsic factors include:

temperature	n

humidity during the storage and distribution of the food product	n

exposure to light	n

presence of bacteria	n

composition of the atmosphere within the packaging	n

heat treatment before cooking.	n

A common approach to extending the shelf-life of a processed food is to use a combination 
of mild techniques – for example reduced temperature, mild heat treatment, the addition of 
antioxidants and controlled atmosphere packaging. This approach means that the food retains its 
physical and nutritional properties.

Many unwanted chemical changes occur from reactions within the food or from reactions of 
food components with oxygen. Rancidity is an important factor in fat-containing foods, and can 
occur via a number of different reactions (see overleaf). Enzyme-controlled browning processes 
limit the shelf-life of fruits and vegetables, and oxidation reactions limit the shelf-life of meat. 

Chemical hydrolysis can also occur in products containing sugars, and non-enzymatic 
browning can occur in many foods from Maillard reactions (see page 945). Changes can also be 
caused by exposure to light, including loss of colour in natural food pigments and dyes and off-
flavour development in milk-based foods due to production of acids and aldehydes. The Maillard 
reaction is also responsible for the formation of some off-flavours.

F.2.5 Discuss the 
advantages and 
disadvantages of 
hydrogenating 
fats and oils.

F.3.1 Explain the 
meaning of the 
term shelf-life.

F.3.2 Discuss the 
factors that 
affect the shelf-
life and quality 
of food.
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Applications of Chemistry
Cheese-making provides a good example of the beneficial effects 
of bacteria. The milk is pasteurized (brief heating to a high 
temperature) to get rid of harmful bacteria, and then a culture of 
a strain of lactic acid-producing bacteria is added. After some acid 
has formed, rennet (a calf digestive enzyme) is added. This reduces 
the solubility of casein so that the souring milk sets to a soft curd. 
The mildly acidic pH produced by the bacteria is needed for rennet 
to be active. The curd is cut up and heated – this destroys most of 
the bacteria and stops the souring. It also causes the curd to separate 
from the whey. The curd is filtered off, pressed into blocks and 
allowed to mature. During the maturing process, the cheese (Figure 
26.19) becomes firm and the flavour develops. 

Rancidity in fats
Rancidity is the perception of flavours and odours in lipids – those that our senses perceive as 
being ‘off’ because they have a disagreeable smell, taste, texture or appearance. Rancidity occurs 
when oils or fats are stored for a long period of time. In dairy fats – for example, milk and yoghurt 
– rancidity is caused by enzymes secreted by bacteria. In other fats and oils – for example, fatty 
meat and fish – a process of auto-oxidation occurs. This a spontaneous process involving oxygen 
from the surrounding air; enzymes are not involved.

Hydrolytic rancidity
Hydrolytic rancidity results in the formation of fatty acids. They are formed by the hydrolysis of a 
triglyceride by water (Figure 26.20) forming fatty acids and glycerol (propane-1,2,3,-triol).
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The hydrolysis takes place much more rapidly in the presence of bacteria which secrete lipases. 
The smaller fatty acids are volatile and some have unpleasant odours and flavours – these are the 
molecules responsible for the rancidity. Examples of fatty acids responsible for rancidity include:

butanoic acid (C	n 3H7COOH), hexanoic acid (C5H11COOH) and octanoic acid (C7H15COOH) 
in milk
palmitic acid (C	n 15H31COOH), stearic acid (C17H35COOH) and oleic acid (C11H23COOH) 
which give chocolate an oily or fatty flavour
lauric acid (C	n 11H23COOH), which gives palm and coconut oil, in cocoa butter substitutes, a 
soapy flavour – this is because their sodium salts are soaps
butanoic acid (C	n 3H7COOH) in butter.

The fatty acids formed in chocolate have a flavour threshold of about 50 mg kg−1, but the fatty 
acids formed in butter and milk have flavour thresholds in the lower range of 1 to 10 mg kg−1. 
This is why hydrolytic rancidity is much more important in animal fats than for vegetable fats. 
Thermal treatment can be used to inactivate bacterial and milk lipases as a control method for 
oxidative rancidity.

Figure 26.19 A variety of Belgian cheeses

F.3.3 Describe the 
rancidity of fats.

F.3.4 Compare 
the processes 
of hydrolytic 
and oxidative 
rancidity in 
lipids.

Figure 26.20 Hydrolysis 
of a triglyceride
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Oxidative rancidity
Oxidative rancidity is due to the oxidation of carbon–carbon bonds in unsaturated fatty acids. 
Oily fish (such as herring and mackerel, which live in cold water) contain a high proportion of 
unsaturated fatty acids and are prone to oxidative rancidity. In contrast white fish – such as cod 
and haddock – store oils only in their liver.

The process of oxidative rancidity proceeds by a complex free-radical mechanism (see Section 
26.7) is catalysed by transition metal ions and accelerated by the presence of light. Metal ions are 
trace contaminants of oils that have been processed or stored in metal vessels.

The initial step (Figure 26.21) in oxidative rancidity often involves the interaction of an 
excited form of an oxygen molecule with a double bond to form a hydroperoxide. This then 
breaks down to form a variety of radicals, which undergo further reaction.
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Minimizing rancidity

 F.3.5 Describe ways to minimize the rate of rancidity and prolong the shelf-life of food.

Raw foods are not stable and they deteriorate unless some positive action is taken. Food spoilage 
is mainly due to microorganisms (bacteria, moulds and yeasts) and biochemical reactions that are 
often catalyzed by enzymes. Food preservation techniques are designed to reduce the deterioration 
in quality that inevitably occurs in unprocessed foods, and to increase a food’s shelf-life beyond 
that of the raw material.

Processing
Lipase hydrolysis can be reduced by storing dairy products at low temperatures – milk, yoghurt 
and cheese are all stored at low temperatures in a refrigerator. Freezing dramatically slows down 
fat rancidity and enzymatic activity, but they still occur. Freezing does not kill significant numbers 
of bacteria – they become dormant. Fast freezing results in smaller ice crystals being formed that 
do not damage the food structure when thawing occurs.

Oxidative rancidity is accelerated by intense light so it is helpful to reduce light levels by the 
use of coloured glass during storage. Cod liver oil and olive oil are commonly supplied in dark-
coloured glass containers. Salt is also added to some foods – pork for example– to keep moisture 
levels low. The presence of salt also discourages the growth of bacteria. Moisture levels can also 
be lowered by smoking or adding sugar.

Packaging
The oxygen level is significantly reduced if food is kept in gas-impermeable packaging. This very 
effective approach is commonly used in vacuum-packed frozen fish.

Another approach to packaging is to replace the air inside with an inert gas, such as nitrogen 
or carbon dioxide. This is known as modified-atmosphere packing and has been used to extend 
the shelf-life of fresh fish and potato chips (crisps). The main effect is to slow down the rate of 
bacterial growth, but any reduction in oxygen concentration will also slow down rancidity.

The headspace above oils contains air and this can easily be minimized to reduce the amount 
of oxygen present and hence reduce the rate of rancidity. One of the most effective methods of 
reducing rancidity is canning. The combination of high temperature and the elimination of the 
majority of oxygen during the canning process ensures that any fat or oil in the food will remain 
edible for several years. 

Figure 26.21 The 
reaction of an excited 

oxygen molecule with the 
carbon–carbon double 

bond of an unsaturated 
fatty acid
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Additives
Fruit and vegetables – such as apples, bananas and potatoes – rapidly turn brown if air, and hence 
oxygen, is allowed access to a cut surface. The browning occurs when polyphenolic substances 
contained within the vacuoles of plant cells are oxidized to quinine by the enzyme phenolase, 
present in the cytoplasm (Figure 26.22). Further reactions and polymerization lead to the 
formation of brown pigments. These pigments are important anti-fungal agents and reduce the 
ability of fungi to penetrate plant issues.
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The browning reaction can be delayed by reducing agents – for example aqueous sulfur dioxide 
(SO2), sodium sulfite (Na2SO3), sodium hydrogensulfite (NaHSO3) or citric acid. Vitamin C 
(ascorbic acid) can also be used because it is a nutrient. Weak acids – like citric acid and malic 
acid – are also used widely because they occur naturally in fruit and have little effect on flavour.

Sodium nitrate (NaNO3) and potassium nitrate (KNO3) and are widely used to preserve and 
cure meats such as bacon and hams. A complex series of reactions are involved giving rise to 
the characteristic red colour of uncooked bacon and ham. These reactions involve some of the 
nitrate ions, NO3

−(aq), being reduced to nitrite ions, NO2
− (aq) – either by salt-tolerant bacteria 

in the brine or by respiratory enzymes present in muscle tissue – and the subsequent oxidation of 
myoglobin to the iron(iii) state. Further reactions result in the formation of nitrosyl myoglobin, 
the red pigment.

Benzoic acid (C6H5COOH) occurs naturally in some plant foods, but it is the synthetic product 
and its sodium salt (C6H5COO−Na+) that are widely used as food preservatives. The sodium salt 
is more soluble than the acid, but it is the undissociated acid that is active against bacteria and 
yeasts. Benzoic acid is used as a preservative in acidic foods, such as fruit juices.

There are a number of other organic acids and their salts that are used as preservatives. Sorbic 
acid (2,4-hexadienoic acid) (H3C-CH=CH-CH=CH-COOH) is used as preservative in a wide 
range of food products, including processed cheese, yoghurt, cakes and pastries. As with the 
benzoate salt,  it is the molecule rather than the anion that is the effective agent. Sorbic acid 
also shows some activity against bacteria and can replace some of the nitrite used in cured-meat 
products.

Calcium propanoate and sodium propanoate are the salts of propanoic acid (CH3CH2COOH) 
– they are widely used as preservatives in bread, other bakery goods, processed meat and dairy 
products. Calcium propanoate is used in bakery products as a mould inhibitor. 

Ethanoic (acetic) acid is found naturally in many foodstuffs, especially those that have 
undergone fermentation. Both ethanoic acid and propanoic acid have antibacterial activity 
and are used as preservatives. Ethanoic acid is used as a preservative in pickled meats, butter, 
margarine, processed cheese, curry powder and cooking oil. Ethanoic acid also adds the 
characteristic sour flavour of vinegar at high concentrations.

Traditional methods of food preservation

F.3.6 Describe the traditional methods used by different cultures to extend the shelf-life of foods.

Fermentation
Fermentation can be used to lower the pH to a level that inhibits bacterial and enzyme activity. 
Typically, a selective starter organism is added to the food, which is then matured until the pH 
level is sufficiently low enough to inhibit further deterioration. The production of cheese is an 
example of this process – lactobacilli are added as a starter to convert the lactose into lactic acid. 

Figure 26.22 Enzyme-
controlled browning



937shelf-life

Preserving
The most ancient and highly reliable method of preserving food is drying. Since before recorded 
history, people have dried herbs, meats, fruits and vegetables to store them safely for use at a later 
date.

n Extension: Preserving by burying
There are several factors involved in the preservation of food by 
burial – lack of light, lack of oxygen, lower temperature, pH level 
and/or drying agents in the soil. Burial has been combined with other 
methods, such as salting or fermentation. Century-old eggs (Figure 
26.23) can be created by putting eggs in alkaline mud resulting in an 
‘inorganic’ fermentation through raised pH instead of spoiling. The 
fermentation preserves them and breaks down some of the complex, 
less flavourful proteins and fats into simpler more flavourful ones.

Pickling
In acidic foods, the growth of bacteria and fungi are greatly retarded. Vinegar – a 5% by volume 
solution of ethanoic (acetic) acid – is used in pickling onions and gherkins. Yoghurt stores well 
because it contains lactic acid, which has been formed by the action of bacteria on the lactose 
present in milk.

Many acid preservatives are weak acids, such as ethanoic and benzoic acids. Although a given 
concentration of a strong acid is more effective in lowering the pH than a weak acid, weak acids 
are better preservatives. The concentration of the undissociated acid, rather than the hydrogen 
ion concentration, is the inhibitor.

Smoking
In this process, warm smoke-containing air is passed over the food. This coats the surface with 
condensed tar (mainly phenol and aldehydes). Smoking also changes the taste of the food. The 
gas phase of wood smoke contains over 200 compounds including ethanol (C2H5OH), ethanal 
(CH3CHO) methanoic acid (HCOOH) and methanal (HCHO). The major antimicrobial 
compound is methanal. Wood smoke also contains a number of carcinogens, such as 
3,4-benzpyrene.

Salting
Salting is one of the oldest methods of preserving food. When bacteria are in contact with a 
concentrated solution, water passes through the cell membrane out of the bacteria into the 
solution by osmosis. The bacterial cells become dehydrated and incapable of cell division – the 
food is thus preserved.

Adding sugar
Jams and condensed milk are protected from fungal moulds by their high concentration of sugar. 
If the surface of the jam is exposed and water condenses there, the surface concentration of sugar 
can be reduced to a level at which fungal moulds can grow.

Applications of Chemistry
Beta and gamma radiation (Chapter 2) can be used to irradiate harvested crops and processed food. The 
preservative value of radiation is due to its ability to inhibit processes that lead to deterioration, destroying bacteria 
and insects which may cause spoilage. Irradiation may also destroy vitamins and denature proteins, reducing the 
nutritional value of the food. It may also produce undesirable changes and affect eating quality.

Figure 26.23 Century-old eggs
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Antioxidants
An antioxidant is a natural or synthetic substance that delays the onset of oxidation or slows its 
rate. They are used to extend the shelf-life of food (Section 26.3).

Naturally occurring antioxidants include vitamins C and E, which are found in many plants 
including citrus fruits, vegetables, nuts and seeds. Specific sources of vitamin C (ascorbic acid) 
include citrus fruits (oranges, lemons and limes), green peppers, broccoli, green leafy vegetables, 
strawberries, raw cabbage and potatoes. 

Vitamin C is a water-soluble vitamin and is oxidized by exposure to air. The rate of oxidation 
increases with temperature and with the presence of alkali, and is catalysed by the presence of 
various oxidases that are released when the fruits and vegetables are chopped or crushed.

Vitamin C or ascorbic acid, although referred to as ‘an acid’, does not contain a conventional 
carboxylic acid functional group (Figure 26.24). Its -COOH group reacts with an -OH group in 
the molecule to eliminate a molecule of water and form a cyclic or ring compound.
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n Extension: Vitamin C determination
A common method of determining the amount of vitamin C in a sample of fruit juice is 
to titrate a solution containing it against the oxidizing dye DCPIP (2,6-dichlorophenol-
indophenol). DCPIP is first standardized by titration against a solution with a known amount 
of pure ascorbic acid. The blue DCPIP dye is then run into a measured volume of vitamin C 
solution until a faint pink colour is observed.

Specific sources of vitamin E (α-tocopherol) include carrots, squash, broccoli, sweet potatoes, 
tomatoes, kale, cantaloupe melon, peaches and apricots. Vitamin E (Figure 26.25) is the main 
lipid-soluble antioxidant.
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It occurs in cell membranes together with polyunsaturated fatty acids in phospholipids and 
vegetable oils especially – those rich in polyunsaturated fatty acids are a major dietary source. It is 
a phenolic antioxidant as are most natural antioxidants – a hydroyxl group is attached directly to 
a benzene ring.

The element selenium appears to function as an antioxidant. It is present in the active site of 
an enzyme responsible for preventing lipid auto-oxidation within cell membranes. A deficiency 
of dietary selenium can cause similar symptoms to vitamin E deficiency – namely, reproductive 
failure.

Specific sources of selenium include fish, shellfish, red meat, eggs, grains, nuts, chicken and 
garlic. Selenium is also required for normal functioning of the pancreas, which is necessary for the 
digestion and absorption of lipids including vitamin E. Conversely, vitamin E reduces selenium 
requirements by preventing loss of selenium from the body or through maintaining the element in 
its active form.

F.3.7 Define the term 
antioxidant.

F.3.8 List examples 
of common 
naturally 
occurring 
antioxidants and 
their sources.

Figure 26.24 Structures 
of ascorbic acid

Figure 26.25 Skeletal 
structure of vitamin E 

(α-tocopherol)
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Language of Chemistry
Vitamin E is actually the collective 
name for a set of eight related 
tocopherols – the most common and 
best studied tocopherol is α-tocopherol. 
This and vitamin C are believed 
to work together, with vitamin C 
reducing α-tocopherol back to its 
active form after reaction with a radical 
(Figure 26.26). n

Comparison of synthetic antioxidants

F.3.9 Compare the structural features of the major synthetic antioxidants in food.

Butylated hydroxyanisole (BHA) (Figure 26.27) is a mixture of two isomeric organic compounds, 
2-tert-butyl-4-hydroxyanisole and 3-tert-butyl-4-hydroxyanisole. The conjugated aromatic ring 
of BHA is able to act as a free-radical scavenger, and thus further free-radical reactions are 
prevented.

Butylated hydroxytoluene (BHT) (Figure 26.28) is a related antioxidant food additive. 

Language of Chemistry
A free-radical scavenger is a free-radical inactivator. Scavengers react with free radicals in 
cells. Some people take natural antioxidants as a supplement (Figure 26.29). It is believed that 
they provide protection against a range of diseases, including diabetes and cancer, as well as 
slowing the ageing process. n

Propyl gallate (PG), or propyl 3,4,5-trihydroxybenzoate (Figure 26.30) is an antioxidant 
formed by the esterification of gallic acid and propanol. 
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Tertiary butylhydroquinone (TBHQ) (Figure 26.31), or  
2-(1,1-dimethylethyl)-1,4-benzenediol), is a highly effective antioxidant 
for unsaturated vegetable oils and many edible animal fats. 

All these synthetic antioxidants and vitamin E are hindered phenols 
whose phenoxy radicals are stabilized by steric hindrance. The large bulky 
alkyl groups prevent propagation of the free-radical chain reaction. In the 
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Figure 26.26 The combined action of vitamins E and C

Figure 26.27 Structure of 2-tert-
butyl-4-hydroxyanisole (BHA)
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Figure 26.28 Structure of 
butylated hydroxytoluene (BHT)
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Figure 26.29 
Commercially available 

antioxidant

Figure 26.30 Structure of propyl 
3,4,5-trihydroxybenzoate (PG)

Figure 26.31 
Structure of tertiary 
butylhydroquinone 

(TBHQ)
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presence of free radicals, vitamin E loses a hydrogen atom from its  
single -OH group to form a phenoxy radical (Figure 26.32).  
Recombination of these phenoxy radicals is hindered by the presence  
of the two methyl groups on either side of the phenoxy group.  
Vitamin E hence behaves as a ‘hindered phenol’.

 

Antioxidants – natural or synthetic?
Antioxidants are substances that can prevent or delay the deterioration of food by oxidation.  
The relative advantages and disadvantages of natural and synthetic antioxidants are summarized 
in Table 26.4.

Advantages Disadvantages

Naturally occurring vitamins C, E and carotenoids, for 
example vitamin A, reduce the risk of cancer and heart 
disease by inhibiting the formation of free radicals.

Consumers perceive synthetic antioxidants to be less safe 
because they do not occur naturally in food.

Vitamin C is vital for the synthesis of collagen in 
connective tissue and hence wound healing – it is also 
involved in the synthesis of neurotransmitters and 
adrenal hormones.

Natural antioxidants are expensive, can add colour 
and an aftertaste to food, and can be less effective 
at slowing down the rate of rancidity than synthetic 
antioxidants – high dosages of vitamins and carotenoids 
may be harmful.

β-carotene can be used as an additive in margarine to 
give colour (yellow) and act as a precursor for vitamin A.

Synthetic antioxidants are food additives and need to be 
regulated by policies and legislation to ensure their safe 
use in food.

Antioxidants are believed to enhance the health benefits 
of existing foods and boost overall health and resilience 
by boosting the immune system – they are also thought 
to combat ageing and age-related diseases.

Policies regarding the labelling and safe use of food 
additives can be difficult to implement and monitor – 
especially in developing countries and internationally.

Vitamins C and E and some carotenoids, for example 
zeaxanthin, may protect against the development and 
progression of cataracts.

High levels of antioxidants in organic leafy green 
vegetables can cause ‘bitter’ taste vegetables.

A diet high in fresh fruit and vegetables often means a 
lower intake of fat and a higher intake of fibre – which 
may also protect against many diseases.

An excessive suppression of oxidation may not be 
healthy because toxic free-radical mechanisms are used 
by some cells in the immune system.

Language of Chemistry
Phytochemicals are substances found in edible fruits 
and vegetables that may be ingested by humans 
daily in gram quantities and that exhibit a potential 
for modulating the human metabolism in a manner 
favourable for reducing risk of cancer. n

Antioxidants in traditional foods

F.3.11 List some antioxidants found in the traditional foods of 
different cultures that may have health benefits.

Antioxidants found in traditional foods that may have 
health benefits include green tea, turmeric, oregano, 
blueberries, cranberries (Figure 26.33) and dark 
chocolate. 

Figure 26.33 Dried cranberries and blueberries  
(sources of natural antioxidants)

Figure 26.32 Phenoxy radical derived 
from vitamin E
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F.3.10 Discuss the 
advantages and 
disadvantages 
associated 
with natural 
and synthetic 
antioxidants.

Table 26.4 A comparison 
of natural and synthetic 

antioxidants
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Turmeric (Figure 26.34) is a yellow spice obtained from the roots of the turmeric plant, 
Curcuma longa. It is used in curry and mustard and has a peppery flavour. The active antioxidant 
is believed to the yellow pigment curcumin, whose structure is shown in Figure 26.35.
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Figure 26.34 Ground turmeric and cumin Figure 26.35 Structure of curcumin

Oregano is a herb and contains a variety of antioxidants. However, the most active component 
is a phenol-based compound known as rosmarinic acid. Rosmarinic acid is present in lemon balm, 
sage, marjoram and rosemary. The antioxidant activity of rosmarinic acid is stronger than that of 
vitamin E.

Blueberries and cranberries are also good sources of antioxidants. Oregano has four times as 
much antioxidant activity than blueberries on a fresh mass basis. Other herbs have also found to 
be high in antioxidants, including dill, garden thyme, rosemary and peppermint.

The leaves of the tea plant contain large quantities of polyphenolic substances. Black tea is 
made by letting chopped up (macerated) tea leaves dry at room temperature for several hours 
to ‘ferment’ – during which many of the polyphenolic 
substances undergo polymerization. 

Almost all of the polyphenolic substances in tea are 
flavanols with epi-gallocatechin (Figure 26.36) being the 
most abundant. It is a powerful antioxidant and is about 
25-100 times more potent than vitamins C and E. Dark 
chocolate contains a variety of antioxidants which are 
catechins and phenols

Figure 26.36 Structure of epi-gallocatechin

Antioxidants have been linked to lowering levels of HDL cholesterol (Chapter 22) and blood 
sugar levels, reducing high blood pressure and preventing cancerous cell development. 

 26.4 Colour
A food dye is a food-grade synthetic water-
soluble colour – many food dyes are used as 
food additives. Natural food dyes include 
caramel, chlorella, saffron and paprika. 
Artificial food dyes include tartrazine 
(Figure 26.37), sunset yellow FCF and fast 
green FCF.

A pigment is a naturally occurring colour 
found in the cells of plants and animals. 
Examples include anthocyanins, carotenoids, chlorophyll, melanin, hemoglobin and myoglobin 
(in mammals).

Language of Chemistry
E-numbers are codes for food additives. E100–E199 refer to colours – for example, tartrazine is 
E102. They are usually found on food labels throughout the European Union (EU). n
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Figure 26.37 Structure of tartrazine

F.4.1 Distinguish 
between a dye 
and a pigment.
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Colour in natural pigments

F.4.2 Explain the occurrence of colour in naturally occurring pigments.
F.4.3 Describe the range of colours and sources of the naturally occurring pigments anthocyanins, carotenoids, 

chlorophyll and heme.

When white light shines on a pigment, some wavelengths can be absorbed and some wavelengths 
can be reflected. Light of different wavelengths (colours) can be preferentially absorbed or 
reflected from different pigments, for example:

a solution of chlorophyll appears green because it absorbs red and blue light, and reflects green 	n

light
a solution of a carotenoid appears red because it absorbs green and blue light, and reflects red light.	n

A colour wheel (Chapter 13) can used to predict the colour of a pigment that is observed in 
white light, if the absorbed colours are known. When the wavelengths of one or more colours are 
absorbed, it is the colours on the opposite sides of the colour wheel that are transmitted. Colours 
located directly opposite each other are known as complementary colours. For example:

if a pigment absorbs blue light, then the complementary colour, orange, is reflected	n

if a pigment absorbs yellow light, then the complementary colour, violet, is reflected	n

if violet, red and orange light are absorbed, then blue, green and yellow (the complementary 	n

colours) are reflected. The middle colour is perceived, and hence the pigment appears green.

Chlorophyll is the major pigment present in green plants. It occurs in two closely related forms – 
known as chlorophyll a and chlorophyll b. Chlorophyll occurs in the chloroplasts of cells in the 
leaves of plants and absorbs the sunlight needed for photosynthesis.

β-carotene (Figure 26.38) is a carotenoid and is responsible for the orange colour of carrots. 
Carotenoids are also responsible for the colours of red pepper (paprika) and yellow pepper, 
bananas, tomatoes, saffron (a yellow spice), watermelon and the yellow colour of butter, 
margarine and egg yolks. 

Applications of Chemistry
Palm oil contains high levels of β-carotene and is used to colour margarine. ‘Red’ cheeses 
are coloured using annatto, a plant dye which contains the carotenoid bixin. β-carotene 
and synthetic carotenes are used in ice-cream, cakes and biscuits.

Carotenoids are the most widespread pigments in nature and are found in algae, where they 
provide protection against damage by light. They also act as accessory pigment and help to absorb 
blue light for photosynthesis. In humans, some carotenoids can act as a precursor for vitamin A 
synthesis (Chapter 22). The dark-greenish, purple colour of the crab shell is caused by a complex 
of protein with the carotenoid astaxanthin (Figure 26.39). When the animal is boiled, the protein 
is denatured and the colour changes to the typical red colour of a carotenoid (Figure 26.40). 
Astaxanthin is also responsible for the pink colour of fresh salmon.
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Figure 26.39 The structure of astaxanthin 
– the central region common to all 
carotenoids has been omitted

Figure 26.38 Structure of 
β-carotene 

Figure 26.40 Fresh and 
boiled crabs
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Language of Chemistry
The carotenoids are divided into two groups – the carotenes, which are hydrocarbons, and the 
xanthophylls, which contain oxygen. Astaxanthin is a xanthophyll. n

The anthocyanins are a group of pigments 
responsible for the colours of flowers (Figure 
26.41). The blue colour of cornflowers and 
the red colour of roses are both caused by the 
presence of anthocyanins. These pigments are 
also responsible for the colours in vegetables 
and fruits including cranberries, blueberries, 
strawberries, cherries, red apples, bilberries and 
raspberries.

The heme present in the hemoglobin of 
blood and myoglobin is largely responsible for 
the purple colour of fresh meat. The red colour 
of myoglobin varies between species of animals and with the age of the animal. Muscles that are 
used more or less continuously, such as the legs, require higher levels of myoglobin and hence 
they are much darker in colour.

The stability of natural pigments

F.4.4 Describe the factors that affect the colour stability of anthocyanins, carotenoids, chlorophyll and heme.

Anthocyanins
The range of colours exhibited by flowers petals and fruit is due, in part, to the presence of 
different mixtures of anthocyanins. However, the pH and presence of other substances are also 
strong influences on the range of colours.

Figure 26.42 shows the basic anthocyanidin structure in the flavylium cation form that 
predominates at low pH – when the concentration of hydrogen ions, H+(aq), is high.
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At pH 1 this is the only significant form. As the pH is raised, a proton (H+(aq)) is lost, a water 
molecule is accepted, and the carbinol pseudo-base is formed. The flavylium cations are coloured 
red and the carbinol pseudo-base is colourless. Hence, there is a gradual loss of colour intensity 
with a rise in pH (decrease in hydrogen ion concentration).

Above pH values of 3, a small proportion of the anthocyanins in the flavylium cation form 
lose protons, initially forming the quinoidal base, which is coloured weak purple, and then the 
ionized quinoidal form, which is deep blue. At the same time the carbinol pseduo-base gives rise 
to a small proportion of the colourless chalcone form, especially if the pH levels are high and 
maintained for an extended period of time. Anthocyanins react with colourless flavanoids present 
in plant tissues. These hydrogen-bonded complexes enhance the intensity of the colour and 
stabilize the blue quinoidal form. The equilibria are summarized in Figure 26.42.

Figure 26.41 Grape hyacinth, muscari atlanticum

Figure 26.42 Transitions 
in the anthocyanin 

structure
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Language of Chemistry
The term ‘carbinol’ refers to an alcohol. Pseudo-bases are the (covalent) products that 
result from the addition of a hydroxide ion to any cationic heterocycle (positively charged 
ring system). n

Anthocyanins also form complexes (Chapter 13) with metal ions – especially polarizing ions 
such as Fe3+(aq) and Al3+(aq) – and these are responsible for the unusual colour developments 
observed in canned fruit. Temperature is another factor that affects the colour of anthocyanins. 
As the temperature is increased, the anthocyanin structure is increasingly destabilized and 
destroyed. There is a loss of initial colour and a brown colour develops.

Carotenoids
Carotenoids are highly unsaturated molecules and the presence of carbon–carbon double bonds 
makes them susceptible to chemical attack. Degradation pathways include isomerization, 
oxidation and decomposition of the carotenoid molecules. Heat, light and acids promote 
isomerization of the trans form of carotenoids to the cis form. Light, enzymes and reaction with 
hydroperoxides (from oxidation of unsaturated lipids) causes oxidation. This results in the 
bleaching of colour, the production of unpleasant off odours and, for some carotenoids, loss of 
vitamin A activity.

Heme
When fresh red meat is handled, it is important to preserve the red colour which consumers take 
as a sign of freshness. Meats darken because water is lost from the cut surface concentrating the 
pigments and making them look darker. The heme-containing protein myoglobin acts a store 
of oxygen for muscle. It is purple due to the presence of a heme group containing an iron(iii) 
ion. When a cut surface of meat is exposed to the air, myoglobin is oxidized to bright red 
oxymyoglobin. 

oxygenoxidation

metmyoglobin
(brown)

myoglobin
(purple)

oxymyoglobin
(bright red)

Mb+ (Fe3+) Mb (Fe2+) MbO
2

 (Fe2+)

Hence, a supply of oxygen is needed to keep myoglobin in the form of oxymyoglobin and prevent 
its conversion to metmyoglobin. The problem arises when red meat is cut and packaged – once 
it is sealed, aerobic bacteria present in the meat consume the oxygen in respiration. This causes 
the surface oxymyoglobin to become deoxygenated, and therefore be liable to oxidize to brown 
metmyoglobin (Figure 26.43). A solution to this problem involves the use of packaging known 
as ‘breathing film’, which allows oxygen to enter by diffusion. Cooking meat turns the myoglobin 
brown because it oxidizes the iron(ii) ion at the centre of the molecule within the heme group.

Synthetic colouring agents and safety issues

F.4.5 Discuss the safety issues associated with the use of synthetic colorants in food. 

A number of chemically synthesized dyes are used as synthetic (artificial) food colorants, especially 
tartrazine in fruit-based products. They have a number of advantages over natural occurring food 
colorants – higher brightness, greater chemical stability, cost and the fact that they offer a wider 
range of shades. Common features of the molecules are the presence of the azo linkage (-N=N-) 
which acts as a chromophore (Chapter 21) and the presence of sulfonic acid groups (-SO2O–), 
which promote solubility. These molecules have a number of conjugated aromatic rings. 

The regulations are not the same in all countries and trading blocks. For example, Norway and 
Sweden have banned all synthetic food colorants, whereas the USA, UK and the remainder of 
the European Union (EU) allow certain synthetic food colorants, but the lists are different from 
one region to the next.

Figure 26.43 Reactions 
of the heme group in 

myoglobin
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Synthetic food colorants have been tested extensively, as have all food additives, for toxicity. 
It appears that the common food colorants are relatively safe at the levels set by many developed 
countries. However, conventional testing does not detect intolerance and allergy. 

Comparison of two browning reactions
F.4.6 Compare the two processes of non-enzymatic browning (Maillard reaction) and caramelization that cause 

the browning of food. 

Caramelization
This is one of the most important types of browning processes in foods. Caramelization leads to 
desirable colour, odour and flavour in baked goods, coffee, beverages (drinks), beer and peanuts. 
Undesirable effects of caramelization include a burned-sugar smell and blackening. 

Caramelization causes important changes in foods – not only in colour but also in flavour. As 
no enzymes are involved in the caramelization process, it is described as a non-enzymatic 
browning reaction. Caramelization occurs during dry heating and roasting of foods that have a 
high concentration of carbohydrates (sugars). The reaction occurs when amines and other 
nitrogen compounds are absent.

The process of caramelization starts with the sugar 
melting at high temperatures, followed by foaming 
(boiling). At this stage, sucrose decomposes into glucose 
and fructose. This is followed by a condensation step, 
in which the individual sugars lose water and react with 
each other. The next step is the isomerization of sugars 
and further dehydration reactions. The final series of 
reactions include both fragmentation reactions (flavour 
production) and polymerization reactions (colour 
production). During this process, the colour of the sugar 
changes from pale amber, to golden brown, to chestnut 
brown (Figure 26.44).

At very high temperatures, the sucrose is completely 
dehydrated and black carbon is formed:

C12H22O11(s) → 12C(s) + 11H2O(l)

Factors that increase the rate of caramelization are acid- or base-catalysis at pH values below 3 or 
above 9, and a temperature above 120 °C.

Examples of caramelization during cooking include the browning of bread (at high temperature) 
and the browning on top of baked-egg dishes. The products of caramelization include volatile 
caramel aromas and brown caramel-coloured products. Commercial syrup, known as invert syrup 
(Figure 26.45), is produced by the acid hydrolysis of sucrose at high temperatures.

Maillard reaction
The Maillard reactions are a group of non-enzymatic browning reactions caused by the 
condensation of an amino group and the carbonyl group of a reducing sugar (glucose or lactose), 
resulting in complex changes in biological and food systems. 

A Maillard reaction occurs when virtually all foods are 
heated, and also occurs during storage. Most of the effects 
of the reactions, including the caramel aromas and golden 
brown colours, are desirable, for example:

toasted bread 	n

malted barley used to make beer or malt whiskey	n

roasted meat 	n

condensed milk	n

roasted coffee (Figure 26.46).	n

Figure 26.44 Caramelization of sucrose

Figure 26.45 Golden 
syrup (partially inverted) Figure 26.46 Roasted coffee beans
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However, some effects of Maillard reactions, such as food darkness and off-flavour and off-
aroma development, are undesirable.

The Maillard reaction is different from caramelization but they often occur together and 
produce similar looking and tasting products. However, a Maillard reaction begins to occur at 
lower temperatures and at lower concentrations than caramelization, and Maillard reactions are 
accelerated in alkaline conditions. Monosaccharides, such as glucose, are more reactive than 
disaccharides.

Amino acids differ in their reactivity – lysine results in the most colour after a Maillard 
reaction and cysteine results in the least colour. Hence, foods that contain proteins rich in lysine 
– for example, milk proteins – are likely to brown very readily. Cysteine also breaks down during 
the cooking of meat to release the gases hydrogen sulfude and ammonia, which are important as 
precursors of meaty flavour. 

 26.5 Genetically modified foods
Genetic modification
A potentially important contribution to improving the quality of foods is the use of genetic 
engineering (Chapter 22). Genetic engineering involves changing the genetic information of a 
cell or organism so that the processes of cell division and growth are altered. Genetic engineering 
is used to transfer genetic information (DNA) across species barriers that cannot be crossed by 
conventional techniques. 

The objectives of genetic engineering in plants may include:

introducing a gene to a cell to change the behaviour of the cell	n

inactivating a gene in a cell to remove undesired behaviour	n

modifying a gene so that higher yields of plant products are obtained.	n

Genetic engineering can be applied directly to the source of a food by developing transgenic 
plants and animals, or indirectly by producing enzymes for food processing using genetically 
modified micro-organisms. 

Genetic modification is being used commercially to produce food ingredients and enzymes for 
food processing. Products obtained from GM sources include ascorbic acid (vitamin C), aspartame 
(artificial sweetener) and caffeine-free coffee. An example is given by cheese-making – genetic 
modification means that cheese-makers do not have to rely on rennet from the stomachs of 
calves. Modern cheese-making relies on GM bacterial sources of the protease chymosin. Plants 
can be modified genetically so that they, for example, are resistant to herbicides, contain more 
vitamins or can grow on poor soils or in harsh conditions.

Applications of Chemistry
Tomatoes are often picked when they are green and unripe, which means they are firm enough to physically survive 
harvesting, storage and distribution. Traditionally tomatoes were delivered so that they arrived at the market or 
supermarket in a red and ripened state.

Research has shown that the ripening of tomatoes involves a complex series of coordinated processes that include 
hormones, the synthesis of carotenoid pigments, the formation of storage sites of pigments and the breakdown of 
starch. 

Most importantly there are changes to the structure and composition of the cell wall. The ripening process is 
triggered by the hormone ethene (C2H4) – this activates the enzyme polygalacturonase (PG), which cements the 
cell walls of adjacent plant cells. The cells no longer stick to each other and pressure produced by the cell wall 
decreases – these changes result in the tomato becoming soft. The gene responsible has been identified, sequenced 
and cloned. 

In the Flavr Savr tomato, the PG gene is inhibited and less PG enzyme is produced. Consequently the tomato 
remains firm for longer and can be transported over longer distances. The softening process is slowed down, but the 
development of the desirable flavour, texture and aroma (smell) associated with ripening is still allowed.

F.5.1 Define a 
genetically 
modified (GM) 
food.
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Language of Chemistry
In the application described above, the PG gene was ‘turned off’ by using an antisense gene 
(effectively a reversed form of the PG gene). The antisense-sequence base pairs to the 
messenger RNA from the normal PG gene. The messenger RNA cannot be recognized by 
ribosomes and translation into protein does not occur (Chapter 22). n

Benefits of using GM foods

F.5.2 Discuss the benefits and concerns of using GM foods. 

The global population is currently more than 6 billion and is predicted to double in the next 50 
years. Ensuring an adequate supply of food worldwide is going to be a major challenge, but GM 
foods promise to help in meeting this need in a number of ways.

Pest resistance
Crop losses from insect pests can be huge, resulting in financial loss for farmers and starvation 
in developing countries. Some consumers do not want to eat food that has been treated with 
pesticides because of potential health hazards; and run-off of agricultural wastes from excessive use 
of pesticides and fertilizers harms the environment (Chapter 25). Growing GM foods can help in 
eliminating the use of chemical pesticides and reduce the cost of bringing crops to market.

Herbicide tolerance
For some crops, it is not cost-effective to physically remove weeds, so farmers often spray large 
quantities of different herbicides to destroy weeds. Crop plants that have been genetically 
engineered to be resistant to particular herbicides could help to prevent environmental damage 
by reducing the amount of herbicides needed.

Disease resistance
There are many viruses, fungi and bacteria that cause plant diseases. Plant biologists are working 
to create plants with genetically engineered resistance to these diseases.

Cold tolerance
An unexpected frost can kill sensitive seedlings. A gene has been introduced into plants such as 
tobacco and potato which enables the plants to tolerate low temperatures.

Drought tolerance/salinity tolerance 
As the world population grows and more land is utilized for houses and factories instead of 
food production, farmers will need to grow crops in locations previously unsuitable for plant 
cultivation. GM plants can be produced that can withstand long periods of drought or high salt 
content in soil and groundwater.

Nutrition
Malnutrition is common in third world countries where many people rely on a single crop, such 
as rice, as a main component in their diet. However, such single crops do not contain adequate 
amounts of all necessary nutrients to prevent malnutrition. If rice could be genetically engineered 
to contain additional vitamins and minerals then nutrient deficiencies could be avoided 
(Chapter 22).

Concerns about using genetically modified foods
Although GM foods have great potential for helping to meet the demands of a growing global 
population, critics have objected to such foods on several grounds including possible safety issues, 
ecological concerns and potential health effects.
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Allergenicity
Many people in the USA and Europe have developed life-threatening allergies to peanuts and 
other foods. There is a possibility that the introduction of a gene into a plant may create a new 
allergen or cause an allergic reaction in susceptible individuals.

Unknown effects on human health
There is some concern that introducing foreign genes into food plants may have an unexpected 
and negative impact on human health, possibly the digestive system. However, with the 
exception of possible allergenicity, most scientists believe that GM foods do not present a 
significant risk to human health.

TOK Link
Genetically modified foods raise issues of conflict between 
concepts and values. Scientists and representatives of the 
biotechnology industry have dominated debates concerning safety 
issues, but some of the public are suspicious about the motives of 
scientists, companies and politicians involved.

The scientific process attempts to remove the influence of 
values because they introduce biases into decisions. Scientists 
try to be dispassionate observers to prevent personal values 
from influencing the decision-making process. There is a divide, 
therefore, between scientific and value-driven decision-making.

Opponents of GM foods (Figure 26.47) often refer to it is as 
‘Frankenfood’ or ‘Frankenstein food’ after Mary Shelly’s character 
and the monster he created. Advocates of GM foods claim these 
terms are emotive and inflammatory.

Figure 26.47 An emotive image of  
an environmental protestor

 26.6 Texture
Dispersed systems in food

F.6.1 Describe a dispersed system in food.
F.6.2 Distinguish between the following types of dispersed systems: suspensions, emulsions and foams in food.

Many food ingredients are completely immiscible and will form separate phases within the food. 
A ‘dispersed system’ is a kinetically stable mixture of one phase in another, largely immiscible, 
phase.

The dispersed systems in Table 26.5 are all examples of colloids where the colloidal particles 
contain a large number of molecules. Particles must be dispersed in a second phase – the particles 
are the dispersed phase and the phase they are dispersed in is the continuous phase. 

Continuous phase (solid) Continuous phase (liquid) Continuous phase (gas)

Dispersed phase 
(solid)

Solid glass – e.g. some frozen 
foods

Sol – e.g. molten chocolate 
and margarine, ice-cream (ice 

crystals in ice-cream)

Smoke

Dispersed phase 
(liquid)

Solid emulsion Emulsion – e.g. cream, 
milk, egg yolk, butter and 

mayonnaise

Aerosol – e.g. spray

Dispersed phase 
(gas)

Solid foam – e.g. whipped 
candy, meringue, whipped 

cream and ice-cream 

Liquid foam – e.g. beer

Solid foam – e.g. bread

None

Table 26.5 Different types of colloidal systems
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Many foods have several dispersed phases – for example, ice-cream and chocolate, which has 
solid cocoa particles as well as fat particles, are dispersed phases. Butter has a crystalline phase. 
Changes in a dispersed system may occur during food processing. For example, the whipping 
of cream makes it semi-solid which is a desirable change, but excessive whipping will result in 
formation of oil droplets.

Suspensions
A suspension consists of a solvent (continuous phase) containing suspended solids (dispersed 
phase). If a suspension is left for a long period of time its particles will sediment. Starch and fine 
flour are good examples of substances that easily form suspensions or colloidal solutions with 
warm water.

Emulsions
Emulsions are colloidal systems of two 
immiscible liquids – for example, oil 
and water that do not mix. Milk and 
mayonnaise are examples of oil-in-water 
emulsions – the oil is the discontinuous 
phase and the water is the continuous 
phase. Butter is an example of a water-
in-oil emulsion – the water is the 
discontinuous phase and the oil is the 
continuous phase. (Figure 26.48). 

Emulsions are prepared by vigorously 
mixing the two immiscible liquids until 
droplets of the liquid phase are formed. 
However, simple emulsions usually break 
down rapidly and the two liquids form 
two separate layers. The stability of 
emulsions is increased by the addition 
of emulsifiers. In many foods, proteins act as emulsifiers – for 
example in baked foods, sweets, desserts and beer. Protein 
mixtures, such as egg white, are especially effective.

Foams
A foam is a colloidal substance formed by trapping many gas 
bubbles in a small volume of liquid or solid (Figure 26.49).

Foams are created when a solution is agitated or aerated with 
gas. Foaming is promoted by foaming agents, many of which 
are emulsifiers. The viscosity of the liquid is important in the 
preparation of a liquid foam. If the liquid is too viscous (thick), 
it is difficult to beat and therefore difficult to incorporate air. If 
the liquid is not viscous enough, the film between the air bubbles 
rapidly drains and the bubbles join together. 

How emulsifiers work
The stability of emulsions and foams is enhanced by the presence of emulsifiers – substances with 
molecules that have both polar and non-polar regions. 

Phospholipids (Chapter 22) are the major components of cell membranes – they make 
excellent emulsifiers. Their molecules have a polar ‘head’ that contains an ionized phosphate 
group and this is attached to a long hydrocarbon ‘tail’. The ‘head’ dissolves in water and the ‘tail’ 
dissolves in lipids. 

A micelle is formed when the
molecules group together to

form a spherical arrangement.
The hydrophilic heads are

exposed to water, shielding
the non-polar tails.

a b

oil
emulsifier molecule

hydrophilic
head

hydrophobic
tail

water

Figure 26.48 Two types of emulsion – a water  
in oil; b oil in water

Figure 26.49 Foam in a glass of beer

F.6.3 Describe 
the action of 
emulsifiers. 
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Phospholipids, and other emulsifiers, act at the interface  
between the liquid, solid and gas phases in the emulsion or 
foam (dispersed system). Figure 26.48b shows how 
phospholipids orientate themselves at the interfaces between 
two phases, and thus form a barrier and prevent the droplets 
from coalescencing. 

In the absence of an emulsifier, the droplets of oil will join 
up and coalescece to form bigger droplets. This process would 
continue until the oil and water were separated into two distinct 
layers again. This separation occurs because of surface tension, 
which causes liquids to have a minimum surface area – when 
two liquid droplets combine to form a single larger droplet, the 
total surface area is decreased. Emulsifiers work by lowering the 
surface tension at the boundary between the two liquids.

A traditional source of emulsifying agents in food 
preparation is egg yolk. The predominant phospholipids, and hence emulsifiers, in egg yolk are 
lecithins. Food manufacturers also use a variety of synthetic emulsifiers – for example the diacetyl 
tartaric acid esters of monoglycerides (DATEMS). They are included in commercial bread to 
improve the volume of the loaf and the crumb texture. 

Many food products contain stabilizers – for example ice-cream, instant desserts, cheese spread 
and meat products. These substances enhance emulsion stability by increasing the viscosity of the 
aqueous phase. Stabilizers prevent emulsions and foams from separating out – examples include 
various gums, carageenans (extracted from moss) and alginates (extracted from seaweed), all of 
which are polysaccharide based.

 26.7 Oxidative rancidity (auto-oxidation)
The mechanism of oxidative rancidity

F.7.1 Describe the steps in the free-radical chain mechanism occurring during oxidative rancidity. 

Lipids in biological systems can undergo oxidation, leading to deterioration. In foods, these 
reactions can lead to rancidity, loss of nutritional value by the destruction of fat-soluble vitamins 
(A, D, and E) and essential fatty acids, and the possible formation of toxic compounds and 
coloured products. 

The features of lipid oxidation include:

autocatalysis – once started, the reaction is self-propagating and accelerates	n

very small amounts of antioxidant and pro-oxidants can cause large changes in the rate	n

the reaction produces a number of intermediates and products that change with reaction 	n

conditions and time
more than one lipid molecule is oxidized per initiation event.	n

The important lipids involved in oxidation are unsaturated fatty acid molecules. The rate of 
oxidation of these fatty acids increases with the degree of unsaturation and cis fatty acids oxidize 
more readily than their trans isomers. The rate of lipid oxidation increases with surface area, for 
both fats and oils, and oxidation is generally considered to be fastest in emulsions, where there is 
largest lipid surface area, greatest diffusion of oxygen and area of interface with the aqueous phase. 
Lipid oxidation is slowest in large samples of the pure oil or fat. Metals are very active catalysts 
present in both foods and biological tissues. Chlorophyll is a very effective catalyst for lipid 
oxidation initiated by light. 

The mechanism of lipid oxidation has three phases:

initiation – the formation of free radical	n

propagation – the free-radical chain reactions	n

termination – the formation of non-radical products (molecules). 	n

Figure 26.50 Diagrammatic 
representation of the structure of an oil 

droplet in an oil-in-water-emulsion.

aqueous 
phase

oil
phase

polar group hydrocarbon chain
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However, there is also a wide range of competing side-reactions.
Initiation:  X• + RH → R• + XH (where X is an initiator: metal, heat, radiation, light)
Propagation: R• + O2 → ROO•

 ROO• + RH → R• + ROOH 
 ROOH → RO• + HO• (light and heat)
 (ROOH → RO• + HO− (reducing metals))
 (ROOH → ROO• + H+ (oxidizing metals))
Termination: R• + R• → R-R 
 R• + ROO• → ROOR 
 ROO• + ROO• → ROOR + O2

 (RO• → aldehydes and ketones)
RH represents an unsaturated fatty acid, ROO• represents a hydroperoxide radical, and R• 

represents an alkyl free radical formed by removing a hydrogen atom from the carbon atom 
adjacent to a carbon–carbon double bond. 

Initiation
The first step of the mechanism has a relatively high activation energy (due to strong C-H 
bonds) and the production of the first few radicals necessary to start the propagation reaction 
normally must occur by metal catalysis (often transition metal ions) or exposure to light and heat. 

Light is not necessary for initiation, but it initiates lipid oxidation by two mechanisms. Both 
generate radicals that subsequently abstract (remove) hydrogen atoms to start the lipid oxidation 
chain. Ultraviolet (UV) light does not have enough energy to break C-H bonds effectively, but it 
can initiate lipid oxidation indirectly by rapidly decomposing trace levels of lipid hydroperoxides 
that are always present in oils:

ROOH + UV → RO• + •OH
RH + RO• → R• + ROH
or RH + •OH → R• HOH

Ultraviolet light is particularly active because it generates two radicals, RO• and •OH that both 
react much faster with RH than does ROO•. 

The energy from visible light can be transformed and transferred to oxygen by molecules called 
photosensitizers (such as chlorophyll and myoglobin), usually designated as ‘S’. Visible light is 
absorbed by photosensitizers, and the S molecules become excited to high energy states, S*:

S + visible light → S*

The excess energy stored in these molecules is then transferred to oxygen, transforming it to 
singlet oxygen, 1O2, an excited state that is now capable of reacting directly with double bonds of 
lipid molecules: 

S* + O2 → S + 1O2 

Note that singlet oxygen generates stable hydroperoxides rather than radicals. Lipid oxidation 
chains are initiated only when the hydroperoxides are decomposed by metals, light or heat. 
The resulting alkoxyl, RO•, or peroxyl, ROO•, radicals abstract hydrogens from adjacent lipid 
molecules to generate alkyl radicals, R•.

Propagation
Alkyl free radicals (R•) are not very reactive with organic molecules but react almost 
instantaneously with any oxygen that is present. The peroxyl radicals (ROO•) formed are critical 
intermediates because they are able to abstract hydrogen atoms from neighbouring unsaturated 
fatty acid molecules to form new alkyl radicals (R•) and fatty acid hydroperoxides (ROOH). 
This is the main reaction in the radical chain and is the reason why, once started, lipid oxidation 
cannot be stopped. 

R
R O OH

H O O1

R'

H

R'

+
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Decomposition of the hydroperoxides continues in a second stage, sometimes called branching. 
Heat and ultraviolet light homolytically cleave O-O bonds of fatty hydroperoxides to release 
alkoxyl radicals (RO•) and hydroxyl radicals (•OH), while Fe2+ and Cu+ reduce ROOH to alkoxyl 
radicals (RO•) and hydroxide ions (OH−). ROO• reactions are slow and specific, whereas both 
RO• and •OH abstract hydrogens rapidly and less selectively. Thus, contrary to most reactions, 
lipid oxidation picks up speed as it progresses.

 slow
ROO• + R′-H  ROOH + R′•
 fast
RO• or •OH + R′-H  ROOH + R′•

It is easy to see from this that the decomposition of hydroperoxides is a critical step in lipid 
oxidation. Traces of ROOH are always present in oils (generated during extraction from 
plant tissues) and in foods and biological tissue (generated by metals and radical reactions). 
Decomposition of these trace ROOH provides radicals to initiate lipid oxidation. Decomposition 
of higher levels of ROOH generated during active oxidation leads to branching and acceleration 
through production of new side-chains and increased rates of hydrogen abstraction. 

Termination
Two types of termination steps are activated as free-radical concentrations build up.

Radical recombinations
Two alkyl radicals can combine to form a variety of dimer degradation products. An alkyl radical 
can combine with a hydroperoxide molecule to form a fatty acid peroxide molecule. Two peroxide 
radicals can combine to form a lipid peroxide molecule, releasing an oxygen molecule. Some of 
the recombination products are small molecules that may be volatile and contribute to off-odours 
or browning. Many dimers and polymers also form and these increase the viscosity.

Radical scissions
Alkoxyl radicals 
from hydroperoxide 
decomposition abstract 
hydrogens to form alcohols 
during the propagation of 
the chain reaction. They 
also undergo scission (the 
breaking of skeletal bonds) 
in the presence of moisture 
releasing aldehydes, 
ketones and other products 
responsible for off-flavours 
and odours (Figure 26.51).

 26.8 Antioxidants
The main types of antioxidants
The primary type of antioxidant is free-radical quenchers – compounds that block the radical 
transfers that propagate rancidity. The antioxidant (represented as AH) donates a hydrogen atom 
to an oxygen-centred free-radical, such as the peroxyl radical ROO•, to form a hydroperoxide and 
an antioxidant radical. 

AH + ROO• → ROOH + A•

The critical feature of antioxidants is that their radicals cannot be reactive (abstract hydrogens 
to propagate chain reactions). Hence, most primary antioxidants are phenols or phenolic 

OH
O

O

C

H
H

aldehydes

secondary
alcohols

ketones

CH

R'

R'

O

CR'

R''
CR' R''

R''

R'''

R''
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R''' HR'''

Figure 26.51 The formation of stable products from alkoxyl radicals

F.8.1 Explain the 
differences 
between the 
three main types 
of antioxidants. 
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derivatives. In these structures, antioxidant free-radicals are stabilized by electron delocalization 
in the aromatic ring and can be described as a series of resonance forms (Figure 26.52) (Chapter 
14). 

O O O O

Butylated hydroxyanisole (BHA), butylated hydroxytoluene (BHT), tertiary butylhydroquinone 
(TBHQ) and the tocopherols are examples of phenolic antioxidants. They are sufficiently 
reactive to continue the chain reaction and participate in termination reactions:

A• + A• → A-A

A• + ROO• → ROO-A

Although antioxidant radicals do not abstract hydrogens from lipids to continue chain reactions, 
they are sufficiently reactive to participate in some termination reactions.

The second class of antioxidants includes compounds that prevent initiation of radical chains 
– mainly metal chelators (e.g. EDTA or plant extracts from rosemary and mustard) and singlet 
oxygen quenchers. Trace quantities of metal ions, especially iron and copper, enter processed 
foods via water and contact with kettles and metal-processing equipment. They catalyse the aerial 
oxidation of lipids and other compounds in food and thereby degrade food quality. It is therefore 
important to reduce the concentrations of metal ions from processed foods to prevent catalytic 
oxidation. However, if meat is present then heme-containing iron will be present.

Vitamin C (ascorbic acid) has very complex effects on lipid oxidation. Biologically, ascorbic 
acid is a strong electron donor and hence a reducing agent – all of its known biochemical 
properties (Chapter 22) depend on this action. Ascorbic acid is often called an antioxidant 
because it can donate either two electrons or two hydrogen atoms to quench radicals – these 
come from the double bond between the second and third carbons of this six-carbon molecule.

However, it is not a primary antioxidant because in the quenching process vitamin C itself is 
oxidized and its intermediate radicals are reactive. At high concentrations, ascorbic acid even 
becomes a pro-oxidant in foods. Rather, ascorbic acid acts mostly by recycling other antioxidants 
to their reduced form so that they can quench another round of radicals. Hence, ascorbic acid 
makes primary antioxidants more effective. Vitamin C is effective in canned foods since it 
removes oxygen in the headspace.

Singlet oxygen, 1O2, is produced when plant materials with photosensitizing pigments are 
exposed to visible light. Fortunately, the same plants almost always contain carotenoids, a 
pigment that quenches 1O2. Carotenoids limit 1O2 production by preferentially absorbing some 
wavelengths of light, preventing activation of photosensitizers such as chlorophyll. They accept 
excitation energy from photosensitizers in place of oxygen, thereby preventing 1O2 production – 
and the double bonds offer preferential sites for reactions of 1O2. The latter diverts reaction away 
from critical lipids and results only in some bleaching (colour loss). 

 26.9 Stereochemistry in food
Stereochemical notations
The d/l notation
An important reference compound is the triose (three-carbon sugar) glyceraldehyde 
(Section 26.1). The molecule has a single chiral centre and hence can exist as two enantiomers 
(Chapter 20). The chemist Emil Fischer introduced the terms ‘d’ and ‘l’ to describe the two forms.

The structures of naturally occurring amino acids can be related to l-glyceraldehyde 
(Figure 26.53). It is assumed that the amine (-NH2) and carboxylic acid (-COOH) functional 
groups of an amino acid are analogous to the hydroxyl (-OH) and aldehyde (-CHO) groups 

Figure 26.52 Resonance 
structures in a phenol 

radical

F.9.1 Explain the 
three different 
conventions 
used for naming 
the different 
enantiomeric 
forms. 
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of glyceraldehyde. The variable side-chain (R) is analogous to the hydroxymethyl group 
(-CH2-OH).

OHC

CHO

H

L-glyceraldehyde D-glyceraldehyde L-amino acid D-amino acid

CH
2
OH

CC CHO

OHC

H

HOH
2
C

COOH

H

R R

H
2
N

HOOC

HNH
2

Language of Chemistry
For amino acids, the ‘CORN’ rule 
is applied to determine whether the 
amino acid is the d or the l form. 
Arrange the substituents COOH, R, 
and NH2 around the chiral carbon so 
that the hydrogen atom is pointing 
towards you, in front of the plane of 
the paper. If the CORN groups are 
arranged clockwise, then it is the  
l enantiomer (Figure 26.54); if they 
are arranged anticlockwise it is the 
d enantiomer. n

Language of Chemistry
The d/l notation is especially useful for naming sugars (Figure 26.55). For 
example, the name ‘d-galactose’ defines the relative stereochemistry of 
all the chiral centres in the molecule. ‘d’ or ‘l’ determines the absolute 
stereochemistry of the highest-position chiral carbon, and hence the 
absolute stereochemistry of all centres can be defined in a very convenient 
manner. d-galactose has four chiral centres – the number of isomers is 
2n, where n represents the number of chiral carbon atoms. Hence, this 
molecule has 16 stereoisomers – only one of these is d-galactose. All of 
the d-aldohexoses have the same arrangement at C-5 and it is this carbon 
atom which is configurationally related to d-glyceraldehyde (Section 1.2), 
the Fischer representation of which has the -OH group on the right-hand  
side of the projection. n

The R/S notation
It is now relatively easy to establish the absolute configurations of chiral centres within molecules 
using X-ray crystallography (Chapter 4) or two-dimensional NMR (Chapter 21). There is no 
need for reference molecules such as glyceraldehyde.

The chemists Cahn, Ingold and Prelog jointly developed a set of rules for assigning the absolute 
configuration of any chiral centre. The term ‘absolute 
configuration’ refers to the actual three-dimensional 
structure of a chiral molecule. The Cahn–Ingold–
Prelog rules involve assigning ‘priorities’ to the 
functional groups or atoms attached to the chiral 
centre, and then relating these priorities to a 
description of the chiral centre. The two possibilities 
are known as R and S configurations. 

Language of Chemistry
R is from the Latin word rectus meaning right; S is from the Latin word sinister meaning left. n

Figure 26.53 Diagrams 
showing the absolute 

configurations of l- and 
d-glyceraldehyde and 

l- and d-amino acids (as 
a generalized molecular 

structure)

HOOC
C

H

CH
3

NH
2

COOH

CH
3NH

2

C

‘CO’

‘R’

‘CORN’

‘N

C

view

appears as

Figure 26.54 The CORN rule illustrated for l-alanine – the 
view shown is for looking down the C-H bond of alanine.

Figure 26.55 Structure of d-galactose
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Figure 26.56 Describing 
bromochloroiodomethanes as r and s isomers
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The Cahn–Ingold–Prelog rules are summarized below.
Decreasing priorities – numbered 1, 2, 3 and 4 – are assigned to the atoms attached to the 

chiral carbon centre. Higher priority is given to atoms of higher atomic number. In the case of 
all chiral amino acids found in natural proteins, this leads to the priorities nitrogen (N) > carbon 
(carboxylic acid) and C (variable side-chain) > hydrogen (H). So the amine (amino) group is 
numbered 1 and the hydrogen atom 4.

The chiral centre is viewed from the side opposite the lowest priority atom. If the direction 
of decreasing priority (1, 2, 3) of the other three atoms is clockwise then the configuration is 
designated R; an anticlockwise arrangement is designated S. Figure 26.56 shows how this applies 
to the bromochloroiodomethanes.

These rules are also illustrated in Figure 26.57 for the amino acid alanine. In the case of 
alanine, the priorities of the atoms attached to the 2-carbon atom are nitrogen (Ar = 14) > 
carbon (Ar = 12) > hydrogen (Ar = 1). Hence, the amine group is numbered 1 and the hydrogen 
is numbered 4. The carbon atom of the carboxyl group is bonded to oxygen and hence has higher 
priority than the carbon in the methyl group, which is bonded to hydrogen. The overall priority 
order is therefore nitrogen > carbon (carboxylic acid functional group) > carbon (methyl side-
chain) > hydrogen. When the 2-carbon is viewed from the side opposite the hydrogen (priority 
4), the decreasing priority of the other groups follows an anticlockwise pattern – and therefore the 
absolute configuration is designated as S.

COOH

COOH

The biochemist’s view:
assigning L and D

The chemist’s view:
assigning R and S

H
2
N CH

3

CH
3

CH

1

2

view from the side of
the hydrogen atom

view from the side opposite
the hydrogen atom

Identify the carbonyl (CO) of the carboxyl
group, the side chain substituent (R, in this

case –CH3) and the amino (N) groups

A clockwise arrangement of the
CORN groups indicates 

the L configuration

Decreasing priorities running
anticlockwise indicates S

Assign CIP priorities to
the three non-hydrogen groups

NH
2

H

COOH

H
3
C NH

2

CO

N R

H

3

The R/S system has no fixed relationship to the +/− or d/l system described below. An R isomer 
can be either dextrorotatory or levorotatory, depending on its exact groups. The R/S system also 
has no fixed relationship to the d/l system described previously. 

The +/− notation: optical activity
An enantiomer can also be named by the direction in which it rotates the plane of plane-
polarized light. If it rotates plane-polarized light clockwise (as seen by a viewer towards whom the 
light is travelling), that enantiomer is labelled +, and its mirror image is labelled −. The + and − 
isomers have also been termed d and l, respectively – for dextrorotatory (Latin for right-handed) 
and levorotatory (for left-handed). The d/l labelling system is unrelated to the +/− or the d/l 
system; it does not indicate which enantiomer is dextrorotatory and which is levorotatory.

Figure 26.57 Identifying 
the absolute configuration 

of amino acids, using 
alanine as an example
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History of Chemistry 
Christopher Ingold (Figure 26.58) (1893–1970) was an English chemist who spent  
most of his career at University College London. His most important research was 
performed in the 1920s and 1930s on organic reaction mechanisms and the electronic 
structure of molecules. He studied the hydrolysis of halogenoalkanes and proposed two 
mechanisms for nucleophic substitution – he introduced the symbols SN1 and SN2 
(Chapter 10). Ingold was one of the co-authors of a paper published in 1996 proposing 
the CIP priority rules which assign an absolute configuration to an enantiomer.

Figure 26.58 Christopher Ingold

Distinguishing between stereoisomers in food

F.9.2 Distinguish between the properties of the different enantiomeric forms of stereoisomers found in food.

The biological effects of one enantiomer are often very different from those of the other 
enantiomer. In pharmaceuticals it is common to find that only one enantiomer is the effective 
therapeutic agent, while the second typically has no biological activity or, more rarely, is harmful 
(Chapter 24).

In foods, the chirality of compounds may determine nutritional value, taste or biological 
activity. Enantiomers of a chemical may have very different flavour characterisitics. Detection 
of an ‘unnatural’ enantiomer, or an unnatural ratio of enantiomers, can provide evidence of 
adulteration of a food product or exposure to harsh processing conditions.

Amino acids that are exposed to high temperatures for extended times, or heating under 
alkaline conditions, may undergo racemization from the l to the d isomer. The presence of a 
higher than normal amount of a d amino acid may indicate bacterial or fungal contamination of a 
product. 

The extent of racemization of amino acids can be used as a marker for the extent of processing, 
and may be useful for assessing food quality. Coffee and cocoa beans are roasted to produce an 
optimal quality product. The extent of roasting can be calculated by determining the degree of 
racemization [d /(d + l)]%.

Lysinoalanine (N(6)-(2-amino-2-
carboxyethyl)-l-lysine) is an amino acid found 
in many processed foods, and may be formed 
when protein-containing foods are subjected 
to fairly mild heat treatments. The alanine 
portion of this molecule may be present as the 
d or l form, and this in turn affects the ability 
to chelate copper and other heavy metals. 
The l-alanine isomer of this compound has a 
higher affinity for copper(ii) ions and this may 
be related to the ability of this isomer to cause 
kidney damage in rats.

Bacteria which ferment sugars to produce lactic acid can be classified into distinct groups 
depending on whether they produce d- or l-lactic acid (Figure 26.59). Streptococcus thermophilus, 
a homofermentative strain, produces only l-lactic acid (2-hydroxypropanoic acid), while 
Lactobacillus bulgaricus, a heterofermentative strain, produces only the corresponding d 
enantiomer. When lactic acid is produced in milk, a racemic mixture is formed – but anaerobic 
respiration (Chapter 22) in the muscles is stereospecific and produces one only enantiomer.

HOOC COOH
C C

OH OH

H H

CH
3

CH
3

S-lactic acid R-lactic acid
L-(+lactic acid) D-(–lactic acid)

Figure 26.59 The enantiomers of lactic acid
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There are many examples of enantiomers having different taste or odour characteristics. 
The compound R-2-phenylpropanol has a flowery odour but S-2-phenylpropanol has no odour. 
When these compounds are converted into the corresponding aldehydes, R-2-phenylpropanal is 
odourless but S-2-phenylpropanal has an intense odour.

Most naturally occurring sugars exist in the d form and taste sweet. The l form of glucose does 
not exist in nature, but has been chemically synthesized and tested as a potential all-natural 
alternative to sucrose and d-glucose. l-glucose is an ideal low-calorie sweetener – it tastes sweet 
but cannot be digested by the body’s enzymes. However, it is not commercially viable because of 
its relatively high cost.

Naturally occurring amino acids all exist in the l form (Figure 26.60) and taste either bitter or 
sweet. Those containing a sulfur atom – for example, cysteine – taste ‘sulfury’. Aspartic acid and 
glutamic acid taste sour, and their sodium salts taste salty. The d forms of all the amino acids have 
been synthesized; some have similar flavours to the l form, but many are tasteless.

Both enantiomeric forms of carvone (Figure 26.61) are found in nature. Carvone is a member 
of family of natural products called the terpenoids. l-carvone (R)-(−)-carvone is the major 
constituent of spearmint oil from the spearmint plant (Mentha spicata), whereas d-carvone  
(S)-(+)-carvone is the major constituent of caraway oil from caraway seeds (Figure 26.62)  
(Carum carui) and oil from the herb dill. 
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Figure 26.61 The enantiomers of carvone – the 
chiral carbon atoms are marked with asterisks   

Figure 26.62 Caraway seeds

In the left-hand formula, the numerals 1, 2, 3 and 4  
indicate the decreasing priority of the groups attached to 
the chiral carbon atom. Viewed from the side opposite the 
hydrogen atom, the sequential arrangement of the other 
groups (1 → 2 → 3) is anticlockwise – the structure 
therefore is the S-enantiomer.

The two enantiomers have different smells – pure 
R-carvone has a spearmint smell and is used in toothpaste 
and chewing gum; pure S-carvone is used as a spice in rye 
bread and as a fragrance in soap and perfumes. Some oils, 
like ginger grass oil, contain a mixture of both enantiomers.

Limonene provides a similar example of two naturally 
occurring enantiomers with different odours (Figure 26.63). 
Limonene is a hydrocarbon and belongs to a family of 
natural products known as the terpenes. It is commonly found in the rinds of citrus fruits such 
as grapefruit, lemon, lime and, in particular, in oranges where it acts as insecticide. R-limonene 
smells of oranges, while its enantiomer S-limonene smells of lemons or pine.

Applications of Chemistry
Limonene is being used increasingly as a solvent for cleaning purposes, such as the removal of oil from machine 
parts – as it is produced from a renewable source (citrus oil, as a byproduct of orange juice manufacture). It also 
serves as a paint stripper when applied to painted wood.

Figure 26.60 Generalized 
configuration of l amino 
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Analysis of the stereochemical designation of compounds can be used to determine the 
authenticity of a food, or if an unreputable manufacturer has added an inexpensive synthetic 
ingredient to a product marketed as ‘all natural’. 

An important component of raspberry flavour is R-α-ionone. However, raspberry flavourings 
that are synthetic or produced by fermentation contain both the R and S isomers of α-ionone. 
The odour characteristics of the two isomers are different – the S isomer has a woody raspberry 
smell and the R -α-ionone has a fruity raspberry smell.

 26.10 Chemical structure and colour
F.10.1   Compare the similarities and differences in the structures of the natural pigments: anthocyanins, 

carotenoids, chlorophyll and heme. 

Animal and plant tissues contain a variety of pigments.  Although they do not have nutritional 
value, they add to the appeal of foods. The major groups are the anthyocyanins, the carotenoids, 
the chlorophylls and the hemes (myoglobin and hemoglobin).

Anthocyanins
The anthocyanins are polyphenols and occur naturally as glycosides –  
the molecules are covalently bonded to a sugar. The aglycones, or the 
molecules without the attached sugar, are known as anthocyanidins. 
All anthocyanidins are flavanoids – their structure is based on the 
flavan structure shown in Figure 26.64. It has a C6-C3-C6 skeleton 
with two conjugated benzene rings isolated by an oxygen-containing 
pyran ring.

Six different anthocyanidins occur in nature (due to the different atoms and functional groups 
represented by R1 and R2 in Figure 26.65), but because these molecules will contain one or more 
sugar residues there are a huge number of different anthocyanins. Anthocyanidins  are fully 
conjugated benzopyrylium (or flavylium) salts – note the positive charge on the oxygen atom.

A number of different monosaccharides can be attached to the anthocyanins at a number of 
different positions. The sugar residue may also undergo a reaction with an organic acid to form an 
ester. A single plant species will also contain a significant number of different anthocyanins. The 
structures of the six anthocyanidins are shown in Table 26.5. 

Name R1 functional group R2 functional group

Pelargonidin -H -H

Cyanidin -OH -H

Peonidin -O-CH3 -H

Delphinidin -OH -OH

Petunidin -OCH3 -OH

Malvidin -O-CH3 -O-CH3

Figure 26.65 Generalized structure of 
 Table 26.6 The structures of the anthocyanidins 

the anthocyanidins

Anthocyanins always have a sugar residue at position 3  
(Figure 26.64), and glucose (or another monosaccharide, 
for example galactose) often occurs additionally at position 
5 and occasionally at positions 7, 3' and 4'. The colours of 
anthocyanidins and anthocyanins (see page 961) are 
sensitive to factors such as pH, temperature and presence of 
metal ions. 

Quercetin (Figure 26.66) is one of the most bioactive 
of the flavonoids, and many medicinal plants owe much of 
their activity to their high quercetin content.
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Quercetin has demonstrated significant  
anti-inflammatory and antioxidant activity. 
Foods rich in quercetin include apples, honey, 
black and green tea, onions, raspberries (Figure 
26.67), red wine, red grapes, citrus fruits, 
broccoli and cherries. 

Carotenoids
The carotenoids are found in many different plant groups including leafy green vegetables. 
Mixtures of carotenoids are often found but in some fruits and vegetables, such as the mango 
and the carrot, β-carotene predominates. In the tomato, the major carotenoid is lycopene and 
in the red pepper it is capsanthin. The structures, classification and uses of carotenoids has been 
discussed previously (Section 26.4).

Chlorophyll
The chlorophylls are the green pigments of leafy vegetables – they also give the green colour to 
the skin of apples and other fruits, especially when they are unripe. Chlorophylls are involved in 
absorbing the light needed in the process of photosynthesis.

Chlorophyll (Figure 26.68) 
occurs in plants in two forms:

chlorophyll 	n a – blue-green
chlorophyll 	n b – yellow-green.

Chlorophyll b differs from 
chlorophyll a by having an 
aldehyde (-CHO) group in place 
of a methyl group (-CH3). It is a 
porphyrin pigment, composed of 
four pyrrole rings linked to form 
a tetrapyrrole, with a magnesium 
ion complexed in the centre of 
the rings. 

Figure 26.68 The structure  
of chlorophyll

n Extension: Cooking vegetables
When green vegetables are heated, or canned, the phytol side-chain is lost to give the 
corresponding chlorophyllide a or b. Because of the presence of the hydrocarbon phytol chain, 
chlorophyll is lipid-soluble, but loss of the chain confers greater water solubility.

Under acidic conditions, the magnesium ion is lost and replaced by protons to give 
pheophytins a and b:

2H+ + chlorophyll-Mg2+ → chlorophyll-2H+ + Mg2+

Pheophytins have a brown-green colour and are the dominant pigments in overcooked 
vegetables. If cooking water is made alkaline – for example, by adding sodium 
hydrogencarbonate – then pheophytin formation is diminished. However, the texture and 
flavour of the vegetables is affected and the loss of vitamin C is enhanced.

Figure 26.67 Fresh raspberries
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Heme
Heme is present in the respiratory pigments 
hemoglobin and myoglobin. Hemoglobin 
contains four heme subunits, while myoglobin 
contains one heme ring A hemoglobin molecule 
contains four protein chains – a myoglobin 
molecule contains one protein chain. Each heme 
ring contains one iron(ii) ion (Figure 26.69).

Heme groups are responsible for the red and 
purple colours of oxidized hemoglobin and 
myoglobin. 

In the body, the iron in the heme group is 
coordinated to the four nitrogen atoms of the 
porphyrin ring, and also to a nitrogen atom from 
a histidine residue of the hemoglobin protein, 
known as globin. The sixth position (coordination site) around the iron of the heme is occupied 
by oxygen when the hemoglobin protein is oxygenated.

Language of Chemistry
Porphin (Figure 26.70) is the parent compound for porphyrins, which are present in 
mylogblobin, hemoglobin, vitamin B12 (Chapter 13) and the chlorophylls. n

Porphin is an organic compound which consists of four pyrrole rings joined by four =C- groups. 
Around the edge of the porphin cyclic system there is a conjugated system with extensive π 
electron delocalization. The ability of the porphin ring to form stable complexes with a variety 
of metal ions is often crucial to the biological properties of porphyrins.

Porphyrins are based on the porphin ring structure, but have a ring system which is more 
oxidized (by removal of hydrogen atoms) and has a number of functional groups attached. They 
still retain extensive conjugation, and hence π delocalization which makes them coloured.

Where does the colour come from?
F.10.2   Explain why anthocyanins, carotenoids, chlorophyll and heme form coloured compounds while many 

other organic molecules are colourless. 

Many organic compounds are colourless, whereas others have very distinctive colours. Examples 
of naturally occurring coloured organic compounds include the anthocyanins, carotenoids – 
for example β-carotene – and 
the porphyrins – for example 
chlorophyll, hemoglobin and 
myoglobin. 

Their colour results from the 
absorption of certain wavelengths 
of visible light (Chapter 2). The 
visible region of the electromagnetic 
spectrum lies between 400 and 
750 nm. The colour perceived by 
the eye of the coloured compound is 
determined by which wavelengths of 
the visible light are reflected by the 
substance in question into the eye 
(Figure 26.71).

The aborbance spectra of 
anthocyanins are similar to those 

H3C

H2C

H3C

H2C

N N

N

N

Fe

CH3

CH3

COOH

COOH

CH CH2

CH2

H2C
globin

CH CH2

O2

Figure 26.69 The structure of the heme group in 
hemoglobin

NH N

N HN

Figure 26.70 Structure 
of porphin

Wavelength
absorbed

/nm

Colour of compound Colour of light absorbed

610–700

590–610

560–590

530–560

510–530

490–510

430–490

400–430

blue-green to green

greenish yellow

yellow to orange

red

purple

violet

blue

greenish blue

red

violet

blue

blue-green

green

yellow-green

yellow

orange

Figure 26.71 A table of complementary colours. These are in the left- 
and right-hand columns – the colour of a compound is the colour 

complementary to the colour of the light it absorbs
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of cyanidin. This is the parent compound of anthocyanins but lacks the glucose residues. Under 
acidic conditions (low pH) cyanidin is red. The absorbance spectrum shown in Figure 26.72 
shows that cyanidin absorbs light at 375 nm and 530 nm.
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Figure 26.72 Ultraviolet–visible spectrum of cyanidin Figure 26.73 The absorption spectra of chlorophylls a and b

The absorbance at 375 nm lies in the ultraviolet region of the electromagnetic spectrum, and 
so has no effect on the observed colour of cyanidin. However, the absorbance at 530 nm lies in 
the blue-green region of the visible spectrum, and hence cyanidin transmits the complementary 
colour to the eye, namely red. 

The absorbance spectra of anthocyanins will be similar to cyanidin, but will vary with due 
to the presence of different functional groups. The colours of anthocyanins will also vary with 
temperature and pH due to the presence of a number of forms in equilibrium.

Different molecules absorb light at different wavelengths because of differences in their 
electronic structures. Figure 26.73 shows the absorption spectra of the two closely related 
chlorophylls (a and b) and carotenoids found in plants. It is the electronic arrangement of a 
molecule that is responsible for the absorption of light in the ultraviolet and visible regions of the 
electromagnetic spectrum.

It is the π electrons in the molecule that are largely responsible for the absorption of light in 
the visible spectrum. A π bond consists of two electrons in a spin-pair arrangement (Chapter 14) 
– one electron spins clockwise and the other spins anticlockwise. 

The total potential energy of the molecule increases as a result of absorption of light. The 
absorption of light by electrons in a π bond can be viewed in terms of an energy level diagram 
(Figure 26.74). The diagram shows the light wave (photon) as a squiggly arrow. 

One of the π electrons has absorbed this energy and moved from the ground state (π) to an 
excited state (π*). Now, of course, the two paired π electrons will no longer have complementary 
spins. This energy jump occurs only when light of exactly the right wavelength (energy) is 
absorbed. The reflected light will have a different energy from the incident light and will have a 
different colour.

Chromophores are unsaturated groups of atoms in organic compounds whose electrons absorb 
radiation in the visible and 
ultraviolet regions of the 
electromagnetic spectrum. 
The wavelengths of light 
absorbed by different 
chromophores are 
characteristic of the 
chromophores and can be 
used for their identification 
(Table 26.7). Note that these 
values are variable because 

Figure 26.74 Energy 
level diagram for the 

absorption by an electron 
in a π bond

complementary
spins

hf (photon)

π*

π

Chromophore Formula λmax/nm Example of naturally 
occurring compound

Alkene group >C=C< 190 Carotenoids, anthocyanins, 
chlorophyll, myoglobin and 
hemoglobin

Carbonyl group >C=O 190 and 280 Carotenoids, chlorophyll

Diazonium ion -+N≡N 350 None

Phenyl group -C6H5 190 and 260 Carotenoids

Table 26.7 Maximum absorption wavelengths (λmax) of some chromophores
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they change with temperature, solvent, extent of conjugation and the presence of saturated 
groups.

The wavelengths and intensities of the absorption bands due to chromophores are altered 
by conjugation in molecules and the resulting delocalization of π electrons (Chapter 14). 
A ‘conjugated’ molecule is one that possesses alternating double and single bonds. Many 
conjugated molecules have alternating carbon–carbon double and single bonds. A consequence of 
conjugation is that the π electrons in the double bonds are ‘spread’ in a π molecular orbital that 
extends above and below over all the carbon atoms. 

Buta-1,3-diene is an example of a simple conjugated molecule 
with alternating carbon–carbon single and double bonds. The π 
molecular orbital is formed by the sideways overlap of unhybridized pz 
orbitals and extends evenly over four carbon atoms (Figure 26.75).

Figure 26.75 The conjugation of two alkene,
>C=C<, chromophores in buta-1,3-diene

The conjugation of additional π electrons within a molecule will shift the wavelength of the 
maximum absorption band (λmax) from the ultraviolet region of the electromagnetic spectrum 
to the visible region – that is, towards longer wavelengths. The large influence that conjugation 
exerts on the ease of π transition (π → π*) is illustrated in Table 26.8.

Molecule Formula λmax/nm Colour

Ethene H2C=CH2 175 Colourless (absorbs ultraviolet radiation)

Buta-1,3-diene H2C=CH-CH=CH2 217 Colourless (absorbs ultraviolet radiation)

Hexa-1,3,5-triene H2C=CH-CH=CH-CH=CH2 258 Colourless (absorbs ultraviolet radiation)

The diphenylpolyenes also show this ‘progression’ in the size of the ‘energy gap’ as the number of 
alkene groups, -(CH=CH)-, in the molecule is increased (Table 26.9).

Number of CH=CH groups 
in C6H5(CH=CH)nC6H5

Region of the electronic 
transition

Colour

1 or 2 Ultraviolet Colourless

3 Visible Yellow

15 Visible Greenish-black

If the conjugation or delocalization is extensive enough, as with C6H5(CH=CH)3C6H5, then the 
wavelength absorbed will eventually be high enough to be in the visible region of the spectrum – 
and the compound will then be seen as coloured. Conjugation lowers the energy gap required for π 
electron transitions – the energy jump becomes lower as the degree of conjugation increases. 

The absorption spectra of carotenoids are rather similar and vary with the nature of the 
solvent. However, they clearly demonstrate the effect of extensive conjugation and the effect 
of the wavelength of maximum absorption, λmax. β-carotene absorbs strongly in the blue-violet 
region (400–510 nm) and hence appears orange.

The solubility of pigments
Carotenoids
Carotenoids are generally poorly soluble in water, but freely soluble in non-polar organic solvents 
such as hexane. Carotenoids are essentially hydrocarbon in nature, despite the presence of polar 
functional groups. The properties of the polar functional groups, such as -OH, is outweighed by 
the much larger polyene backbone, which is hydrophobic. The dissolving of a carotenoid in water 
would be an energetically unfavoured process – strong hydrogen bonds between water molecules 
would be replaced by weaker interactions involving van der Waals’ forces. The only carotenoids 
that are soluble in water are those containing a carboxylic acid functional group, such as crocetin 
present in the spice saffron. It can form water-soluble salts in alkaline conditions.

H H

H H

HH

σ bonds
π electron

clouds

H

Table 26.8 The effect of 
conjugation on a series of 

simple alkenes

Table 26.9 The effect 
of conjugation on the 

diphenylpolyenes

F.10.3   Deduce 
whether 
anthocyanins 
and carotenoids 
are water- or 
fat-soluble from 
their structures. 
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Anthocyanins
Anthocyanins are freely soluble in water, but poorly soluble in non-polar organic solvents. The 
presence of one or more sugar residues helps the anthocyanin maintain its solubility in water. The 
sugar residue contains one or more hydroxyl groups which can hydrogen bond with adjacent water 
molecules. If the sugar is hydrolysed, or lost, the solubility decreases.

SUMMARY OF	 n A food is a substance intended for human consumption – foods may be raw or 
KNOWLEDGE    processed.

n A nutrient is a substance obtained from food and used to provide energy for growth, 
maintenance and repair of tissues. Nutrients in foods are proteins, carbohydrates, lipids, 
vitamins, minerals and water.

n Carbohydrates include monosaccharides, disaccharides and polysaccharides. 
Monosaccharides contain a carbonyl group, at least two hydroxyl groups and have the 
empirical formula CH2O. Monosaccharides usually have three, five or six carbons atoms – 
monosaccharides condense to form disaccharides and polysaccharides.

n The 2-amino acids have the general formula H2NCHRCOOH. 2-amino acids condense 
(under enzyme control) through the formation of the peptide bond, -CONH-, to form 
proteins.

n Lipids are fats and oils. They are triglycerides – esters of glycerol (propane-1,2,3-triol) with 
fatty acids (carboxylic acids with 16–22 carbon atoms).

n Lipids are poorly soluble in water – fats are solid at room temperature; oils are liquid. 
n Unsaturated lipids (oils) contain one or more carbon–carbon double bonds in their fatty 

acid; saturated lipids (fats) do not contain any carbon–carbon double bonds. The melting 
point of fatty acids increases with increasing relative molecular mass and increasing degree 
of saturation. Fatty acids with cis double bonds have lower melting points than those with 
corresponding trans double bonds.

n Unsaturated oils can be hydrogenated by heating with hydrogen and a nickel catalyst. 
Unsaturated fats are more chemically reactive than saturated fats.

n The shelf-life is the length of time that a food is given before it is unsuitable for 
consumption due to changes in flavour, smell, texture, colour (due to browning reactions) 
or the presence of microorganisms.

n Food spoilage happens because of the presence of enzymes in food and by microbial 
spoilage due to attack by moulds, yeasts and bacteria. Other factors that cause food 
spoilage include light, water loss and oxidation by the air.

n Rancidity is the decomposition of lipids by hydrolysis and/or oxidation – the process 
produces substances with unpleasant smells and tastes.

n Lipids suffer hydrolytic rancidity (by the action of lipases) and oxidative rancidity (reaction of 
oxygen with the carbon–carbon double bond), which is accelerated by the presence of light.

n Shelf-life can be prolonged by the chilling, freezing, reduction of light level, vacuum 
packing, canning, adding salt or sugar; or adding additives – inorganic salts, organic acids 
and salts of organic acids.

n Traditional methods of extending shelf-life include fermentation, pickling, salting, 
dehydration and smoking.

n Antioxidants are substances that slow the rate of oxidation, and hence extend the shelf-life 
of food. Natural antioxidants include vitamins C and E, β-carotene and selenium.

n Synthetic oxidants include BHA and BHT – hindered phenols with an -OH group 
surrounded by bulky alkyl groups. The conjugated aromatic ring is able to stabilize free 
radicals by reacting with them. Synthetic oxidants act as free-radical scavengers.

n Green tea, spices, cranberries, blueberries and dark chocolate all contain naturally 
occurring antioxidants. 

n A dye is a water-soluble colorant; a pigment is a naturally occurring colorant found in 
animal or plant cells. Foods have colour because of their ability to absorb and reflect 
different wavelengths of visible light.

n Common pigments include anthocyanins (plants), carotenoids (fruits), chlorophyll (leaves) 
and heme (meat).
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n The colour of pigments is affected by oxidation, temperature, pH and the presence of 
metal ions. Anthocyanins can form coloured coordination complexes with metal ions.

n Meat contains the protein myoglobin, which is purple; it combines with oxygen to 
form oxymyoglobin, which is bright red. To allow oxygen to reach meat and keep it an 
attractive colour, meat is packaged in ‘breathing film’.

n On cooking, meat turns brown as iron(ii) ions in myoglobin are oxidized to iron(iii) ions in 
metmyoglobin.

n The Maillard reaction is a chemical reaction between an amino acid and a reducing 
sugar, usually requiring heat – it is a form of non-enzymatic browning. A range of 
molecules causing pleasant odours and flavours are produced. The presence of the amino 
acid lysine results in the most browning colour and cysteine in the least.

n Caramelization is an unrelated non-enzymatic browning process that involves the 
breakdown of sugars by heat – volatile chemicals are released and brown pigments are 
formed. The rate of caramelization is increased by the presence of both acids and alkalis.

n Genetically modified (GM) foods are those that have had their DNA altered through 
genetic engineering.

n A dispersed system is a kinetically stable mixture of one phase in another, largely 
immiscible, phase.

n A suspension is a solid spread through a liquid; an emulsion is a liquid spread through a 
liquid; and a foam is a gas spread through a liquid.

n Emulsifiers are used to maintain emulsions and foams – they act as the interface between 
the two components of the dispersed system and reduce the surface tension.

n Auto-oxidation is a reaction involving the reaction between molecular oxygen and 
unsaturated fatty acids – it has a free-radical chain mechanism. Initiation starts with the 
abstraction (removal) of a hydrogen atom adjacent to a double bond in a fatty acid. 
The resulting alkyl radical reacts with molecular oxygen to form an unstable peroxy 
radical, which may in turn abstract a hydrogen atom from another unsaturated fatty acid 
molecule to form a hydroperoxide.

n Antioxidants inhibit the formation of radicals in auto-oxidation (the propagation steps). 
Synthetic antioxidants (and vitamin D) form stable and less reactive free radicals. 

n Antioxidants may also function by complexing with metal ions (which catalyse 
the initiation step of auto-oxidation), acting as reducing agents or decreasing the 
concentration of oxygen.

n The configuration of a chiral carbon atom is the three-dimensional arrangement of the 
four atoms or functional groups attached to it. The absolute configuration specifies the 
order of the four groups so that enantiomers (optical isomers) can be distinguished.

n d- and l-glyceraldehydes are the standard references for the d/l system of absolute 
configuration – it is widely used for sugars.

n The Cahn–Prelog–Ingold (r/s) system uses a set of rules in which the four groups 
attached to the chiral carbon are numbered 1, 2, 3 and 4 and are ranked according to 
a set of sequence rules. In a simple case, the priorities follow the order of decreasing 
atomic number of the atom that is attached directly to the chiral carbon. A three-
dimensional model of the molecule is viewed from the side opposite the group of lowest 
priority. r designates the configuration if the three remaining groups form a clockwise 
arrangement; s designates the configuration if they form an anticlockwise arrangement.

n Pairs of enantiomers (optical isomers) rotate the plane of plane-polarized light by equal 
amounts but in opposite directions. Optical activity is not related to either the d/l or r/s 
systems. Pairs of enantiomers may have very different biological properties – for example, 
taste and smell.

n Anthocyanins are water-soluble plant pigments that may appear red, purple or blue 
according to pH. They are sugar-based derivatives of anthocyanidins.

n Carotenoids are fat-soluble, long polyene chains that are sometimes terminated by rings. 
Their colours vary from pale yellow to deep red.

n Colour in pigments arises from electron transitions in molecules involving molecular 
orbitals, especially π orbitals in conjugated systems. 
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n Conjugation occurs where there are alternating single and double bonds in a molecule. 
In a conjugated molecule, electron density is delocalized over molecular orbitals across all 
the atoms involved.

n A group of atoms producing a characteristic absorption of light is called a chromophore.
	 n  Conjugation progressively reduces the energy required for transitions involving π and π 

antibonding orbitals – it also increases the intensity of the absorption.

n Examination questions – a selection
Paper 3 IB style questions 
Questions marked * are for Higher Level only

 Q1 The green plant pigment chlorophyll is a mixture 
of two closely related chlorophylls, designated a 
and b. Chlorophyll b differs from chlorophyll a by 
having an aldehyde (–CHO) group in place of a 
methyl group (–CH3).

Reacting chlorophyll with an acid results in the 
formation of pheophytin, which is brown-green. 
The magnesium ion is removed and is replaced by 
two hydrogen ions (protons). Chlorophyll can be 
reformed by adding magnesium sulfate solution. 
Chlorophyll containing zinc can be prepared by 
adding zinc sulfate solution.

The visible spectra of chlorophyll (with magnesium 
ions) and chlorophyll (with zinc ions) are very 
similar. 
a i  Write an equation describing the formation 

of pheophytin. [1]
 ii  Write an equation describing the formation 

of zinc-containing chlorophyll from 
pheophytin. [1]

b Suggest why this reaction occurs. [1]
c Explain why chlorophyll appears green when 

viewed in white light. [2]
d What structural feature of chlorophyll is largely 

responsible for its characteristic colour? [1]

 Q2 The Maillard reaction is a non-enzymatic browning 
reaction, caused by the condensation of an amino 
group and a reducing compound, resulting in 
complex changes in biological and food systems. 
The Maillard reaction occurs when virtually all 
foods are heated, and also occurs during storage.
a State the names of two foods whose 

preparation involves the Maillard reaction. [2]
b State the names of two compounds that can 

react via a Maillard reaction. [2]
c State the names of two factors that increase 

the rate of browning due to the action of the 
Maillard reaction. [2]

d State two features of the ultimate products of 
the Maillard reaction. [2]

 Q3* The d and l system is commonly used by 
biochemists to assign stereochemistry to sugars 
and amino acids. The structure of l-glyceraldehyde 
and l-alanine are shown below:

COOH

C

CHO

H

CH
3H

2
N

C

H

CH
2
OHHO

L-glyceraldehyde L-alanine

a Draw the corresponding d enantiomers for 
both compounds. [2]

b Define the term racemic mixture. [1]
c Distinguish between the two unrelated 

conventions, d/l and d/l (+/−) used for naming 
enantiomers. [2]

d Identify the most common enantiomer of 
naturally occurring 2-amino acids and describe 
their taste. [2]

e State two examples, other than taste, of 
properties of food that are affected by the 
presence of different enantiomers. [2]

f What physical property may be used to 
distinguish the enantiomers of amino acids or 
simple sugars? [1]

g Chemists tend to use the CIP rules to assign 
stereochemistry. The functional groups are 
ranked according to the following list:

       OH > NH2 > COOH > CHO > CH3 > H
n View the chiral centre down the bond from 

the chiral centre to the lowest priority atom 
and assign priorities to the three other 
functional groups connected to the chiral 
centre, using the above ranking.

n If the priorities of these other groups goes 
in a clockwise rotation, the chirality is r. If 
the priorities of these other groups goes 
anticlockwise, the chirality is s.

  Use the CIP rules to assign an absolute 
stereochemistry configuration to l-alanine. Show 
your working with an appropriate diagram. [2]

h Which amino acid is not assigned an absolute 
configuration? Explain why. [2]
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 Q4* Tomatoes are a good source of lycopene, whose 
structure is shown above.
a What class of compounds does lycopene 

belong to? [1]
b State the number of conjugated double bonds 

present in lycopene. [1]
c State one function of lycopene in humans and 

one function in plants. [2]
d i  Lycopene is a strongly coloured red 

pigment. What type of electron transitions 
are responsible for this property? [1]

 ii  The addition of a few drops of aqueous 
bromine to a solution of lycopene (in 
dichloromethane (CH2Cl2)) causes the 
solution to become colourless. Account for 
this observation. [2]

e Lycopene dissolves in organic solvents (e.g. 
CH2Cl2), but is insoluble in water. Account for 
this observation by reference to its structure. [2]

f Briefly explain how lycopene act as an 
antioxidant. [1]

 Q5 a Describe a dispersed system in food. [1]
b Distinguish between the following types of 

dispersed systems and give one example of a 
food for each type:

 i  suspension
 ii  liquid emulsion
 iii  liquid foam [6]
c The structure of sodium stearoyl-2-lactylate is 

shown below – it is a semi-synthetic emulsifier.

C HH
3
C (CH

2
)
7

CH
3

COO–Na+

 i  State one feature that enables sodium 
stearoyl-2-lactylate to act as an emulsifier 
and describe its action. [2]

 ii  State the name of the natural emulsifier 
present in egg yolk. What type of molecule 
is this natural emulsifier? [2]

 Q6 The iron in the hemoglobin molecule is surrounded 
by six atoms acting as ligands. Five of these are 
nitrogen atoms from the amine groups of the 
globin protein and one is an oxygen atom in water 
molecule. 

The water molecule is replaced by oxygen when 
oxygen is present in high concentration to form 
oxyhemoglobin – the equilibrium is summarized 
below:

N
NN

NN
+ H

2
O

OH
2

Fe

N
NN

NN
O

2

Fe

a What are the functions of hemoglobin and the 
related respiratory pigment myoglobin in living 
mammals? [2]

b Describe the bonding between the oxygen and 
iron in hemoglobin and oxyhemoglobin. [2]

c Deduce the oxidation state of iron, given that 
the iron in hemoglobin and oxyhemoglobin 
contains six 3d electrons. [1]

d Explain why a slice of raw beef cut from the 
centre of a joint will be purple. [1]

e Uncooked minced beef, pre-packed in 
supermarket displays, is wrapped in plastic film 
which is permeable to air, and hence oxygen. 
Explain why oxygen is allowed to reach the 
meat, which is bright red in colour. [2]

f Fresh meat has a relatively short shelf-life, but it 
can be prolonged by smoking the meat.

 i  Explain the meaning of the term shelf-life. [1]
 ii  State two properties that are affected 

when food has exceeded its shelf-life. [2]
 iii  Explain how smoking extends the shelf-life 

of meat. [1]
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 Q7* Cyanidin is a pigment found in many red berries 
– it is an anthocyanidin. The diagram shows that 
cyanidin, like other anthocyanins, undergoes a 
series of changes in structures with changes in pH 
and time.

HO

HO

+

OH

O OH

OHCl–

OH

HO

OH

O

O

OH

OH

cyanidin chloride

anhydrobase anion pseudobase
colourless

anhydrobase 

chalcone
yellow

NaOH
pH 12

NaOH

NaOH

NaOH
UV

standing

standing

HCl

HCl

HCl

HO

OH

OH

O OH

OH

OH

HO

OH

O

O

O

O–

OH

HO

OH

OH

OH

OH

pH 8
[Na+CH3COO–]

a i  Which form shown is a salt? [1]
 ii  Explain why none of the forms shown are 

anthocyanins. [1]
b i  What happens to the extent of conjugation 

as the pH is increased? [1]
 ii  Name the major type of electron transition 

responsible for the colours of the various 
cyanidin species. [1]

 iii  What happens to the size of the energy gap 
for this electron transition? [1]

c Cyanidin is a natural antioxidant. Suggest 
which functional group is responsible for this 
behaviour. [1]

d Suggest two additional factors that could also 
affect the colour exhibited by cyanidin. [2]



STARTING POINTS  Reactions in organic chemistry are determined by the homologous series to which the 
main reactant belongs.

 Reactions are characterized by the reactive species involved in the first step of the 
mechanism for the reaction – electrophiles and nucleophiles are two of the most 
significant reactive species involved in organic reactions.

 Electrophiles are Lewis acids (electron pair acceptors); nucleophiles are Lewis bases 
(electron pair donors).

 Addition, elimination and substitution reactions are among the fundamental types of 
reaction undergone by organic compounds.

 The shifts in electron pairs (depicted by the use of ‘curly arrows’), and hence the breaking 
and re-formation of covalent bonds, are the basis of the reaction mechanisms involved in 
organic chemistry.

 Many organic reaction mechanisms are multi-step processes.
 Often the processes of bond breaking and re-formation involved in organic reaction 

mechanisms result in the formation of reaction intermediates. The nature and stability 
of these intermediates often influence the direction of a reaction, and hence the precise 
nature of the product.

 The major reactions that characterize the chemistry of the alkenes are electrophilic 
addition reactions in which an electrophile is attracted to the region of high electron 
density in the alkene molecule – the pi ( ) cloud of the carbon–carbon double bond.

 The direction of addition of an unsymmetrical molecule, such as a hydrogen halide, 
to an unsymmetrical alkene is determined by the energetic stability of the carbocation 
intermediate formed.

 The carbon–oxygen double bond in aldehydes and ketones (the carbonyl group) can also 
undergo addition reactions. The mechanism involved is nucleophilic addition, with the 
initial attack being that of a nucleophile on the electron-deficient carbon atom of the 
carbonyl group.

 Alcohols can undergo dehydration in the presence of concentrated acids to form alkenes 
– this type of reaction is called elimination.

 Aldehydes and ketones take part in addition–elimination (condensation) reactions with 
2,4-dinitrophenylhydrazine. The products are orange crystalline solids and the melting 
point of the product of a particular reaction can be used to identify the original aldehyde 
or ketone.

 Aromatic hydrocarbons (arenes) are a family of unsaturated organic molecules based on 
hexagonal rings of carbon atoms and a particular arrangement of alternating carbon–
carbon double and single bonds – the most important arene is benzene (C6H6).

 Benzene has a distinctive bonding arrangement in which the carbon atoms are arranged 
hexagonally, joined by a skeleton structure of sigma ( ) bonds. A delocalized  cloud 
containing six electrons forms the additional bonding between the carbon atoms in the 
ring.

 The delocalized bonding structure of the benzene ring is relatively stable and influences 
the type of chemical reaction that benzene and its compounds take part in.

 Halogenoalkanes, such as bromoethane, take part in nucleophilic substitution reactions 
readily; aromatic halogen compounds, such as bromobenzene, do not.

 Knowledge of how one type of organic compound is converted to another is particularly 
useful because it enables chemists to make useful compounds by synthetic routes 
involving several successive stages.

 A series of organometallic compounds known as Grignard reagents are particularly useful 
in planning synthetic conversions. The essential feature of these compounds is that they 
consist of an alkyl group covalently bonded directly to magnesium.

Option G

27 Further organic chemistry
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 In designing synthetic routes, Grignard reagents are useful because they enable a carbon 
chain to be increased by several carbon atoms.

 Some types of organic compound have acidic properties – most notably the carboxylic 
acids. These are weak acids because they are only partially ionized in water.

 The strength of a carboxylic acid is affected by substituents attached to the hydrocarbon 
chains in the molecules.

 Phenols are another group of organic molecules that show weakly acidic properties. 
Again, the acidity of the substance is affected by the presence of other substituents – in 
this case, attached to the benzene ring – and whether they are electron-withdrawing or 
electron-donating groups.

 The strengths of acids and bases can be measured by their respective Ka (or pKa) or Kb (or 
pKb) values.

 Amines are organic molecules related to ammonia – as such they show basic properties 
due to the presence of a lone pair of electrons on the nitrogen atom. The base strength, 
compared to ammonia, depends on the nature of the amine.

 Derivatives of carboxylic acids, such as acid anhydrides and acyl chlorides, undergo 
addition–elimination reactions with nucleophiles to form esters and amides.

 Benzene and related aromatic compounds undergo electrophilic substitution reactions – 
such reactions retain the stability of the delocalized benzene ring.

 Benzene and methylbenzene take part in chlorination, nitration, alkylation and acylation 
reactions. The alkylation and acylation reactions involve a halogen-carrier.

 The direction of substitution into the benzene ring in these reactions is determined by the 
nature of the other atoms and functional groups attached to the ring.

  The versatility and interrelated nature of all these organic reactions means that synthetic 
routes can be devised to make useful new compounds by sequences of reactions.

  Introduction
There are many arguments for halting the destruction of the world’s rainforests. One reason 
relates to the possibility of deriving useful pharmaceutical compounds from rainforest resources. 
A number of important medicinal drugs are derived from plants, including salicin, the forerunner 
to aspirin, and the anti-cancer drug taxol (Chapter 24). Many medicinal drugs are either natural 
products or are derived from compounds found in plants growing in tropical rainforest. An 
example is calanolide A, a potential anti-HIV drug (currently in clinical trials) derived from 
Calophyllum lanigerum var austrocoriaceum which is an exceedingly rare member of the Guttiferae 
or mangosteen family. This species is found only in Sarawak, Malaysia and the Botanical Garden 
in Singapore (Figure 27.1). Fortunately, calanolide A is a relatively simple molecule so it can also 
be made by total synthesis from simple organic molecules. Reactions involving Grignard reagents 
are useful in a number of stages in these syntheses.

Figure 27.1 a Primary 
rainforest in the 

Singapore Botanic 
Garden. b The structure 

of calanolide A, a 
potential anti-HIV drug 

OH

O

O O O

a b
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This illustrates one aspect of how important organic chemistry is to our lives. Further study of 
organic chemistry involves looking in more detail at how reactions happen at the molecular level 
– the mechanisms of reactions. Such study involves a breakdown of reactions into a sequence 
of steps, each involving the making or breaking of covalent bonds – the movement of pairs of 
electrons, represented using ‘curly arrows’. Studies in reaction kinetics are useful because they 
provide data demonstrating consistency with a proposed reaction mechanism. Alternatively, they 
can suggest that a proposed mechanism should be revised. Understanding organic reactions at the 
molecular level makes it possible for research chemists to devise the most efficient conditions for 
synthetic reactions. At the end of this chapter you will see how organic reactions are interlinked 
and can be developed as possible routes for the synthesis of some organic products.

This approach is made possible by the systematic structure built into organic chemistry. 
Organic molecules contain certain characteristic hydrocarbon structures, with the properties of 
the molecules then being determined by the functional group(s) present in the molecule. Some 
key features of organic reactions dealt with in this chapter are summarized in Tables 27.1a, b 
and c.

Hydrocarbon skeleton

Saturated 
Compounds with only  

carbon–carbon single bonds

Unsaturated 
Compounds with carbon–carbon multiple bonds

Alkanes Alkenes Arenes

Aliphatic 
Compounds not containing a  

benzene ring or related structure

Aromatic 
Compounds contain a benzene ring 
or similar ring structure involving a 

delocalized  system

Table 27.1a Target organic molecules

Electrophiles Electron-deficient species with a positive charge (+) or a partial positive charge 
( +)

Attracted to regions of target molecules that are electron-rich

Examples are H+, Br +, NO2
+, CH3

+ and CH3CO+

Nucleophiles Electron-rich species with at least one lone pair of electrons – may also have a 
negative charge (−) or a partial negative charge ( −)

Attracted to regions of target molecules that are electron-deficient

Examples are Cl−, OH−, H2O  and NH3

Table 27.1b Attacking species

Addition Reaction in which two reactants combine to make a single product

Usually involves a reactant that has a multiple bond, such as C C or C O

Substitution Reaction in which one atom or functional group replaces another

Usually involves saturated or aromatic compounds

Elimination Reaction in which a small molecule is lost from a larger molecule

Usually results in the formation of a double or triple bond

Dehydration is a particular example of this type of reaction, where water is lost

Addition–elimination 
(condensation)

A reaction in which two molecules join to make a larger molecule, accompanied 
by the loss of a small molecule such as H2O or HCl

Reaction involves functional groups on both molecules

Initial step is often nucleophilic attack of one molecule on the other

Table 27.1c Types of organic reaction
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27.1 Electrophilic addition reactions
Electrophilic addition to alkenes

G.1.1 Describe and explain the electrophilic addition mechanisms of the reactions of alkenes with halogens and 
hydrogen halides.

The structure of alkenes makes these molecules particularly susceptible to electrophilic attack. 
Each carbon atom involved in the carbon–carbon double bond makes three  bonds with bond 
angles of 120° – so the region immediately around the double bond is planar. The remaining 
shared pair of electrons which complete the double bond between the two carbon atoms are 
contained in a molecular orbital that lies above and below this plane, forming a localized  
bond. The atomic orbitals of the remaining shared pair of electrons which complete the double 
bond between the two carbon atoms lie above and below this plane forming a localized  bond. 
Electrophiles are attracted to this pair of electrons. The fact that all alkenes are planar in this 
region of their molecules helps in making the polarizable  electrons readily accessible for 
interaction with an approaching electrophile.

Unlike alkanes, alkenes react with bromine at room temperature, and even in the dark. The 
reaction takes place either with bromine water or with a solution of bromine in an inert organic 
solvent such as hexane. For example, the reaction of ethene with bromine in hexane is:

 room temperature
 in hexane

CH2 CH2 + Br2  Br CH2 CH2 Br

The reaction is an electrophilic addition, like most of the reactions of alkenes. The  bond of 
ethene is an electron-rich area ( −). Repulsion of the electrons of the Br Br bond by the  
electron cloud induces a temporary dipole in an approaching bromine molecule (Figure 27.2a).

Br

Br

H

H

H

H
C C

a

+

–

Br

Br

H

H

H

H
C C

+

–

Br

Br–

Br–

+

H

H

H

H
C C

Br

+

H

H

H

H
C C

b
Br

BrH

H H

H
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Heterolytic fission of the Br Br bond eventually takes place to form a bromide ion, Br− . The  
electrons move to form a  bond between one of the carbon atoms and the nearest bromine atom. 
The movement of a pair of electrons away from the other carbon atom results in the production 
of an electron-deficient carbocation. Finally, the bromide ion acts as a nucleophile and forms 
a (dative) bond to the carbocation intermediate (Figure 27.2b). The product of this reaction is 
1,2-dibromoethane (CH2BrCH2Br).

Other alkenes undergo similar reactions with bromine in solution in hexane – for example, 
propene reacts to give 1,2-dibromopropane, and but-2-ene to form 2,3-dibromobutane:

CH3CH CH2(g) + Br2(inert solvent)  CH3CHBrCH2Br(l) 
 propene 1,2-dibromopropane

CH3CH CHCH3(g) + Br2(inert solvent)  CH3CHBrCHBrCH3(l) 

 but-2-ene 2,3-dibromobutane

Figure 27.2 The 
mechanism of 

electrophilic addition of 
bromine to ethene. a The 
induction of a temporary 

dipole in a bromine 
molecule and electrophilic 

attack on the ethene 
molecule. b Attachment 

of the bromide ion to the 
newly formed carbocation
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 Extension: Evidence for the mechanism of electrophilic addition
Other nucleophiles can also attack the carbocation produced as an intermediate in electrophilic 
addition. In bromine water, for example, the water molecule is present in a much higher 
concentration than the bromide ion, and so is the nucleophile more likely to attach to the 
carbocation (Figure 27.3). 
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H H
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Bromine water is frequently used as the test for an alkene, with the bromine water being 
decolorized as the positive outcome of the test (Chapter 10). The major product of the test is 
2-bromoethanol rather than 1,2-dibromoethane.

Similar products are produced with other alkenes. The incorporation of a water molecule, and 
the consequent production of the bromoalcohol, is good evidence for this suggested mechanism 
via an intermediate carbocation. Further evidence supporting the two-step mechanism is the 
incorporation of ‘foreign’ competing anions when bromination is carried out in an aqueous 
solution containing a mixture of various salts. For instance, if ethene is reacted with bromine 
water that also contains dissolved sodium chloride and sodium nitrate then a mixture of 
products is formed:

+
Na+NO3

–

Na+Cl–

O2N      O      CH2      CH2      Br
HO      CH2      CH2      Br
Br      CH2      CH2      Br
Cl      CH2      CH2      Br

CH2 CH2

in water
with Br2

The ratio (ClCH2CH2Br) : (O2NOCH2CH2Br) is found to correspond to the [Cl−] : [NO3
−] ratio 

in the original solution, indicating that the carbocation reacts with the first anion it successfully 
collides with – as would be expected for a cation of such high reactivity.

It should also be noted that, for instance, no 1,2-dichloroethane is detected in the products. 
This indicates that the initial attacking species is not the chloride ion (Cl−) – indeed there is 
no reaction between ethene and sodium chloride solution itself. This, and the fact that all the 
products contain bromine, is consistent with bromine being involved in the first step of the 
mechanism to produce the carbocation – then the anions present react with that carbocation.

Molecules such as hydrogen bromide are permanently polar because of the higher electronegativity 
of bromine compared with hydrogen. The mechanism of electrophilic addition of hydrogen 
bromide is similar to that involving bromine. The electron pair of the  bond forms a bond with the 
hydrogen atom, which is polarized +, releasing a bromide ion in the process – this can be shown 
using curly arrows to represent the movement of pairs of electrons. During the process, a carbocation 
intermediate is formed – this reacts with a bromide ion to form the product (Figure 27.4).

The overall equation for the reaction is:

CH2 CH2(g) + HBr(g)  CH3 CH2Br(l) 
 bromoethane

H

Br

H

H

H

H
C C

+

–

Br–

+

H

H

H

H

H
C C

BrH

H

H H

H

C C

Figure 27.3 The 
latter part of the 

mechanism by which 
2-bromoethanol is  

produced in the 
reaction between 

ethene and bromine 
water

Figure 27.4 The 
mechanism of 

electrophilic addition of 
hydrogen bromide to 

ethene
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Electrophilic addition to asymmetrical alkenes

G.1.2  Predict and explain the formation of the major product in terms of the relative stabilities of carbocations.

History of Chemistry
Vladimir Markovnikov (1838–1904) was a Russian chemist who studied in Russia and Germany, where he worked 
with a number of prominent chemists. His doctoral thesis involved the study of the reaction between hydrogen 
halides and unsaturated compounds. His conclusions later became known as Markovnikov’s rule. He published in 
Russian and his work only became widely known many years later. A mechanistic explanation of Markovnikov’s 
rule based on relative carbocation stability was fi rst proposed in 1959 by Edwin Gould.

An interesting situation arises in the case of asymmetrical alkenes such as propene and but-1-ene. 
Consider the addition of hydrogen bromide to propene – two possible carbocation intermediates 
can be formed, leading to two different products (Figure 27.5).
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The Russian chemist Markovnikov proposed a rule to predict which isomer is formed in the 
greatest amount. Markovnikov’s rule states that when hydrogen halides add to asymmetrical 
alkenes, the hydrogen atom always adds to the carbon atom that already has the most hydrogen 
atoms bonded to it. This rule is only predictive – indicating which product is formed but not 
explaining why it is formed. The explanation lies in the relative energetic stabilities of the 
carbocation intermediates.

The electron-deficient carbon in a carbocation is bonded to three other atoms. The positively 
charged, and electron deficient, carbon is sp2-hybridized (Chapter 14). There is an empty p 
orbital perpendicular to the plane with one lobe above the plane and the other below the plane 
(Figure 27.6).

As we have seen earlier (Chapter 20) when considering the SN1 mechanism for the 
nucleophilic substitution of halogenoalkanes, carbocations can be characterized as primary, 
secondary or tertiary. Tertiary carbocations are the most energetically stable, with primary 
carbocations being the least energetically stable. This is because the alkyl groups tend to ‘push’ 
bonding electrons towards the positive (electron-deficient) carbon atom at the centre of the ion – 
this is known as a positive inductive effect.

When propene reacts with hydrogen bromide, the secondary carbocation will be formed in 
preference to the primary carbocation – hence, the major product will be 2-bromopropane not 
1-bromopropane.

A similar argument applies to the reaction between but-1-ene and hydrogen bromide. The 
enhanced energetic stability of the possible secondary carbocation will result in the formation of 
2-bromobutane as the major product.

CH3CH2CH CH2 + HBr  CH3CH2CHBrCH3

 but-1-ene 2-bromobutane

Figure 27.5 The possible 
reaction products when 

propene reacts with 
hydrogen bromide

sp2

sp2

sp2

C
+

R

R

R p
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Figure 27.6 Structure of 
a generalized carbocation
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 Extension: 
 
 
 
 

Figure 27.7 Ozonolysis 
of an alkene

Ozonolysis
The position of the carbon–carbon double bond in an alkene can be determined by using ozone 
(trioxygen, O3). Ozone reacts with alkenes via electrophilic addition. Ozone is reacted with 
the alkene (dissolved in an inert solvent) to yield an addition product known as an ozonide, 
which reacts with warm water to form aldehydes and/or ketones. The overall reaction is the 
replacement of the carbon–carbon double bond by two carbonyl groups (Figure 27.7).
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The products of ozonolysis indicate the structure of the alkene compound. For example, if only 
ethanal is produced, the alkene was but-2-ene, CH3CH CHCH3 – symmetrical alkenes form 
one product only. The products from hex-2-ene, CH3CH CHCH2CH2CH3, are ethanal and 
butanal, CH3CHO and CH3CH2CH2CHO respectively. Ozonolysis was a widely used chemical 
method for determining alkene structure prior to the development of spectroscopic techniques 
(Chapter 21).

 27.2 Nucleophilic addition reactions
Aldehydes and ketones are also compounds that contain a double bond – the carbon–oxygen 
double bond of the carbonyl group (Figure 27.8a).

C O

carbonyl group

a
–+

CY  – O

electron-deficient
carbon

nucleophile

b
–+

This double bond consists of a  bond and a weaker, more reactive,  bond – as in an alkene. 
The carbonyl carbon atom is sp2 hybridized and forms three  bonds, one to the oxygen atom. 
The unhybridized 2p orbital of the carbon atom overlaps with a 2p orbital on the oxygen atom 
to form the  bond.  The  bond in this type of the molecule is also susceptible to addition 
reactions – however, unlike alkenes this bond is polarized because of the higher electronegativity 
of the oxygen atom compared with the carbon atom (Figure 27.8a). Unequal electron sharing 
results in the carbon atom being electron deficient ( +), while the oxygen atom becomes electron 
rich ( −). Nucleophiles are attracted to the slightly positive and electron-deficient carbon atom 
(Figure 27.8b) – such an attack leads to an entirely different addition reaction mechanism than 
for the alkenes.

Aldehydes and ketones behave in a very similar way to each other in these reactions. However, 
ketones are generally less reactive than aldehydes because the electron deficiency ( +) of their 
carbonyl carbon is reduced by the combination of two positive inductive effects from the attached 
alkyl groups (Figure 27.9).

O
–

+
CR

R'

O
–

+
CR

H
aldehyde ketone

The steric effect of the two bulky alkyl groups will also affect the ease of reaction.

Figure 27.8 a The 
carbonyl group present in 

aldehydes and ketones. 
b Nucleophiles can attack 

at the electron-deficient 
carbon atom of the group

Figure 27.9 The inductive 
effects of alkyl groups in 

aldehydes and ketones
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Nucleophilic addition of hydrogen cyanide to aldehydes 
and ketones

G.2.1 Describe, using equations, the addition of hydrogen cyanide to aldehydes and ketones. 
G.2.2 Describe and explain the mechanism for the addition of hydrogen cyanide to aldehydes and ketones.

One example of a nucleophilic addition reaction of aldehydes and ketones is with hydrogen 
cyanide, HCN (Figure 27.10a) – it adds across the C O double bond (Figure 27.10b) to form a 
hydroxynitrile. 

O

C

H

C
H C N

H C N

H

OH

2-hydroxypropanenitrile

a b

+ H3CH3C HCN CN

Propanone reacts in a similar way to ethanal:

CH3COCH3 + HCN      CH3C(OH)(CN)CH3 

 propanone 2-hydroxy-2-methylpropanenitrile

We have seen earlier (Chapter 20) that the C N group is the nitrile functional group. This is a 
particularly useful functional group in synthetic organic chemistry.

The hydrogen cyanide (HCN) for the addition reaction is usually generated in situ by the 
action of dilute hydrochloric acid on potassium cyanide at 10–20 °C:

HCl(aq) + KCN(aq)  KCl(aq) + HCN(aq)

Hydrogen cyanide is a weak acid and partially dissociates in aqueous solution to form hydrogen 
(H+) and cyanide (CN−) ions:

HCN(aq) + H2O(l)  H3O+(aq) + CN−(aq)     C N
–

It is the cyanide ion that is the active nucleophile in the reaction mechanism. The cyanide ion 
(CN−), with its lone pair of electrons and negative charge on the carbon atom, is a powerful 
nucleophile and attacks the electron-deficient carbonyl carbon breaking the  bond (not the 

 bond) between the carbon and oxygen atoms of the carbonyl group. Figure 27.11 shows the 
mechanism of the reaction between ethanal and hydrogen cyanide.

NC  – NC

HCN

C

H
H

slow fast

2-hydroxypropanenitrile

H+

H+

–

CN–

H3C CH3

+

C O O NC C

H

CH3

OH
–+

The initial step produces an ionic intermediate with a negative charge on the oxygen atom. 
This then reacts rapidly with H+ forming a hydroxyl group ( OH) bonded to the carbon – this is 
known as protonation. The product of the addition reaction contains both a hydroxyl group and a 
nitrile group, and is called a hydroxynitrile (IUPAC name) or cyanohydrin.

Figure 27.10 a The 
structure of hydrogen 

cyanide. b The reaction 
of hydrogen cyanide with 

ethanal

Figure 27.11 The 
mechanism of 

nucleophilic addition 
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The hydrolysis of cyanohydrins
Addition of the nitrile ( CN) functional group to an aldehyde or a ketone results in a product 
with an additional carbon atom. This can be a very important step in industrial processes where 
the number of carbon atoms in a chain must be increased. This usefulness is enhanced by the fact 
that nitriles can be converted into other useful organic compounds.

For instance, nitriles can be hydrolysed in the presence of a strong acid to form carboxylic acids 
and an ammonium salt:

RCN(l) + H2O(l) + HCl(aq)  RCOOH(aq) + NH4Cl(aq)

This is done by heating the nitrile with hydrochloric acid (HCl) under reflux for several hours at 
50 °C.

So, for example, ethanal can be converted into 2-hydroxypropanoic acid (lactic acid) by the 
route shown in Figure 27.12.

H

ethanal

HCN

2-hydroxypropanenitrile 2-hydroxypropanoic acid (lactic acid)

NH4

+

CH3

+C

O

H C

CH3

CN

OH

H+/H2O
H C

CH3

COOH

OH

The product of this short sequence of reactions, 2-hydroxypropanoic acid (lactic acid), is a chiral 
compound and hence shows optical isomerism – as does the intermediate 2-hydroxypropanenitrile 
(Chapter 20). The fact that the product of the reaction sequence is a 50 : 50 mixture of the two 
enantiomers (a racemic mixture) is consistent with the planar structure of the ethanal molecule 
about the carbonyl carbon atom, which allows the initial nucleophilic attack to take place from 
either side of the structure.

 27.3 Elimination reactions
Elimination is the removal of a small molecule from a larger organic molecule. We have already 
seen how, under appropriate conditions, alkenes can be formed from bromoalkanes by the 
elimination of hydrogen bromide (Chapters 10 and 20). This elimination is achieved by reacting 
the bromoalkane with hot, alcoholic sodium hydroxide solution.

G.3.1 Describe, using equations, the dehydration reactions of alcohols with phosphoric acid to form alkenes.
G.3.2 Describe and explain the mechanism for the elimination of water from alcohols.

The dehydration of alcohols
Alkenes can also be formed by the elimination of water from alcohols – this is often referred to as 
‘dehydration’. Concentrated sulfuric acid is a very good dehydrating agent and could be used for 
this reaction. However, it is also a powerful oxidizing agent and it is better to use concentrated 
phosphoric(V) acid, H3PO4 – the reaction is carried out at 180 °C.

The acid acts as a homogeneous catalyst by protonating the oxygen atom in the alcohol. The 
protonated alcohol molecule can then lose a water molecule, resulting in the formation of a 
carbocation intermediate. The carbocation then loses a proton to form the  bond of the alkene 
and regenerate the catalyst (Figure 27.13).

C C C

H
+  H2O

alcohol alkene

+ H+

H+

+

+

C

H H

C

O

C

H

H
H

C

O

C

G.2.3 Describe, using 
equations, the 
hydrolysis of 
cyanohydrins to 
form carboxylic 
acids.

Figure 27.12 Producing 
lactic acid from ethanal

Figure 27.13 The 
mechanism for the 

elimination of water from 
an alcohol
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We have already considered the relative energetic 
stability of primary, secondary and tertiary 
carbocations (Section 27.1 and Chapter 10). 
Tertiary alcohols are found to be more easily 
dehydrated than secondary and primary alcohols 
because the tertiary carbocation intermediate is 
more energetically stable and so more likely to be 
formed (Figure 27.14). The experimental evidence 
for the ease of dehydration is consistent with the 
proposed mechanism involving the formation of a 
carbocation intermediate.

A convenient laboratory demonstration of this type of reaction is the dehydration of 
cyclohexanol, C6H11OH, to form cyclohexene, C6H10. The cyclohexene can be collected by 
distillation (Figure 27.15).

heat
180°C

oil bath

cyclohexene

cyclohexanol
+ H3PO4

H3PO4

180 °C

thermometer

water out

water in

Liebig condenser

OH

+ H2O

 Extension: Hydration of alkenes
The formation of an alcohol and its 
dehydration are interrelated (Figure 
27.16) – especially so because a strong 
acid is involved in both reactions.

Figure 27.16 The interrelation of the 
dehydration of an alcohol and its formation

In industry, the hydration of alkenes is the main way of manufacturing ethanol, propan-2-ol and 
butan-2-ol. The alkene and steam are passed over a phosphoric(V) acid catalyst, absorbed on 
porous pumice to give it a large surface area, at a pressure of 70 atmospheres and a temperature 
of 300 °C:

CH2 CH2 + H2O  CH3 CH2OH

R C+

H R

H
primary secondary

ease of dehydration of an alcohol

stability of carbocation intermediate

< < tertiary

R C+

H

R

R C+

R

Figure 27.14 The relationship between the energetic 
stability of a carbocation intermediate and the ease 

of dehydration of an alcohol

Figure 27.15 The 
dehydration of 

cyclohexanol – the 
product, cyclohexene, 
is collected by simple 

distillation

C C

elimination (dehydration)

addition (hydration)

+ H2OC C

OHH
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Figure 27.17 The 
electrophilic addition of 

water to an alkene

Either sulfuric acid or phosphoric(V) acid can be used because they are both non-volatile 
acids. However phosphoric(V) acid is preferred because even though sulfuric acid is cheaper 
it is an oxidizing agent and some unwanted by-products are formed with it. The mechanism is 
electrophilic addition, with H+ (from the acid) acting as the electrophile (see Figure 27.17). 
Water then acts as a nucleophile and attacks the carbocation intermediate. Hydrogen ions are 
regenerated, as is required of a catalyst, in the last step.

+ H2O – H+
H+

CH2 CH2

H

CH2 CH2

+

+

CH2 CH3

O
H

H

O
H

H

CH2 CH3

O

H
+ H+

In the laboratory, this reaction is usually carried out using excess concentrated sulfuric acid 
at 170 °C. The reaction can be carried out in two stages. For example, ethene is absorbed in 
concentrated sulfuric acid, with cooling, to form ethyl hydrogensulfate:

C2H4 + H2SO4  C2H5 O SO3H

This is then added to ice cold water to produce the alcohol:

C2H5 O SO3H + H2O  CH3CH2OH + H2SO4

The sulfuric acid is regenerated.

 27.4 Addition–elimination reactions
So far we have considered addition and elimination as separate reactions. However, there is a 
type of overall reaction in which these two types of reaction combine as successive stages in the 
overall process – this is traditionally referred to as a condensation reaction. In this, two molecules 
combine to give a larger molecule with the elimination of a small molecule, often water.

As we have seen earlier (Chapters 10, 20 and 23), this type of reaction is of great significance 
because it is the basic process by which a whole range of biological polymers – proteins for 
example – and important synthetic polymers – such as nylon and Terylene – are made.

Here, we will consider the reaction between carbonyl compounds – aldehydes and ketones – 
and nitrogen-containing nucleophiles. These nucleophiles may contain an amine group ( NH2) 
for instance. They readily add on to carbonyl compounds by nucleophilic attack (Figure 27.18). 
However, these addition compounds cannot be isolated because they lose water easily to give 
stable compounds containing a C N bond.

OH

C O

H
R

R

R

R

N N+ H2N + H2OR' C
R R'

RC

R'

In particular, the reaction with 2,4-dinitrophenylhydrazine is significant because it is a useful 
method for distinguishing carbonyl compounds from other types of compound, and for identifying 
individual aldehydes and ketones by determination of the melting point of the crystallized 
(purified) product.

Figure 27.18 Addition–
elimination reactions of 

carbonyl compounds 
with nitrogen-containing 

nucleophiles
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The formation of 2,4-dintrophenylhydrazones

G.4.1 Describe, using equations, the reactions of 2,4-dinitrophenylhydrazine with aldehydes and ketones.

In the reaction we are considering here, 2,4-dinitrophenylhydrazine can act as a nucleophile 
because of the lone pair of electrons on the nitrogen atom on the end of the hydrazine group. 
Once the addition reaction has occurred, water is then lost – so overall this type of reaction is 
known as an addition–elimination reaction. Figure 27.19a shows schematically how water is lost 
between the two reactants to form the 2,4-dinitrophenylhydrazone derivative of the carbonyl 
compound. When asked about this reaction, it is useful to draw the reactants arranged as shown 
in Figure 27.19a, this ensures that you then draw the structure of the product correctly.

O C

H

NN

propanone

+ H2O

H3C

H3C

NO2

NO2
C

HH

H

NN+

H3C

H3C

NO2

NO2

O C

H

NN

ethanal

+ H2O

H

H3C

NO2

NO2
C

HH

H

NN+

H

H3C

NO2

NO2

O C

H

NN

aldehyde
or ketone

2,4-dinitrophenylhydrazine
(2,4-DNPH)

a

b

a 2,4-dinitrophenylhydrazone

+ H2O

NO2

NO2
C

HH

H

NN+

NO2

NO2

The products are orange or red crystalline solids, which can be purified by recrystallization. Each 
of the derivatives, known as 2,4-dinitrophenylhydrazones, has a sharp characteristic melting 
point. These values are sufficiently distinct from each other for the original compound to be 
identified readily by comparison with values in a data book.

Figure 27.19 a The  
addition–elimination  

reaction of 
2,4-dinitrophenylhydrazine 
with carbonyl compounds. 
b The reactions of ethanal 

and propanone with 
2,4-dinitrophenylhydrazine
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 Extension: The mechanism of forming 2,4-dinitrophenylhydrazones
The reaction mechanism of the formation of 2,4-dinitrophenylhydrazone derivatives involves an 
initial attack by a nucleophile on the carbonyl compound. This is then followed by transfer of a 
proton and the elimination of a water molecule to give the condensation product (Figure 27.20).

O

C

bright orange crystals

proton
transfer +

O–O2N

NO2

R'
R'

R
R

– H2O

N NH

H

H O2N

N NH

H

H

C NO2

R'

R

O2N

N NH

H

C

H O

NO2

R'

R

O2N

N NHC NO2

Figure 27.20 The mechanism of addition–elimination of a carbonyl compound with 2,4-dinitrophenylhydrazine

 27.5 Arenes
Hydrocarbon with linear chains of carbon atoms as the backbone of the compound are described as 
aliphatic hydrocarbons. The other class of hydrocarbons are called aromatic hydrocarbons, or arenes 
(Table 27.1a). The term ‘aromatic’ was originally applied to these compounds because of their 
smells. However, this was somewhat misleading as many have unpleasant and indeed dangerous 
vapours. More recently the alternative and systematic name of arenes has been applied to them. 
Arenes are compounds that contain the benzene ring – with the simplest being benzene itself.

Benzene is a colourless liquid that is immiscible with water. It was widely used as a solvent but 
this is now more limited because benzene has been found to be toxic – methylbenzene is used as a 
safer alternative. However, the importance of benzene in defining a type of organic structure and 
reactivity still stands.

The structure of benzene
G.5.1 Describe and explain the structure of benzene using physical and chemical evidence.

History of Chemistry
Friedrich Kekulé (1829–1896) was Professor of Chemistry at the Universities of Ghent (in 
Belgium) and Bonn (in Germany). He was a structural chemist and proposed the concept of 
carbon chain formation (catenation) as the basic structure of many organic compounds. In 
the 1860s he focused on the question of the structure of aromatic compounds, and benzene in 
particular. Benzene had been identified in whale oil by Michael Faraday in 1825. It was known 
that its formula was C6H6 but its structure remained problematic. In 1865, Kekulé suggested a 
cyclic structure involving alternating carbon–carbon double and single bonds (Figure 27.21).

Figure 27.21 The Kekulé structure of benzene

His ideas broke new ground. He certainly seems to have been a very influential teacher because three of the first five 
Nobel prizes for Chemistry were awarded to students of his – van’t Hoff (1901), Fischer (1902) and Baeyer (1905).

H

H

H

H

H

H

C
C

C

C

CC
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The Kekulé structure for benzene was accepted for many years as the best explanation available. 
However it steadily became evident during the 1900s that there were a range of problems in 
reconciling mounting experimental evidence with this structure. Some of these problems were:

The carbon– carbon bond lengths in the benzene molecule are all the same – they have a value 
of 0.139 nm, which lies between the values for C C (0.154 nm) and C C (0.134 nm).
Only one isomer exists for 1,2-disubstituted benzene compounds – if there were alternate 
double and single carbon–carbon bonds in the benzene molecule then two isomers of 
compounds such as 1,2-dichlorobenzene would exist (Figure 27.22).

Cl

Cl

Cl

Cl

If benzene does simply contain three double bonds, cyclohexa-1,3,5-triene, then it should 
undergo electrophilic addition reactions readily. In fact, it undergoes addition reactions only 
with difficulty – benzene undergoes electrophilic substitution reactions more usually.
The enthalpy change ( H) of hydrogenation of benzene (−208 kJ mol−1) is not equal to three 
times the enthalpy change of hydrogenation of cyclohexene (−120 kJ mol−1  3 = −360 kJ mol−1) 
(as discussed in Chapter 14). The difference of 152 kJ mol−1 means that the actual structure is 
more stable than the Kekulé structure (Figure 27.23).

+ H2

+ 3H2

+

cyclohexene cyclohexane

Kekulé’s
benzene

3H2

+ 3H2H –120 kJ mol–1

H = (–120 kJ mol–1)  3
= –360 kJ mol–1

(theoretical)

= –360 kJ mol–1

(theoretical)

= –208 kJ mol–1

(actual)

Progress of reaction

En
er

gy

To overcome these problems, in1931 Linus Pauling proposed that the actual structure for the 
benzene molecule was midway between the two Kekulé structures – a resonance hybrid. A 
resonance hybrid is a structure that is a blend of the characteristics of both resonance forms, as 
shown in Figure 27.24 a – it is important to realize that the structure does not oscillate between 
the two forms. The modern representation of benzene is abbreviated to the structure shown in 
Figure 27.24 b.

H

H

H

H

H

H

H

H

H

H

H

H

or

a b

The resonance approach to molecular structure is one way of explaining the bonding in benzene. 
An alternative, but equivalent, approach considers the atomic orbitals involved in the bonding. 
The benzene ring has a planar structure – and all the bonds between the carbon atoms in the ring 
have the same length and same bond enthalpy (strength). All six carbon atoms in the benzene 
ring are sp2-hybridized. The molecular orbital theory of bonding for benzene shows that each 

Figure 27.22 The hypothetical (Kekulé) isomers of 
1,2-dichlorobenzene – in fact the compound has 
a single, unique structure 

Figure 27.23 Comparison 
of the enthalpy of 

hydrogenation of the 
Kekulé structure and 

the actual structure of 
benzene

Figure 27.24 a The 
two resonance forms 

of benzene; b the usual 
representation of benzene
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carbon atom is joined to two other carbon atoms and a hydrogen atom by three  bonds to form a 
planar molecule (Figure 27.25).

So the six carbon atoms and the attached hydrogen 
atoms are held together by a ‘skeleton’ of  bonds. 
Each carbon atom has one electron remaining in a 
2p orbital, the lobes of which lie above and below 
the plane of the molecule. These six unhybridized 
2p orbitals combine by side-on overlap to form a 
delocalized  bond containing six electrons (Chapter 
14). It is the presence of these delocalized  electrons 
that makes the benzene molecule more energetically 
stable than predicted for the Kekulé structure, and 
it accounts for the fact that the molecule undergoes 
electrophilic attack.

History of Chemistry
Kathleen Lonsdale (1903–1971) was a social activist and an outstanding English 
crystallographer. While at Leeds University she was given crystals of hexamethylbenzene 
(a solid crystalline derivative of benzene) to study. Her X-ray crystallography results 
showed conclusively that the benzene ring was planar (flat) and symmetrical. The 
symmetry implies that benzene does not consist of two Kekulé structures in equilibrium. 
The results were later interpreted as strong evidence for  electron delocalization.

Nucleophilic substitution reactions of halogenated arenes

G.5.2 Describe and explain the relative rates of hydrolysis of benzene compounds halogenated in the ring and 
in the side-chain.

Experimental evidence supporting the distinctive structure of the benzene ring can be gained 
by considering the hydrolysis of halogenated benzene compounds. Halogenated arenes can 
contain the halogen atom substituted directly on the benzene ring – as in bromobenzene 
(C6H5Br) for example. Alternatively the halogen can be contained in a side-chain – for example 
bromomethylbenzene (C6H5CH2Br) (Figure 27.26).

Br

H

H

bromobenzene bromomethylbenzene

CBr

If the halogen atom is part of the side-chain then the compound behaves like an aliphatic 
halogenoalkane, and readily undergoes nucleophilic substitution with aqueous sodium hydroxide 
solution. For example, bromomethylbenzene is a primary halogenoalkane, and so the substitution 
proceeds by an SN2 mechanism to produce phenylmethanol (Figure 27.27).

HO–

C6H5 C6H5
C6H5

H
H H H H

HBr
C Br–+

–

phenylmethanoltransition state

CHO
HO

BrC

However, if the halogen atom is attached directly to the benzene ring then hydrolysis of the 
carbon-halogen bond by nucleophilic attack does not take place readily, even on boiling with 

Figure 27.25 A model of the benzene molecule 
(Molymod)

Figure 27.26 
The structures of 

bromobenzene and 
bromomethylbenzene

Figure 27.27 Nucleophilic 
substitution of 

bromomethylbenzene to 
produce phenylmethanol
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alkali solution. There are two reasons for this difficulty. The first is that the carbon atom, being 
part of the benzene ring structure, is protected from nucleophilic attack because it is repelled by 
the  electron cloud above and below the arene ring (Figure 27.28).

Br

Secondly, in bromobenzene the carbon–bromine bond is strengthened by the interaction of 
one of the non-bonding pairs of electrons on the bromine atom with the  electron cloud of the 
benzene ring (Figure 27.28). This makes the C Br bond shorter and stronger, and consequently 
the bromine is a much poorer leaving group.

 Extension: DDT (dichlorodiphenyltrichloroethane)
DDT is a complex halogenoarene and one of the best known and most controversial pesticides. 
It was used to great effect from immediately after World War II to control the mosquitoes 
that are responsible for the spread of diseases such as malaria and typhus. The World Health 
Organization suggests that 5 million lives were saved in the early years of its use. However, 
because the compound has chlorine atoms attached directly to benzene rings, it does not 
undergo reactions that would degrade it and so it passes 
unchanged through food chains. Birds and large fish that 
feed high in the chain were found to accumulate high 
concentrations of DDT and suffer its toxic effects as a 
result. The agricultural use of DDT has now been banned 
in most parts of the world (Chapter 25).

Figure 27.29 The structure of DDT

27.6 Organometallic chemistry
Grignard reagents
Grignard reagents are an important group of organometallic compounds used widely in organic 
synthesis. We have seen (Section 27.2) that a carbon chain can be extended by one carbon atom 
by using the reaction of hydrogen cyanide with carbonyl compounds, forming a nitrile as an 
intermediate step in a synthetic route. Grignard reagents enable a carbon chain to be increased 
by several carbon atoms. They consist of an alkyl group covalently bonded to a magnesium 
atom and have the general formula R Mg X, where X is a halogen – for example CH3 Mg I 
(Figure 27.30).

Figure 27.28 In bromobenzene, the  electron cloud 
protects the ring from nucleophilic attack, and extends 
out to include the attached halogen atom by side-on 
overlap with a p orbital on the halogen

C

Cl Cl

Cl

Cl

Cl C

G.6.1 Outline the 
formation 
of Grignard 
reagents.

CH3 Mg
– +

I

Figure 27.30 Methyl magnesium iodide – a Grignard 
reagent – and polarization of the carbon–magnesium 
bond. Red indicates areas of partial positive charge; areas 
of partial negative charge are blue
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Grignard reagents are usually prepared in situ because they are not very stable. Fine turnings of 
magnesium metal are reacted with a halogenoalkane in solution in dry ethoxyethane (ether), 
which acts as a non-polar solvent. Iodomethane, or a few crystals of solid iodine, is often added 
to initiate the reaction. Once started, the reaction is vigorous and exothermic, so no heating 
is required, and a cloudy solution of the reagent is formed. It is essential that the solvent is dry 
because the product can react directly with water (Figure 27.31).

spinning magnet

magnetic stirrer

water out

water in

magnesium and dry
ethoxyethane (ether)

halogenoalkane

(C2H5)2O
dry ether

anhydrous
calcium chloride

(drying agent)

ethyl magnesium iodide

– +

CH3CH2I   +   Mg CH3CH2MgI

CH3CH2           MgI   

Language of Chemistry
Organometallic compounds are carbon compounds containing a carbon atom covalently 
bonded directly to a metal. Examples of organometallic compounds include tetraethyl lead(IV), 
Pb(C2H5)4, which used to be added to petrol to improve its octane rating (Chapter 10), and 
triethylaluminium, Al(C2H5)3, which is used as a catalyst for the polymerization of alkenes. 
Grignard reagents are organometallic alkyl compounds formed with magnesium (Figure 27.30). 

The reactions of Grignard reagents

G.6.2 Describe, using equations, the reactions of Grignard reagents with water, carbon dioxide, aldehydes and 
ketones.

The carbon atom bonded to the magnesium atom in a Grignard reagent is the more 
electronegative of the two by a considerable amount. Hence, the carbon–magnesium bond is 
polarized, with the negative part of the dipole on the carbon atom. As a result, the carbon atom 
attached to magnesium is strongly nucleophilic (Figure 27.32a). This means that a C C bond is 
formed when a Grignard reagent takes part in nucleophilic substitution or addition reactions – 
this is what makes the reagents so useful in synthesis.

Figure 27.31 The 
apparatus used for the 
synthesis of a Grignard 

reagent
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Grignard reagents can add to the partially positive carbon atom in aldehydes and ketones. The 
intermediate formed is then hydrolysed in dilute acid solution and an alcohol with a longer 
carbon chain is formed. So, for example, the reaction of a Grignard reagent with methanal forms 
a primary alcohol; with other aldehydes a secondary alcohol is formed; and with ketones a tertiary 
alcohol is produced (Figure 27.32b).

Grignard reagents react in a similar way with carbon dioxide to form carboxylic acids. The 
nucleophilic carbon atom of the Grignard reagent attacks the electron-deficient ( +) carbon 
atom at the centre of the carbon dioxide molecule:

 
i CO2 

 ii H2OC2H5 Mg Br  C2H5COOH + Mg(OH)Br 
 propanoic acid

One disadvantage of Grignard reagents is the need for conditions to be completely dry – they 
react very readily with water to form an alkane. The nucleophilic carbon atom in the Grignard 
reagent interacts with a partially positive hydrogen atom in the polarized water molecule:

 
H2OC2H5 Mg Br  C2H6 + Mg(OH)Br 

 ethane

Ethyl magnesium bromide is used in the above examples, but these reactions are typical of all 
Grignard reagents. In fact, iodides tend to react more readily than the other halides. Generally 
the reactions involve two stages:

nucleophilic addition of the Grignard reagent
hydrolysis of the intermediate in dilute acid solution.

Figure 27.32 The 
nucleophilic reaction of 
Grignard reagents with 
aldehydes and ketones 

a the initial nucleophilic 
attack to form the 

intermediate; b the 
products with different 
aldehydes and ketones
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History of Chemistry
François Victor Grignard (1871–1935) studied mathematics 
and later chemistry at Lyon (Figure 27.33). During World War I 
he worked on the manufacture of phosgene and the detection of 
mustard gases – these are very poisonous gases used in chemical 
warfare. His counterpart on the German side was another Nobel 
prize-winning chemist, Fritz Haber (Chapter 7).

Grignard reagents are an important means of preparing organic 
compounds from smaller molecules, being particularly useful in 
extending the carbon chain of a molecule and generally giving 
good yields of the required product.

Figure 27.33 François Victor Grignard

 27.7 Reaction pathways
G.7.1 Deduce reaction pathways given the starting materials and the product.

The flow charts in Figure 27.34 summarize the interlinked series of organic reactions and 
compounds covered so far in this chapter.

M3 elimination – e.g. C2H5OH    C2H4  +  H2O

a

b M5

M4 M3

M4

primary alcohol

alkene

halogenoalkane

Grignard reagent

secondary alcohol

carboxylic acid alkane tertiary alcohol

aldehyde or ketone

2,4-dinitrophenylhydrazone

hydroxynitrile
(or cyanohydrin)

hydroxycarboxylic acid

dihalogenoalkane

M3

M4 electrophilic addition – e.g. CH3CH=CH2  +  HBr    CH3CHBrCH3 

M5 electrophilic addition – e.g. CH3CHO  + HCN    (CH3)2C(OH)(CN) 

Figure 27.34 Flow 
charts of the reactions 
covered in this chapter 

so far, indicating the 
mechanisms that need to 

be known
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27.8 Acid–base reactions
The homologous series of carboxylic acids is familiar to us in everyday terms – ethanoic acid, 
CH3COOH, is present in vinegar; methanoic acid, HCOOH, is a component of ant stings. The 
functional group of these acids, the COOH group, is capable of losing a proton (H+ ion) when 
the acid is dissolved in water. This ionization is only partial and the solutions are only weakly 
acidic:

CH3COOH(l) + H2O(l)  CH3COO−(aq) + H3O+(aq)

Other organic molecules have acidic properties too. One such homologous series is the phenols, 
which contain a hydroxyl group with the OH group directly attached to a benzene ring. The 
parent compound here is phenol itself, C6H5OH:

C6H5OH(s) + H2O(l)    C6H5O−(aq)  + H3O+(aq)
 phenol phenoxide ion

The properties of phenols

G.8.1 Describe and explain the acidic properties of phenol and substituted phenols in terms of bonding.

Alcohols (ROH) and phenol (C6H5OH) both contain the OH group. Substituted phenols have 
additional groups attached to the benzene ring (Figure 27.35).

The acidic properties of these molecules in aqueous solution depend on the chemical 
environment of the OH group. In alcohols, the OH group is attached directly to an alkyl 
group – this has a positive inductive effect, pushing bonding electrons towards the oxygen atom. 
This strengthens the OH bond making the release of a proton (H+) more difficult. In addition, 
the alkoxide ion, R O−, has the negative charge centered on the oxygen atom with no possibility 
of delocalization of the charge. This makes the alkoxide ion relatively unstable and increases its 
tendency to accept protons, driving the equilibrium below to the left:

R OH(l) + H2O(l)  R O−(aq) + H3O+(aq)

The value of Ka for ethanol is 1.0  10−16 mol dm−3 (pKa = 16), which indicates that ethanol is 
very weakly acidic (less acidic than water).

In phenol, however, the OH group is attached to the benzene ring itself and there is no 
positive inductive effect to strengthen the OH bond in this case. Additionally in the phenoxide 
ion, C6H5O−, the negative charge on the oxygen atom can be delocalized around the ring 
(Figure 27.36), stabilizing the ion by decreasing its charge density.

As a result, the anion will have a lower tendency to accept protons, and so the dissociation 
equilibrium will lie further to the right for phenol than for ethanol:

C6H5OH(s) + H2O(l)    C6H5O−(aq) + H3O+(aq)
 phenol phenoxide ion

The value of Ka for phenol is 1.3  10−10 mol dm−3 (pKa = 9.9). So phenol is a stronger acid than 
aliphatic alcohols – an aqueous solution of 0.1 mol dm−3 phenol has a pH of 5.4 at 25 °C. It is a 
much weaker acid than carboxylic acids.

Figure 27.35 The 
generalized structures 

of alcohols, phenol and 
substituted phenols

OH

OH

C

H

X

H

alcohol

phenol

OH

sustituted phenol

R

Figure 27.36 The 
stabilization of the 

phenol molecule and 
the phenoxide ion by 

delocalization. 

O

–
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The difference in the relative acid strengths of compounds such as ethanol and phenol can 
be demonstrated by comparing their reactions with aqueous sodium hydroxide solution. Phenol 
reacts to produce a colourless solution containing sodium phenoxide:

C6H5OH(aq) + NaOH(aq)  C6H5O−Na+(aq) + H2O(l)

In contrast, there is no reaction with ethanol. It is important to note that although phenol is a 
stronger acid than aliphatic alcohols, it is still a very weak acid and does not react with sodium 
carbonate to release carbon dioxide (CO2) – there is no effervescence on mixing.

In substituted phenols, there are other functional groups attached to the benzene ring in 
addition to the OH group. The effect of these other groups on the acid strength of the OH 
group is determined by whether the substituent groups have a tendency to withdraw from or 
donate electrons to the ring. This affects the stability of the anion formed on loss of a proton. 
Substituent groups that withdraw electrons – for example, chloro and nitro groups – will increase 
the acidity of the compound through further delocalization of the negative charge of the 
conjugate base. Conversely, substituent groups that donate electrons – for example, an alkyl group 
– will decrease acidity by increasing the charge density on the ring and hence make the anion 
less stable. The relative acidic strength of phenol and some substituted phenols is summarized in 
Figure 27.37.

OH OH OH OH

Cl Cl

Cl
3-methylphenol phenol 2,4,6-trinitrophenol

acid strength increasing

2,4,6-trichlorophenol

CH3

NO2

NO2O2N

Applications of Chemistry 
Phenol is a white crystalline solid (Figure 27.38) that is soluble in water. 
Phenol and related compounds have several medical uses. Joseph Lister 
(1827–1912) was an English surgeon who promoted the idea of sterile 
surgery while working at the Glasgow Royal Infi rmary in Scotland. He 
successfully introduced phenol (then called ‘carbolic acid’) to sterilize 
surgical instruments and to clean wounds, which led to reduced post-
operative infections and made surgery safer for patients.

Phenol has been used since 1904 to seal off varicose veins and 
to shrink hemorrhoids – both conditions involve enlarged 
veins. When a 5% phenol solution is injected into 
a nerve, the cells and surrounding cells are 
destroyed – so the ability to transmit pain is muted 
(Chapter 24).

Phenol is readily chlorinated to give TCP 
(2,4,6-trichlorophenol) and this fi nds everyday 
use in dilute solution as an antiseptic agent 
(Figure 27.39).

Figure 27.39 Trichlorophenol (TCP) solution is used as an 
antiseptic agent

Figure 27.37 The relative 
acid strengths of some 

substituted phenols

Figure 27.38 Crystals of phenol – they are hygroscopic, 
absorbing water from the air. Samples that have been kept 

for a long time show a pink coloration due to oxidation
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History of Chemistry
Picric acid is 2,4,6-trinitrophenol (TNP). This yellow crystalline solid is one of the most 
acidic phenols – it is almost a strong acid having a pKa of 0.42. Like other highly nitrated 
compounds such as TNT, picric acid is an explosive. Its name comes from Greek word 
pikros meaning ‘bitter’, refl ecting the bitter taste of picric acid.

In December 1917, a French cargo ship fully loaded with wartime explosives, including 
over 2000 tonnes of picric acid, entered the harbour of Halifax, Nova Scotia on the east 
coast of Canada. It was not fl ying warning fl ags, and a collision with another vessel caused 
an explosion reputedly more powerful than any previous man-made explosion. Over 2000 
people lost their lives, more than 9000 were injured and Halifax itself was devastated.

The acid strengths of substituted carboxylic acids

G.8.2 Describe and explain the acidic properties of substituted carboxylic acids in terms of bonding.

The most familiar organic acids are the carboxylic acids containing the COOH functional 
group. Carboxylic acids are weak acids, meaning that they do not dissociate completely into 
ions in aqueous solution. However, they are stronger acids than phenol and react with sodium 
carbonate to release carbon dioxide (CO2). The dissociation of methanoic acid in water is typical 
of this series of compounds:

HCOOH(aq) + H2O(l)  HCOO−(aq) + H3O+(aq)

In the carboxylic acid group there is a pull of bonding electrons away from the hydrogen of the 
OH group by the electronegative oxygen atoms. This facilitates the release of the hydrogen as a 

proton (H+). So the acid is a proton donor, showing Brønsted–Lowry acid behaviour.
The carboxylate ion, RCOO− (the conjugate base of RCOOH) produced in the reaction has 

a delocalized  structure in which its electron charge is spread equally between its two oxygen 
atoms. This results in the two carbon–oxygen bonds being equal in length and strength and 
stabilizes the ion – favouring its formation in the equilibrium above.

When discussing the relative acid strengths of carboxylic acids, both the strength of the 
O H bond in the carboxylic group and the stability of the negative ion produced when the acid 
dissociates must to be considered. Methanoic acid is the strongest of the simple carboxylic acids. 
It is a stronger acid (pKa = 3.75) than ethanoic acid (pKa = 4.76) because of the differences in the 
structures of the two molecules. Methanoic acid has no alkyl group attached to the carboxylic 
acid group and, therefore, there is no inductive effect to consider. The methyl group in the 
ethanoic acid molecule has a positive inductive effect – a tendency to push bonding electrons 
away from itself towards the carboxylic acid group. This effect increases the strength of the O H 
bond in the molecule, decreasing the extent of dissociation of hydrogen ions from the acid group. 
Increasing the carbon chain length (as in larger alkyl groups) decreases the strength of the acid 
because of a stronger positive inductive effect (Figure 27.40).

OH

O

methanoic acid ethanoic acid propanoic acid butanoic acid

decreasing acid strength

CH

OH

O

CCH3

OH

O

CC2H5 C3H7

OH

O

C

In the ethanoate ion, formed by the dissociation of ethanoic acid, the positive inductive effect 
further increases the size of negative charge on the carboxylate oxygen. The inductive effect 
therefore makes the anion a stronger base, shifting the equilibrium to the left. As a general rule, 
remember that the stronger the conjugate base, the weaker the acid.

Figure 27.40 The effect 
of the size of the alkyl 

group on the strength of 
a carboxylic acid
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Conversely, substituents in the alkyl group that withdraw electrons from the carboxylic acid 
functional group will have the opposite effect on acid strength. For this reason chloro-substituted 
forms of a carboxylic acid are all stronger than the parent acid. Indeed there is an increase in 
strength with increasing substitution (Figure 27.41).

OH

O

ethanoic acid chloroethanoic acid dichloroethanoic acid trichloroethanoic acid
pKa = 4.76 pKa = 2.86 pKa = 1.29 pKa = 0.65

> > >

Increasing acid strength

CC

H

H

H

OH

O

CC

H

H

OH

O

CC

H
OH

O

CC

Cl

Cl

Cl

ClCl

Cl

The base strengths of ammonia and amines

G.8.3 Compare and explain the relative basicities of ammonia and amines.

Amines are structurally related to ammonia – as such they have some similar properties. Because 
amines also have the lone pair of electrons on the nitrogen atom they act as weak bases. So they 
will react with acids to form salts – for example, ethylamine will react with hydrogen chloride to 
produce ethylammonium chloride:

CH3CH2NH2(g) + HCl(g)  CH3CH2NH3
+Cl−(s)

Such salts will yield the free amine when warmed with aqueous sodium hydroxide (a strong 
alkali), just as ammonium salts make ammonia under similar circumstances:

CH3CH2NH3
+Cl−(aq) + NaOH(aq)  CH3CH2NH2(g) + NaCl(aq) + H2O(l)

Amines, like ammonia, are weak bases because they only partially ionize in aqueous solution 
(Figure 27.42):

CH3NH2(aq)          +       H2O(l)                [CH3NH3]+(aq)  +  OH−(aq)

N N

–

+

O

H

H

+ + –OH
+

H3C H3C H

H

H

H H

The relative strength of amines as bases can be compared to ammonia (Table 27.2). A useful 
comparison to use is their pKb values – the lower the pKb value, the stronger the base (Chapter 
18). The base strength depends on the availability of the lone pair of electrons on the nitrogen 
atom to form a dative bond with a proton (H+ ion).

Name Formula (base) Ion produced (conjugate acid) pKb

Ethylamine CH3CH2NH2 [CH3CH2NH3]+ 3.27

Dimethylamine (CH3)2NH [(CH3)2NH2]+ 3.28

Methylamine CH3NH2 [CH3NH3]+ 3.36

Trimethylamine (CH3)3N [(CH3)3NH]+ 4.20

Ammonia NH3 NH4
+ 4.75

Phenylamine C6H5NH2 [C6H5NH3]+ 9.38

Table 27.2 A comparison of the pKb values of some amines and ammonia

Figure 27.41 The effect 
of increased chlorine 

substitution on carboxylic 
acid strength
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The pKb values for the aliphatic amines 
are generally consistent with the idea that 
groups with a positive inductive effect 
will increase the electron density of the 
lone pair, and hence its ability to accept 
a proton (Figure 27.42). 

Figure 27.42 The base strength of ammonia and amines

The alkyl groups (R) achieve this by releasing, or ‘pushing’, bonding electrons onto the 
nitrogen atom. The aliphatic amines are therefore stronger bases than ammonia. Secondary 
amines with two alkyl groups are stronger bases than primary amines with only one alkyl group. 
Ethylamine is a stronger base than methylamine – they are both primary amines, but the larger 
alkyl group in ethylamine has a stronger positive inductive effect, increasing the electron density 
on the lone pair of the nitrogen atom making it a stronger base.

The value for trimethylamine, a tertiary amine, seems anomalous. We would expect that 
the presence of three alkyl groups, and the resultant greater inductive effect, would make it 
more basic than a secondary or primary amine, but this is not the case. The explanation for this 
apparent anomaly depends on a further factor that influences basic strength. This relates to the 
ability of the protonated amine (the positive ion) to stabilize itself in water. This stabilization 
depends on the extent to which the ion can form hydrogen bonds with water. Tertiary amines, 
having only one hydrogen atom attached to nitrogen in the protonated ion, are less able to 
stabilize themselves in this way and so ionize less readily (Figure 27.43). This is why they are 
weaker bases than secondary amines.
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Phenylamine, a primary aromatic amine, is a very weak 
base (Table 27.2). This is because the lone pair of 
electrons on the nitrogen atom is partially delocalized 
over the benzene ring (Figure 27.44). The geometry 
of the orbitals around the nitrogen atom is planar, 
with its lone pair in a p orbital. This can overlap with 
the delocalized  electrons of the benzene ring. This 
overlap, causing a permanent shift of electron density 
from nitrogen to the ring, makes the lone pair on the 
nitrogen atom less available to protons.

 Extension:

Figure 27.45 
Delocalization and 

resonance in amides

Basicity of amides
The pKb of ethanamide (CH3CONH2) is 15 – amides are very weak bases and form salts only 
with strong acids. There are two factors that account for these observations. The lone pair of 
electrons on the nitrogen atom interacts with the  bond of the carbonyl group (Figure 27.45). 
In addition, the electronegative oxygen pulls the pair of electrons towards itself – the effect is to 
make the lone pair of electrons on the nitrogen less available to protons.
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 27.9 Addition–elimination reactions
In Section 27.4 we discussed the condensation reaction between carbonyl compounds and 
2,4-dinitrophenylhydrazine and described it in terms of the two stages of the reaction. The first of 
these is a nucleophilic addition reaction – this is followed by an elimination reaction, usually of a 
water molecule, to make the product.

Other familiar reactions follow a similar pattern. The esterification reaction between a 
carboxylic acid and an alcohol is a condensation reaction:

 ethanoic acid + ethanol  ethyl ethanoate + water 
 CH3COOH + C2H5OH  CH3COOC2H5 + H2O

Esterification is a further example of an addition–elimination reaction, with the alcohol acting 
as a nucleophile followed by the OH group of the acid being eliminated as water. In this case, 
however, the OH group is not a particularly good leaving group and the reaction does not take 
place readily.

Two derivatives of carboxylic acids contain more effective leaving groups – therefore they will 
participate in a reaction with an alcohol to produce an ester far more readily than the acid itself. 
The two derivatives are the acid anhydride and the acyl chloride of a carboxylic acid:

An acid anhydride is derived from a carboxylic acid by replacing the hydroxyl group with the 
OCOR group from another molecule of the acid.

An acyl chloride is derived from a carboxylic acid by replacing the hydroxyl group with a 
chlorine atom.

Both OCOR and Cl are much better leaving groups than OH, so acid anhydrides and acyl 
chlorides are much more reactive with nucleophiles than carboxylic acids (Figure 27.46).
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The reactions of acid anhydrides
Examples of addition–elimination reactions with acid anhydrides are summarized in Table 27.3. 
The reactions are typified using ethanoic anhydride as the example.

Reactant used with 
ethanoic anhydride

Reaction taking place

With water to form a 
carboxylic acid (hydrolysis)
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Figure 27.46 The relative 
reactivity of carboxylic 

acid derivatives

G.9.1 Describe, using 
equations, the 
reactions of acid 
anhydrides with 
nucleophiles to 
form carboxylic 
acids, esters, 
amides and 
substituted 
amides.

Table 27.3 Addition–
elimination reactions of 

ethanoic anhydride
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The relative ease of reaction with the acid anhydride compared to the carboxylic acid is helpful 
in practical preparations. The laboratory preparation of aspirin is a good example of the reaction 
of an alcohol with an acid anhydride to form an ester (Figure 27.47). The phenol group in 
2-hydroxybenzoic acid behaves as an alcohol when it reacts with ethanoic anhydride to produce 
aspirin (2-ethanoyloxybenzenecarboxylic acid) and ethanoic acid.
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O
C
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C

2-hydroxybenzoic acid
(salicylic acid)

ethanoic anhydride 2-ethanoyloxybenzenecarboxylic acid
(aspirin or acetylsalicylate)

+

H3C CH3
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O

O

O
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O

O

C
C

+   CH3COOH

In Chapter 20 we met paracetamol – like aspirin, this is also a painkiller and fever reducer. Its 
synthesis is another example of the usefulness of the reactivity of ethanoic anhydride in addition–
elimination reactions. Secondary amines have a lone pair of electrons on the nitrogen atom and 
so can also function as nucleophiles. When 4-aminophenol reacts with ethanoic anhydride in 
the presence of water at room temperature, the product is N-(4-hydroxylphenyl)ethanamide, 
paracetamol (Figure 27.48).

4-aminophenol ethanoic anhydride N-(4-hydroxyphenyl)ethanamide
(paracetamol)
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Figure 27.48 Making paracetamol in an addition–elimination reaction

The reactions of acyl halides
G.9.2   Describe, using equations, the reactions of acyl chlorides with nucleophiles to form carboxylic acids, 

esters, amides and substituted amides.
G.9.3  Explain the reactions of acyl chlorides with nucleophiles in terms of an addition–elimination mechanism

Acyl chlorides are even more reactive than acid anhydrides. This can be seen simply by removing 
the stopper from a bottle of ethanoyl chloride – it fumes in the air as droplets of hydrochloric 
acid are formed as a result of hydrolysis. However, the reactions are essentially similar, with 
hydrochloric acid rather than ethanoic acid being the elimination product. In Figure 27.49, 
ethanoyl chloride is used to typify the reactions of acyl chlorides.
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Figure 27.49a Addition–
elimination reactions of 
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The reaction of acyl chlorides with secondary amines can be used in the preparation of various 
forms of nylon. For example, nylon-6,6 can be made by reacting 1,6-diaminohexane with hexane-
l,6-dioyl dichloride (Chapter 10).

 27.10 Electrophilic substitution reactions
The distinctive nature of the bonding in benzene was discussed in Section 27.5 and in Chapter 
14. The delocalized  bonding system confers stability on the structure and also gives benzene and 
related compounds a particular chemistry. The presence of a stable structure means that reactions 
involving benzene will tend to retain or restore this structure where possible. As in alkenes, the 
presence of such an electron-rich region in the molecule makes arenes susceptible to electrophilic 
attack. However, alkenes undergo electrophilic addition, but the interaction of benzene and other 
arenes with electrophiles results in electrophilic substitution reactions in which the structure of 
the aromatic ring is preserved.

Electrophilic substitution reactions in arenes

G.10.1  Describe, using equations, the nitration, chlorination, alkylation and acylation of benzene.
G.10.2  Describe and explain the mechanisms for the nitration, chlorination, alkylation and acylation of benzene.

The reactions we consider here will involve the electrophiles NO2
+, Cl+, CH3

+ (and other 
examples of R+) and CH3CO+ (and other examples of RCO+). The generation of these 
electrophiles is one aspect of the mechanism that must be considered. The other aspect, which is 
essentially common to all these reactions, is the interaction of the electrophile with the benzene 
ring to bring about the substitution (Figure 27.50).
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Although the six  electrons are in a stable aromatic system in benzene, they are still available 
for reaction with strong electrophiles. Here the generalized strong electrophile is represented by 
E+. Two electrons move from the  cloud system to form a bond to the electrophile. This creates 
a carbocation intermediate which is resonance stabilized (but not aromatic). This carbocation 
can be referred to as a sigma ( ) complex because the electrophile is joined to the benzene ring 
through a new  bond. The  complex is not aromatic because it contains an sp3 hybridized 
carbon (which disrupts the required overlap of p orbitals). The loss of aromatic stability involved 
in the formation of the intermediate carbocation explains the highly endothermic nature of the 
first step and the need for a strong electrophile to bring about the reaction.

The final step is the restoration of the stable benzene ring structure by the loss of a proton 
(H+ ion) from the carbocation. The pair of electrons from the carbon–hydrogen bond returns to 
the delocalized  electron cloud. This second step is exothermic because it regenerates the aromatic 

 system. The hydrogen ion combines with a base (shown in Figure 27.50 as the anion B−). The 
precise nature of this base depends on the particular substitution reaction being considered.

Figure 27.49b The 
generalized mechanism 

for the reactions, 
showing the attack of a 

nucleophile ( Nu−)

Figure 27.50 The 
common mechanism for 

the substitution of an 
electrophile (E+) into the 

benzene ring, and the 
subsequent restoration of 

the stable ring structure 
involving a base
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Language of Chemistry
A mixture of concentrated sulfuric acid and concentrated nitric acid is used to introduce a nitro 
functional group ( NO2) into an organic compound. The mixture is referred to as a ‘nitrating 
mixture’. Its action depends on the presence of the highly reactive nitronium ion, NO2

+ 

(O N+ O). 

The nitration of benzene
The nitration of benzene involves the substitution of a nitro group, NO2, into the benzene ring 
replacing one of the hydrogen atoms. This reaction involves the use of a nitrating mixture of 
concentrated sulfuric and nitric acids. The two acids react to produce the active electrophile for 
the subsequent substitution reaction – the nitronium ion, NO2

+:

2H2SO4 + HNO3  NO2
+ + 2HSO4

− + H3O+

The NO2
+ electrophile forms a  bond with the benzene ring by accepting a pair of delocalized  

electrons, generating a positively charged intermediate (Figure 27.51).

H

nitrobenzene

+ ++ NO2

+
H+NO2

NO2

The charged intermediate then loses a proton, H+, to form the main product. The proton 
combines with a hydrogensulfate ion, HSO4

−, to regenerate the sulfuric acid molecule:

H+ + HSO4
−  H2SO4

The nitrobenzene produced is a yellow, oily substance. The reaction is carried out at a 
temperature between 45 °C and 55 °C. Restricting the temperature to below 55 °C helps to 
minimize the formation of multi-substitution products such as di- or tri-nitrobenzene. 

The chlorination of benzene
The mechanism of the chlorination of benzene also involves the formation of an active 

electrophile, Cl+. Anhydrous aluminium chloride, AlCl3, is electron deficient because there are 
only six electrons around the central aluminium atom. This means it can act as a Lewis acid and 
attract a non-bonding pair of electrons from a molecule such as chlorine. The aluminum atom 
forms a dative covalent bond with one of the chlorine atoms in a chlorine molecule (Figure 
27.52a). This triggers electron shifts to form a tetrachloroaluminate ion [AlCl4]− and a positively 
charged chlorine ion (Cl+, a chloronium ion) – the aluminium chloride acts as a halogen carrier 
in this reaction.

H

chlorobenzenebenzene

+ +Cl+

Cl+

H+

+

+

+

Cl

Cl

Cl

Cl Cl Cl

Cl

Cl

Clb

c

a Al

–

Cl Cl Al

[AlCl4]
– 

 +  H+                  AlCl3  +  HCl

Figure 27.51 The 
nitration of benzene

Figure 27.52 The 
different stages in the 

chlorination of benzene
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The powerful Cl+ electrophile interacts with the  electrons of the benzene ring (Figure 27.52b) 
in the way described previously. The hydrogen ion formed reacts with the tetrachloroaluminate 
ion, forming hydrogen chloride and regenerating the halogen-carrier catalyst (Figure 27.52c). The 
whole process is an electrophilic substitution reaction with the overall equation:

C6H6 + Cl2  C6H5Cl + HCl

Aluminium chloride requires anhydrous conditions and the reaction takes place with heating 
under reflux. Iron(III) chloride can be used instead – it works in exactly the same way. 

Bromination can be achieved in a similar way by using bromine, Br2(l), and either aluminium 
bromide or iron(III) bromide as the halogen carrier. Iron(III) bromide can be generated in situ by 
the reaction between iron and bromine.

History of Chemistry
A French chemist, Charles Friedel (1832–1899), collaborating with an American 
chemist, James Crafts (1839–1917), realized the significance of halogen carriers such 
as aluminium chloride and reasoned that by reacting them with halogenated organic 
compounds they could produce a range of electrophiles with positively charged, and hence 
electron-deficient, carbon atoms. These could react to substitute alkyl and acyl groups into 
the benzene ring. Such reactions are known as Friedel–Crafts reactions, and they provide 
a useful way of synthesizing a whole range of organic compounds.

The alkylation of benzene
The alkylation of a benzene ring involves the electrophilic substitution of a hydrogen atom on the 
benzene ring by an alkyl group, such as CH3. This reaction is synthetically important because 
it increases the length of the carbon skeleton by the formation of a carbon–carbon bond. The 
reaction requires the use of a halogen carrier to generate the active electrophile. The electrophile 
is a positively charged alkyl ion (a carbocation, CH3CH2

+ for instance) formed in the reaction of 
a halogenoalkane with anhydrous aluminium chloride. The example below shows how benzene 
can be converted into ethylbenzene by this method (Figure 27.53).

H

ethylbenzenebenzene

+ + H+

CH3CH2      Cl     +     AlCl3
                  CH3CH2      Cl      AlCl3

                  CH3CH2

+
  +  [AlCl4]

–a

b

c [AlCl4]
–
  +  H+                  AlCl3  +  HCl

+CH2CH3

CH2CH3

CH2CH3

+ –

The first step is the production of the necessary carbocation, in this case the ethyl ion, CH3CH2
+, 

from the reaction between chloroethane and aluminium chloride (Figure 27.53a). The powerful 
electrophile CH3CH2

+ then attacks the benzene ring to form a positively charged intermediate. 
This loses a proton to AlCl4

− to restore the stable delocalized electron structure of the ring system 
(Figure 27.53b). The proton eliminated reacts with the tetrachloroaluminate ion to re-form the 
aluminium chloride catalyst (Figure 27.53c).

The acylation of benzene
Acylation of the benzene ring is the electrophilic substitution of a hydrogen atom on the benzene 
ring by an acyl group, R C+ O. Once again, the production of an electrophile is achieved using 
a Friedel–Crafts halogen-carrier catalyst. In order to substitute a CH3CO  group onto a benzene 
ring, the starting materials used should be ethanoyl chloride and anhydrous aluminium chloride. 
The electrophile produced would then, on heating under reflux, go on to interact with the 
benzene ring to form a positively charged intermediate (Figure 27.54).

Figure 27.53 The 
Friedel–Crafts alkylation 

of benzene
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H

phenylethanonebenzene

+ +
+

H+

CH3COCl   +    AlCl3
                  [AlCl4]

–
  +  CH3CO+

[AlCl4]
–
  +  H+                  AlCl3  +  HCl

CH3CO
+

O

O

C

C
CH3 CH3

Electrophilic substitution reactions in methylbenzene

G.10.3  Describe, using equations, the nitration, chlorination, alkylation and acylation of methylbenzene.
G.10.4   Describe and explain the directing effects and relative rates of reaction of different substituents on a 

benzene ring.

Methylbenzene (C6H5 CH3) will undergo similar electrophilic substitution reactions to benzene. 
However, the presence of the methyl group attached to the ring raises questions as to how this 
affects the rate of reaction and also the positions taken by the new substituents in the ring 
structure of the product(s).

The mechanism of reaction is essentially the same as for benzene – and yet, for example, the 
rate of nitration of methylbenzene is some 25 times faster than for benzene. Furthermore, the 
reaction gives a mixture of 2-nitromethylbenzene and 4-nitromethylbenzene.

When a substituent group is attached to a benzene ring, it will affect the electron density of 
the delocalized  electrons. Essentially the effects of different substituents can be grouped into 
three different types:

groups with a positive inductive effect, or electron-releasing groups – such as the methyl group, 
CH3, in methylbenzene

groups with a lone pair of electrons on the atom that is bonded to the ring – such as the 
hydroxyl group, OH, in phenol
groups with a negative inductive effect, or electron-withdrawing groups – such as the nitro 
group, NO2, in nitrobenzene.

We will consider each of these in turn.

Substituents with a positive inductive effect
In methylbenzene, or any other alkylbenzene, the electron density of the delocalized  electrons 
in the benzene ring will be increased because of the positive inductive effect of the alkyl group. 
This will have two significant effects:

Alkylbenzenes, in general, are more reactive 
towards electrophiles than benzene is under 
the same experimental conditions.
The methyl group in methylbenzene is 
2- and 4- directing. For example, when 
chlorine reacts with methylbenzene with 
anhydrous aluminium chloride as the 
halogen carrier, the two main organic 
products are 2-chloromethylbenzene 
and 4-chloromethylbenzene formed in 
approximately equal amounts – almost 
no 3-chloromethylbenzene is formed 
(Figure 27.55).

Figure 27.55 Chlorination of methylbenzene

Figure 27.54 The 
Friedel–Crafts acylation of 

benzene

2-chloromethylbenzene  +  HCl 
+ Cl2

Cl

CH3

CH3

AlCl3

4-chloromethylbenzene
Cl

CH3
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The 2- and 4- directing effect can be explained by considering the stability of the possible 
intermediates formed. When an electrophile, E+, attacks a benzene ring, the intermediate 
(  complex) can be represented as shown in Figure 27.56a. The positive charge (electron 
deficiency) is there because only four  electrons are spread over five carbon atoms. But the 
positive charge is not evenly spaced over this region of the ring. The electron deficiency ( +) 
lies on carbon atoms 2, 4 and 6 (Figure 27.56b).

EH

2

3

4

6

5
+

EH

CH3

CH3

+

+ +

EH

+

+ +

CH3

EH

+

+ +

EH

+

+ +

If the methyl group is situated in
the 2 or 4 position relative to the
electrophile E, the intermediate is

much more stable than the intermediate
in the substitution of benzene.

If the methyl group is situated in
the 3 position relative to the

electrophile E, the intermediate is only a
little more stable than the intermediate

in the substitution of benzene.

a b

c

An electron-donating group, such as the methyl group, at these positions will therefore be more 
effective at stabilizing the carbocation intermediate by spreading out its charge, than if the 
electron-donating group were in position 3 or 5, one carbon removed from the sites of + charge 
(Figure 27.51c).

This extra stabilization of the carbocation intermediate by the methyl group will also have a 
similar effect on the activation energy. The lowering of the activation energy results in a faster 
rate of reaction (Figure 27.57). The rate of nitration of methylbenzene is 25 times faster than the 
rate of nitration of benzene. Therefore 2- and 4-substitution in methylbenzene goes faster than 
3-substitution, and that is why the 2- and 4-products predominate.

Progress of reaction

A

En
er

gy

EH

+

CH3

EH
a

b

c

+
EH

+

CH3

B
C

Ea

Substituents with a lone pair of electrons
Examples of this type can be seen in the cases of the hydroxyl group, OH, in phenol or the 
amine group ( NH2) in phenylamine. Even though oxygen atoms and nitrogen atoms are 
significantly electronegative, and so might be expected to draw electrons away from the benzene 
ring, both phenol and phenylamine are much more reactive than benzene. This is because the 
lone pairs of electrons on the oxygen atom or the nitrogen atom can contribute to the delocalized 
molecular orbital of the ring structure (Figures 27.36 and 27.44, respectively). Instead of six  
electrons spread over six carbon atoms there are now eight  electrons delocalized over seven 

Figure 27.56 The effect 
of an electron-releasing 

group on substitution 
into the aromatic ring. 

a Representation of the 
intermediate carbocation 

(the  complex). b The 
distribution of the positive 

charge in the ring. c The 
stabilizing effect of a 

methyl group in certain 
positions

Figure 27.57 Energy 
profi les for electrophilic 

substitution into 
benzene (a) and into 

methylbenzene (b and c). 
The activation energy for 

the reaction is lowered 
by the presence of the 

methyl group – and most 
signifi cantly lowered if the 

methyl group is in the 2 
or 4 position (c)
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atoms, thus increasing the electron density. This effect is referred to as the mesomeric effect 
and results in both phenol and phenylamine being 2-, 4- and 6- directing. This is because, as 
for groups with a positive inductive effect, the stabilizing effect of the presence of the original 
substituent group is most effective from these positions.

Applications of Chemistry 
A high explosive is a compound which explodes with great violence when detonated by a smaller initiating 
explosion. The decomposition of the high explosive is exothermic and is accompanied by the formation of a large 
volume of gas. The gas causes a sudden increase in pressure, forming a shock wave. Most high explosive compounds 
are aromatic nitro compounds, the most well known being trinitrotoluene (TNT). Trinitrotoluene is prepared by 
extended and controlled treatment of methylbenzene (toluene) with a nitrating mixture.

Substituents with a negative inductive effect
Having seen the effect of the presence of electron-releasing groups on a benzene ring, it will be no 
surprise to learn that the opposite is the case with electron-withdrawing groups. No matter which 
carbon atom they are attached to, these groups will destabilize the carbocation intermediate, 
and hence slow down the reaction. The nitro group is an electron-withdrawing group because it 
contains three highly electronegative atoms (O, N and O) and there is no lone pair of electrons 
on the nitrogen atom. So, for example, nitrobenzene reacts with electrophiles at about one-
millionth the rate of benzene. But the nitro group will have a less destabilizing effect at positions 
3 and 5 in the ring than at positions 2, 4 or 6. Consequently, the nitro group is 3-directing, as are 
other electron-withdrawing groups (Figure 27.58).

EH

NO2

+

+ +

NO2

EH

+

+ +

The electron-withdrawing nitro
group makes this intermediate

less stable than the intermediate
in the substitution of benzene

The electron-withdrawing nitro
group makes this intermediate

much less stable than the intermediate
in the substitution of benzene

To nitrate nitrobenzene further, it must be refluxed for several hours with the nitrating 
mixture of concentrated nitric acid and concentrated sulfuric acid. The product formed is 
1,3-dinitrobenzene, because the new substituent will attach at the 3 position (Figure 27.59).

HNO3

1,3-dinitrobenzene

+ H2O+

NO2 NO2

NO2

H2SO4

reflux

 Extension: Resonance
The directional nature of electrophilic substitution in benzene derivatives has been discussed 
above in terms of the distribution of charge in the delocalized  cloud of the aromatic ring 
system. An equally valid approach is to consider the different resonance forms possible for the 
compounds being considered, and to see where the charge is distributed in the ring by this 
method.

If we consider those groups that are 2-, 4- and 6-directing then we can draw diagrams showing 
the movement of electron pairs that gives rise to this observed directional preference. 

Figure 27.58 The 
3-directing effect of the 

nitro group

Figure 27.59 Di-
substitution of 
nitrobenzene
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Figure 27.60 Schematic 
diagrams showing 

how the shifts in 
electron density favour 

substitution by an 
electrophile in positions 

2, 4 and 6 on the 
benzene ring in 

a methylbenzene; 
b phenol

Figure 27.61 The 
resonance forms of 
nitrobenzene show 
how unfavourable 

electrophilic substitution 
is at positions 2, 4 and 

6 on the benzene ring – 
substitution takes place 

at positions 3 and 5

For methylbenzene and phenol, for instance, the shifts are shown in Figure 27.60a and b 
respectively. In both cases, the electron density tends to be located at positions 2, 4 and 6 and so 
these positions will be favoured as the sites of attachment for an electrophile.

or

+ + +

CH3

–

–

–

+ + +

a

b

CH3

or

CH3

O
H

CH3 CH3 CH3

O
H

O
H

O
H

–

–

–

For an electron-withdrawing group such as the nitro group in nitrobenzene, consideration of the 
electron shifts (Figure 27.61) shows how the electron density shifts make positions 2, 4 and 6 
unfavourable for substitution by an electrophile (E+).
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 27.11 Reaction pathways
G.11.1  Deduce reaction pathways given the starting materials and the products.

The flow chart in Figure 27.62 summarizes the interconversions and reaction mechanisms 
discussed in the latter part of this chapter. They centre on the important electrophilic 
substitution reactions of aromatic compounds. 

M6

nitrobenzene chlorobenzene

methylbenzene

nitro derivatives

benzene chloro derivatives

acylbenzene alkyl derivatives acyl derivatives

M6 electrophilic substitution – e.g. C6H6  + HNO3    C6H5NO2 + H2O

C6H6  + Cl2    C6H5Cl + HCl

M6

M6

M6

Figure 27.62 The 
reactions mentioned in 

the latter part of this 
chapter
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Devising synthetic pathways is an important feature of research in organic chemistry and there 
are various methods that aid the approach, including the protection of certain reactive groups in 
a compound so that the synthesis can be targeted to another part of the molecule. Questions on 
identifying reaction pathways are included at the end of the chapter.

Language of Chemistry
In many preparations of organic compounds, some specific parts of their molecules cannot survive 
the converting reagents or chemical environments. These functional groups, or parts, must be 
sheltered by protecting groups (Figure 27.63). The protecting groups are then removed later to 
regenerate the original functional group.

OH
HO

O

CH3COO
OH

O

For example, the OH functional group on a benzene ring can be protected by conversion to 
an ethanoate group by ethanoyl chloride. It can be restored later by alkaline hydrolysis after the 
intended functional group has undergone reaction. 

Applications of Chemistry 
Imatinib® is a drug used to treat certain types of 
cancer. It is marketed as Gleevec® (USA) and Glivec® 
(Europe). It is especially effective against chronic 
myelogeneous leukemia (CML) and is capable of 
eliminating this type of cancer cell. Imatinib acts by 
inhibiting specific enzymes involved in maintaining cells 
in a cancerous state. Chemists identified the molecule 
2-phenylaminopyrimidine as a potential lead compound 
after testing large numbers of compounds on leukemia 
cells. This lead compound was then modified by the 
introduction of methyl and benzamide groups to give 
it enhanced binding properties, resulting in Imatinib 
(Figure 27.64). Imatinib is prepared by a 12 step synthesis 
starting from ethyl methanoate and 3-ethylpyridine.

SUMMARY OF  Alkene molecules have an electron-rich region – the  electron cloud of the  
KNOWLEDGE    carbon–carbon double bond – which is susceptible to electrophilic attack. Alkenes 

undergo electrophilic addition reactions with the halogens and hydrogen halides:
 CH2 CH2 + Br2  CH2BrCH2Br
 CH2 CH2 + HBr  CH3CH2Br

 The mechanism of electrophilic addition to an alkene involves the formation of a 
carbocation intermediate.

 The direction of addition of a hydrogen halide, HBr for example, to an unsymmetrical 
alkene, such as propene, is determined by the relative energetic stabilities of the two 
possible carbocation intermediates. The order of stability of carbocations is tertiary  
secondary  primary.

 The consequence of this relative carbocation stability is summarized in Markovnikov’s rule 
– this states that when hydrogen halides add to unsymmetrical alkenes, the hydrogen 
atom always adds to the carbon atom that has the most hydrogen atoms bonded to it.

 Carbonyl compounds such as aldehydes and ketones also contain a double bond, in this 
case a carbon–oxygen double bond, C O. The high electronegativity of the oxygen 
atom means that this bond is polarized, with the slightly electron-deficient carbon atom 
carrying a + charge.

Figure 27.63 Protection 
of a phenol group

HN

HN

O
CH3

CH3

N

N N

N

N

Figure 27.64 Structure of Imatinib
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 This polarization makes the carbon atom of the carbonyl group susceptible to 
nucleophilic attack – these compounds undergo nucleophilic addition reactions with 
reagents such as hydrogen cyanide, HCN.

 The product formed from the addition of hydrogen cyanide to an aldehyde or a 
ketone is a hydroxynitrile (or cyanohydrin). For example, propanone is converted into 
2-hydroxypropanenitrile:

 CH3COCH3 + HCN  CH3C(OH)(CN)CH3

 Compounds containing the nitrile group are very useful synthetic intermediates because 
they introduce a further carbon atom into the molecule. Also, the nitrile group can be 
converted into other functional groups – for instance, it can be hydrolysed under acid 
conditions to the carboxylic acid group. So 2-hydroxypropanenitrile can be converted into 
2-hydroxypropanoic acid (lactic acid) by acid hydrolysis:

 CH3C(OH)(CN)CH3 + 2H2O + H+  CH3C(OH)(COOH)CH3 + NH4
+

 Alkenes can be prepared by the elimination of water (dehydration) from alcohols using 
concentrated phosphoric(V) acid. The reaction involves the protonation of the hydroxyl 
( OH) group of the alcohol, followed by the formation of a carbocation intermediate. A 
proton is then lost from the intermediate to generate the  bond of the alkene.

 Tertiary alcohols are more easily dehydrated than secondary and primary alcohols 
because the tertiary carbocation intermediate is more energetically stable (due to a 
greater positive inductive effect in the tertiary carbocation) and so more likely to be 
formed.

 Aldehydes and ketones undergo an addition–elimination (condensation) reaction 
with 2,4-dinitrophenylhydrazine to form orange-red crystalline precipitates called 
2,4-dinitrophenylhydrazones. The melting points of these derivatives can be used to 
identify the original aldehyde or ketone.

 Benzene (C6H6) is the parent molecule of a series of aromatic hydrocarbons called arenes. 
The molecules have the distinctive benzene ring structure with an alternating system 
of single and double carbon–carbon bonds. The ‘skeleton’ of the benzene ring consists 
of a planar hexagonal ring of carbon atoms each with a hydrogen atom attached. This 
ring is held together by carbon–carbon  bonds. Above and below the plane of this ring 
structure is a delocalized  bond which contains six electrons and involves all the carbon 
atoms.

 The structure of benzene with its delocalized  cloud of electrons is particularly stable. 
The nature and stability of this ring explains the distinctive chemistry of the arenes, 
including their involvement in electrophilic substitution reactions.

 Halogenated benzene compounds cannot be hydrolysed by sodium hydroxide solution if 
the halogen atom is substituted directly in the aromatic ring. This is consistent with the 
fact that the benzene ring is resistant to attack from nucleophiles – they are repelled by 
the  electron cloud. Also the carbon–halogen bond has partial double bond character 
due to electrons in a halogen p orbital overlapping with the delocalized electron cloud of 
the benzene ring.

 If the halogen atom is attached to a hydrocarbon side-chain rather than the benzene 
ring, then it can undergo nucleophilic substitution, for example by the hydroxide ion 
(OH−). Substituents in an aliphatic side-chain are susceptible to nucleophilic attack.

 Grignard reagents are very useful synthetic reagents in organic chemistry. They 
are organometallic compounds consisting of an alkyl group covalently bonded to 
magnesium. They have the general formula R Mg X, where X is the halogen – for 
example CH3 Mg I. These reagents can be regarded as a source of nucleophilic 
carbanions, CH3

− for instance.
 Grignard reagents can be synthesized by reacting magnesium metal turnings with a 

halogenoalkane in solution in dry ethoxyethane (ether) as the solvent:
 dry ether
 CH3CH2I + Mg        CH3CH2MgI
   ethyl magnesium iodide
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 The carbon–magnesium bond in the Grignard reagent is polarized resulting in a partial 
negative charge ( −) on the carbon atom. This means that this carbon atom act as a 
nucleophile in reactions between Grignard reagents and carbonyl compounds such as 
aldehydes or ketones.

 

C Mg Br

C O
–+

– +

Mg BrC

C

O

 The initial stage of a Grignard reaction must be carried out under dry conditions. Dilute 
acid is then added to the reaction mixture. The products of the reactions with aldehydes 
or ketones are alcohols. The reaction of a Grignard reagent with methanal forms a 
primary alcohol, with other aldehydes a secondary alcohol is formed, and with ketones a 
tertiary alcohol is produced:

 RMgBr + HCHO + H2O  RCH2OH + Mg(OH)Br
 RMgBr + CH3CHO + H2O  CH3CH(R)OH + Mg(OH)Br
 RMgBr + (CH3)2CO + H2O  (CH3)2C(R)OH + Mg(OH)Br

 Grignard reagents react with carbon dioxide to produce carboxylic acids, and with water 
to produce an alkane:

 RMgBr + CO2 + H2O  RCOOH + Mg(OH)Br
 RMgBr + H2O  RH + Mg(OH)Br

 Certain organic compounds, such as carboxylic acids and phenols, show acidic properties 
in aqueous solution. They are weak acids, being only partially ionized in aqueous 
solution:

 CH3COOH(l) + H2O(l)  CH3COO−(aq) + H3O+(aq)
 C6H5OH(s) + H2O(l)  C6H5O−(aq) + H3O+(aq)

 For the series of aliphatic carboxylic acids, increasing the carbon-chain length (larger alkyl 
group) decreases the strength of the acid because of an increasing positive inductive 
effect. The effect of this is to strengthen the oxygen–hydrogen bond in the carboxylic 
acid group, making the release of a proton (H+ ion) in aqueous solution more difficult.

 Electronegative chlorine atoms substituted in an aliphatic chain results in electrons being 
withdrawn from the carboxylic acid group and an increase in acid strength – ethanoic 
acid has a pKa of 4.76, whereas trichloroethanoic acid has a pKa of 0.65.

 Amines are organic compounds related to ammonia and as such they show basic 
properties in water – the lone (non-bonding) pair of electrons on the nitrogen atom can 
accept a proton (H+ ion) via dative bond formation:

 CH3CH2NH2(l) + H2O(l)  [CH3CH2NH3]+(aq) + OH−(aq)
 Aliphatic amines are stronger bases than ammonia because of the positive inductive 

effect of the alkyl groups releasing electrons towards the nitrogen atom that has the 
non-bonding pair of electrons.

 In contrast, the aromatic amine phenylamine, C6H5NH2, is a much weaker base than 
ammonia because the lone pair on the nitrogen atom overlaps with the delocalized  
electron cloud of the ring, reducing its ability to accept a proton (H+ ion).

 Addition–elimination reactions (condensation reactions) are an important group 
of reactions. Esterification – the reaction between a carboxylic acid and an alcohol 
to produce an ester – is one such reaction. There are two acid derivatives that will 
participate in esterification reactions far more readily than the acid itself – these are acid 
anhydrides and the acyl chlorides:

 (RCO)2O + R'OH  RCOOR' + RCOOH
 RCOCl + R'OH  RCOOR' + HCl
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 Acid anhydrides and acyl chlorides contain an electron-deficient, and therefore partially 
positive ( +), carbon atom which makes these molecules very susceptible to nucleophilic 
attack. The second stage of the reaction is the elimination of hydrogen chloride or the 
carboxylic acid, respectively.

 Acid anhydrides and acyl chlorides produce amides in reactions with ammonia, while 
reactions with amines produce substituted amides:

 (RCO)2O + 2NH3  RCONH2 + RCOONH4

 RCOCl + 2NH3  RCONH2 + NH4Cl
 RCOCl + 2R’NH2  RCOR’NH + R’NH3Cl

 Benzene undergoes electrophilic substitution reactions with halogens, halogenoalkanes 
and acyl chlorides in the presence of a halogen-carrier catalyst:

 C6H6 + Br2  C6H5Br + HBr
 C6H6 + CH3Br  C6H5CH3 + HBr
 C6H6 + CH3COCl  C6H5COCH3 + HCl

 Reactions involving alkyl and acyl chlorides using a halogen carrier catalyst to generate an 
electrophile are called Friedel–Craft reactions.

 Anhydrous aluminium chloride or aluminium bromide, or iron(III) bromide, act as halogen 
carriers as appropriate. Because they are electron deficient at the central aluminium 
or iron atom, a halogen atom can form a dative covalent bond with the metal atom. 
This releases the active electrophile, which then attacks the benzene ring. The active 
electrophiles produced with the halogens, halogenoalkanes and acyl chlorides are Cl+, R+ 
and R+C O, respectively.

 Nitration is another example of electrophilic substitution – the electrophile is the 
nitronium ion, NO2

+, generated by the nitration mixture of concentrated nitric acid and 
concentrated sulfuric acid:   

conc. H2SO4  C6H6 + HNO3  C6H5NO2 + H2O
 Any substituents already attached to a benzene ring influence the rate and direction of 

electrophilic substitution into the ring.
 Alkyl groups such as the methyl group in methylbenzene, C6H5CH3, activate the ring 

through their positive inductive effect, resulting in a faster rate of substitution than with 
benzene. In this case, the substitution is directed towards the 2, 4 and 6 positions in the 
ring.

 Groups attached to the ring by an atom carrying a lone pair of electrons – for instance 
the OH group in phenol and the NH2 group in phenylamine – activate the ring 
through the mesomeric effect. The lone pair on the oxygen or nitrogen atom is in a p 
orbital which overlaps with the  electron cloud of the benzene ring to activate the ring. 
Again substitution is directed to the 2, 4 and 6 positions in the ring because the presence 
of the substituent results in a build-up of charge at those ring positions.

 In contrast, groups such as the nitro group ( NO2), which withdraw electrons from the 
ring because of the high electronegativity of the atoms involved, will deactivate the ring. 
This results in a lower rate of substitution compared to benzene. Substitution is directed 
to the 3 and 5 positions in the ring in this case.

  The interrelationships between the nature of functional groups and the mechanisms 
involved means that it is possible to link reactions together in pathways in order to 
synthesize useful organic compounds.
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 Examination questions – a selection
Paper 3 IB questions and IB style questions
Questions marked * are for Higher Level only

Q1 On being reacted separately with hydrogen iodide 
(HI), 2-methylbut-1-ene and 2-methylbut-2-ene 
produce the same major product but different 
minor products.
a Draw the structural formula of the major 

product, and explain why it is formed in terms 
of the thermodynamic stability and structure  
of the organic intermediate. [4]

b Draw the structural formulas of the two  
minor products. [2]

c But-2-ene contains a C C double bond, 
whereas butanal contains a C O bond.

 i  State and explain two similarities and two 
differences in the way in which the atoms 
are bonded in the covalent double bond in 
the two compounds. [4]

 ii  Both but-2-ene and butanal typically 
undergo addition reactions. State the type 
of reaction that takes place with each 
compound. [2]

 Q2 a  Name and outline the mechanism for the 
reaction of propanal with hydrogen cyanide. [5]

b Give the structure of the compound formed 
when the product from part a is hydrolysed. [1]

c Explain why a sample of the compound formed 
in part b does not show optical activity. [1]

 Q3 a  Explain why aminopropane (propylamine) is 
more basic than ammonia. [2]

b Explain why 2,4,6-trinitrophenol is more acidic 
than phenol. [2]

c State and explain the relative rates of the 
nucleophilic substitution reactions of CH3I  
and C6H5I.   [3]

 Q4 This question is based on this reaction scheme:

   C6H12            C6H13Br 
   W           X and Y

a The molecule W has the structure:

   

C C
H H

H3C (CH2)2CH3

 i  Give the structure of the geometrical isomer 
of W. [1]

 ii  Explain why W has a geometrical isomer. [2]
 iii State the full name of W. [2]
b i  State the name of the reaction mechanism 

by which W is converted to X and Y. [1]

 ii  The product Y can exist as optical isomers. 
Deduce the structure of Y and explain why 
it shows optical isomerism. [2]

 iii  Write equations (using ‘curly arrows’ to 
represent the movement of electron pairs) 
to show the mechanism of the reaction in 
which X is formed. [4]

 iv  Markovnikov’s rule is sometimes useful in 
predicting the major product in this type 
of reaction. Explain why this empirical rule 
cannot be used to predict whether X or Y 
would be the major product. [2]

 Q5* a  Name the reagents used in the nitration of 
ethylbenzene,C6H5C2H5, which behaves like 
methylbenzene. [2]

b Write an equation, or equations, to show 
the formation of the species NO2

+ from these 
reagents. [1]

c Give the mechanism for the nitration of 
ethylbenzene – use curly arrows to represent 
the movement of electron pairs. Assume that 
the nitration occurs on the carbon atom next to 
the ethyl group. [2]

d Predict the structures of the products of the 
(mono)nitration of:

 i ethylbenzene [2]
 ii nitrobenzene. [1]
e Explain why the nitration of ethylbenzene is 

faster than the nitration of benzene under the 
same experimental conditions. [2]

 Q6 Aromatic hydrocarbons, of which benzene is 
the most important, contain structures involving 
delocalized electrons. 
a Explain what is meant by the term delocalized 

electrons. [1]
b The structure of benzene was difficult to 

determine. State and explain one piece of 
physical evidence and one piece of chemical 
evidence for the presence of delocalized 
electrons in the structure of benzene. [4]

c Compounds containing the benzene ring have 
distinctive properties. Describe and explain the 
relative rates of reaction of hydroxide ions with 
chlorobenzene, C6H5Cl, and (chloromethyl)
benzene, C6H5CH2Cl. [3]

d Name the product formed by the 
monosubstitution of nitrobenzene by chlorine. 
Describe and explain the effect of the nitro 
group on the reaction. Include in your answer 
a comparison of the rate of chlorination of 
benzene with that of nitrobenzene.  [5]
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 Q7 a  Alcohols can undergo elimination 
reactions under appropriate conditions. 
Draw the structural formulas of the two 
elimination products formed when butan-
2-ol, CH3CH2CH(OH)CH3, is heated with 
phosphoric(V) acid. [2]

b Grignard reagents are important in synthetic 
organic chemistry. Outline the formation of a 
Grignard reagent, making sure you include any 
necessary conditions. [2]

c Aldehydes and ketones can be converted into 
primary or secondary alcohols respectively 
using Grignard reagents. 2-Methylbutan-
2-ol is formed by the reaction of a ketone 
with a Grignard reagent. Draw the structural 
formula of 2-methylbutan-2-ol and deduce 
the structural formulas of the ketone and the 
Grignard reagent used for the reaction.  [3]

 Q8 a  The structure of benzene can be represented in 
two ways. Use information from Table 9 of the  
IB Chemistry data booklet to explain why 
structure B is used in preference to structure A.

 structure A structure B  [2]
b Use the data for average bond enthalpies 

listed below and the additional information to 
calculate the standard enthalpy of formation 
of benzene, assuming that the bonding is as 
depicted in structure A.  [3]

    Average bond 
 Bond enthalpies/kJ mol−1

   C C 612
   C C 348
   C H 412
   H H 436

  You are also given additional information 
(at 298 K):

     C6H6(l)  C6H6(g) H  = 31 kJ mol−1

     C(s)  C(g) H  = 717 kJ mol−1

   Progress of reaction

En
er

gy

C6H6(g)

6C(s) + 3H2(g)

6C(g) + 6H(g)

C6H6(l)H 3

H 1

H 4

H 2

c Compare your calculated value for the standard 
enthalpy of formation of benzene with the 
experimental value of +50 kJ mol−1. Comment 
on the difference in the values. [2]

 Q9 Cyclohexanone can react with 
2,4-dinitrophenylhydrazine in aqueous solution.
a State the type of reaction that takes place. [1]
b Copy the equation below and complete it for 

this reaction, writing structural formulas for the 
products. [2]

 NO2

O

H

N
+ H2N

NO2

c State why the product from this particular 
reaction can be used to confirm that the 
reactant was cyclohexanone, and not any other 
carbonyl compound. [1]

Higher Level Paper 3, Specimen 09, QG3

 Q10* a  Starting with butan-1-ol, write equations 
for the steps you would use to convert it 
into 2-bromobutane. Show all reagents and 
conditions for the reactions. [4]

b Explain how butanone can be converted into a 
hydroxy-substituted acid in two steps. Give the 
name and structure of the product. [5]

c Briefly describe possible reaction pathways 
to synthesize each of the following organic 
products from benzene. A reaction pathway 
must not involve more than two steps.

 i C2H5

NO2

  [4]       ii  C2H5

NO2

 [4]

 iii O
C

H3C

C2H5

  [4]

d Briefly describe possible reaction pathways to 
synthesize the following organic product from 
methylbenzene. The reaction pathway should 
not involve more than two steps.  [4]

   NO2O2N

C

N H
N

CH3CH3
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28 Teaching and learning IB chemistry
Whether you are a teacher or a student, you can feel both privileged and excited to be part of 
the International Baccalaureate Organization (IBO) and its Diploma programme. This model 
of education is rapidly gaining popularity throughout the world and is already a preferred choice 
for many universities. It is easy to see why the programme has gained such respect when one 
appreciates its philosophical roots. The IB Diploma furthers the education of the whole person, 
not just by requiring knowledge and skills but also by engendering personal attributes and states of 
being to create lifelong learners.

This approach is encapsulated in a document available from the IBO called the IB learner 
profile. While this document initially seems to be aimed at students, it is clear that the best IB 
teachers are those who consider themselves also to be lifelong learners, so the IB learner profile 
is also personally useful to teachers. If you are a teacher who is new to IB, then prepare to be a 
learner, too.

 28.1 To all IB learners – both teachers and students
This chapter is designed to help students and teachers new to IB Diploma chemistry to develop 
an overview of the course and appreciate the necessary approaches for success. It enables you to 
visualize what the IB Diploma experience will entail and helps you to make the most of it by:

briefly summarizing the philosophy and approach of the IB Diploma programme and the place 
of IB Diploma chemistry within it
describing the components of the IB Diploma chemistry course as experienced by students and 
teachers
providing straightforward practical advice to ensure your success.

The sections below are intentionally brief and to the point. Further details of procedures can be 
obtained directly from the IBO via the school’s IB coordinator.

What distinguishes the IB chemistry approach?
Perhaps more than with other pre-university chemistry courses, you will get the distinct 
impression this course is one important component within a much greater scheme, the IB 
Diploma. This philosophy of integration binds all aspects of the programme. Chemistry will not 
stand alone but will be an important vehicle for exploring and developing the various aspects 
of the IB learner profile. There will be a clearly international aspect to your study in that it will 
consider global issues as well as local case studies. Central to all subjects will be the work done 
on the IB Theory of Knowledge (TOK) course, which creates a philosophical backdrop against 
which to discuss issues raised within the chemistry course. Specific reference to TOK issues have 
been included within the chapters of this book to ensure that you make these links. For example, 
within Chapter 14, students are reminded that chemical models, such as hybridization, are simply 
descriptions that fit the facts.  They are used because they are useful and predictive, not because 
chemists know them to be true.

This broadening and often trans-disciplinary influence, together with the IBO’s periodic 
syllabus review cycle (usually seven years), ensures that the syllabus is both contemporary 
and relevant by including important issues of the time.  This is illustrated by the inclusion of 
nanotechnology in the Chemistry in industry and technology option and climate change in the 
Environmental chemistry option.

This course is not just a matter of knowing some chemical theory. You will find that 
developing informed viewpoints, especially on environmental issues, engaging in discussion and 
evaluating hypotheses and experimental evidence are all inherent in the approach needed for 
success at IB Diploma Chemistry (Figure 28.1). You will also need to appreciate that definite, 
clear answers are not always possible, for example in assessing the hazards related to the future use 
of nanotechnology. That’s what makes it so much fun for both students and teachers.
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What will I experience as a student or teacher of IB Diploma 
chemistry?
Whether you are a student or teacher, you will discover that the IB way is one of partnership. 
Teachers and students share the experience in an open and constructive approach in which all 
are aware of the learning outcomes expected and modes of assessment employed. The principles 
embodied in the Assessment for Learning initiative can be put to good use in IB Diploma 
chemistry. The initiative maintains that students should work together with teachers and each 
other to focus on a continuous progress cycle of setting and reviewing specific learning targets 
on the path towards their final assessment. As an indication of this, the internal assessment of 
practical skills allows students to be made fully aware of the assessment criteria applied and then 
assesses students based on their best scores for each skill, as opposed to an average of all scores 
over the course.

Your more tangible experience of IB Diploma chemistry will include:

theory – developing knowledge and understanding of chemical facts and principles as dictated 
by the syllabus
practical – developing  the methodological (practical) skills needed to be successful in the 
internal assessment of practical work
Group 4 Project – engaging in collaborative, constructivist research with other science 
students
extended essay (perhaps) – engaging in an independent research project on a chemical topic 
(see Chapter 29 for more information on the extended essay).

The most successful IB chemistry courses are those where these elements are integrated as far as is 
practically possible.

What will each of those components involve?

Studying chemical theory towards sitting the external examination
This exciting syllabus leads you to an understanding of chemistry at both the microscopic 
level, for example atomic structure and bonding, and the macroscopic (bulk) level, for example 
equilibrium and kinetics.

The subject matter is divided into:

the Core syllabus – this is studied by all students to provide both breadth and depth of 
understanding

Figure 28.1 IB students at 
United World College of 
South East Asia engaged 

in discussion
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the Additional Higher Level (AHL) syllabus – this is studied only by Higher Level (HL) 
students to give further depth
two Options topics – these are studied in great depth. All seven options are available to both 
Standard Level and Higher Level students, organized so that a core unit of Standard material 
can be followed by Additional Higher Level (AHL) material in each case.

The IB chemistry subject guide available from the IBO provides excellent guidance and includes 
an extremely detailed syllabus with assessment statements, time allocations and teachers’ 
notes, which are useful to both teacher and students throughout the course. The assessment 
statements in particular give a clear reference for the material which will be assessed in the final 
examinations. Once understood, these statements act as a valuable checklist during examination 
preparations. Students who cover the syllabus closely and understand it well will be successful; 
obvious, but all too often forgotten.

Students who are determined not to let weekly uncertainties pass them by, but instead develop 
a routine of reviewing recent material and asking for help so that they understand as they 
proceed, are guaranteed success. The chapters of this book are designed to follow the syllabus very 
closely and have examination-style questions at the end of every chapter. Students can expect 
to be tested periodically by their teacher, using examples of IB questions to check understanding 
and to enable them to gain practice at the various styles of question. Past IB exam papers can be 
obtained from the IBO.

Developing methodological (practical) skills towards internal 
assessment (IA)
Alongside the syllabus content, students are required to develop methodological (practical) skills 
which will be assessed formatively and then summatively for the final assessment (Figure 28.2). 
This work leads to the internal assessment (IA) component of the course which contributes 24% 
towards the final grade.

The work will involve a mixture of open-ended and closed laboratory experiments to assess 
students on the IB Group 4 (science) internal assessment criteria, given for assessment of the 
skills of:

designing (planning) an investigation 
collecting, processing and presenting raw data 
concluding and evaluating
manipulation (carrying out an investigation competently and safely)
personal skills (perseverance, ethical work, team work and reflection).

Personal skills will only be assessed during the Group 4 Project.

Figure 28.2 IB chemistry 
students on task in 

practical work at the 
United World College of 

South East Asia
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Each student is expected to spend a certain amount of time on practical work (regardless of the 
number of practical activities performed). Currently this is 60 hours for Higher Level students 
and 40 hours for Standard Level students. This time includes all active practical work but not the 
time to write the reports. Standard Level and Higher Level students are assessed in exactly the 
same way and to the same level, the only difference being the amount of time spent. The school’s 
practical scheme of work should be designed to spread the practical activities over the main part 
of the course and involve the majority of the syllabus topics, including the options. 

It is a good idea to start by developing each skill separately using dedicated practical activities 
(they can be regarded as practices, but still contribute to the time spent on practical work). In 
this respect, ‘designing an investigation’ may not be the best skill to begin with as it is the one 
that most students find the hardest. The more familiar skills of ‘manipulation’ and ‘data collection 
and processing’ are a good introduction to using the assessment criteria. Once the skills have been 
developed and students are confident, more demanding practical activities will allow students to 
score well. 

Not all skills will be assessed for each practical. One practical activity might be used to assess 
manipulation, data collection, data processing and presentation (for example, determining the 
concentration of ethanoic acid (by per cent volume) in white vinegar by titration with sodium 
hydroxide solution – an activity which can be given as a prescribed procedure). A different 
practical activity might be used to assess planning, conclusion and evaluation (for example, 
an investigation into electroplating – for which students would be asked to generate their own 
research question, etc.).

Eventually, by the end of the course, a small number of scores (currently, the best two for each 
skill) will be used in calculating the summative (final) grade. This means that, as a student, you 
will probably be assessed many more times than minimally necessary. In essence, you can ‘mess 
up’ on some practical activities and still do well if you improve during the course. 

To drive this improvement, as a student, you should expect to: 

be aware of which skills are being assessed during each practical activity
be given the assessment criteria to work towards 
be given specific feedback on ways of getting improved scores in future.

This allows a formative approach in which students can learn from their mistakes by receiving 
specific feedback from teachers. To this end, teachers are encouraged to include criteria-specific 
comments and grade(s) on students’ work, both for the student’s benefit and to aid the IB 
moderator. 

Examples of such comments might be: 

‘Design skills, Aspect 2 is partially completed – you did not control temperature’.
‘Data collection and processing skills, Aspect 1 is partially complete – you did not include 
random uncertainties in your temperature measurements.’

Students should try to keep a record of their own grades, set themselves specific targets and 
review and track their own progress. However, all evidence of the completion of the required 
number of hours of student practical work (marked practical reports with student instruction 
sheets attached) must be kept securely in the student’s practical portfolio, which may later be 
required for moderation purposes by the IBO. Teachers may prefer to keep these safely locked 
away in school. 

Similarly, a record of all internal assessment scores must be kept by the teacher from the very 
beginning of the course. The IB will require the final internal assessment grades and moderation 
samples 1–2 months before the IB examinations begin; therefore, schools will normally complete 
and internally moderate practical work around 2–3 months before. Further details of the current 
internal assessment procedures, skills and assessment criteria can be found in the current 
chemistry subject guide available from the IBO and in the procedures manual for the IB Diploma 
coordinator. 
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The Group 4 (science) Project
A typical organization plan for the Group 4 Project is as follows:

1 Group 4 students from all subjects brainstorm together to select a theme for study (e.g. science 
in sport).

2 The group generates individual research questions to be studied by the individual subject teams 
comprising biologists, chemists, physicists or students studying environmental systems and 
societies. These research questions should be interlinked in some way under the overall theme 
(e.g. ‘physiological response to exercise at different altitudes’ for biologists, ‘reflective properties 
of different sports clothing material’ for physicists and ‘determining the concentration of salt in 
a sports drink’ for chemists).

3 Subject teams work on their individual investigations over a number of days.

4 Subject teams report findings to the group, emphasizing links to the other teams’ studies, often 
brought together in a group presentation or display (Figure 28.3).

Group 4 Projects are often carried out midway through the course, after students have 
developed their methodological skills and become familiar with a range of practical techniques 
but before the pressures of finalizing coursework and preparing for external examinations.

Figure 28.3 Students 
of the United World 

College of South East Asia 
collecting data as part 

of their Group 4 Project, 
to be presented later for 

peer review
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The extended essay
Each IB Diploma student is required to carry out an individual piece of research in a chosen 
subject area, such as chemistry, working under the guidance of a teacher supervisor. This 
culminates in the production of a 4000-word essay. It is an opportunity to follow an area of 
personal interest, which might well be related to the student’s plans for tertiary education. 

Students who choose to write the extended essay in chemistry must first ensure that the topic 
is clearly chemical. For example, although a title such as ‘A survey of people’s attitudes to the 
future use of carbon-based nanotechnology devices’, is clearly related to nanotechnology issues, 
the overall essay is more likely to be sociological rather than chemical. Secondly, the essay 
should be based on a practical investigation, rather than a literature survey, in order to gain a 
good grade. A description of the development of inhibitors of HIV replication, while eminently 
worthwhile in itself, would not allow for scoring on the chemical components of the extended 
essay assessment criteria. 

The study must start with a well-focused research question and a realistic plan generated 
by the student. It must use either novel techniques of the student’s own design or modified 
standard practical procedures that can be applied to the particular study. Undertaking a simple, 
well-known textbook investigation will not gain a good grade. For example, ‘Determining the 
concentration of diluted battery acid by titration with standardized sodium hydroxide solution’ 
is unlikely to yield the opportunities needed. A more suitable research question might be 
‘Determining which first-row transition metal ion is most strongly adsorbed by human hair’.

Another important (though not chemical) element in the final grade is the student’s ability 
to present the essay clearly and in accordance with the conventions for research papers (for 
example, referencing). The IBO produces guidance documents listing general and subject-specific 
assessment criteria which all students should have access to before planning their extended essay.

Many students find extended essays in chemistry very attractive and rewarding, although some 
also find that the nature of practical work can be excessively time consuming unless the research 
question is chosen very carefully indeed. Often students may design and perform a trial run of 
the project and find that it does not generate suitable raw data. For this reason, many schools 
encourage those students opting for science extended essays to begin planning their research 
earlier than peers choosing other subject areas.

(See Chapter 29 for more information on the extended essay.)

How will the course be assessed?
The final grade awarded for IB Diploma chemistry (7 highest, 1 lowest) will be based on the 
internal assessment of practical work (24%) and on the final external examinations (76%). The 
final examinations currently include multiple-choice questions, data analysis questions, short-
answer questions and extended-response questions. There will be one paper (Paper 3) dedicated 
to the option topics, which includes data analysis and shorter answer questions (often not very 
short in practice, and requiring in-depth understanding). 

Students who practise past examination questions and are then given model answers or mark 
schemes become familiar with the format; this becomes a major contributor to their success. 
In addition, an emphasis on thorough understanding of the option topics and the provision of 
detailed answers often leads to students gaining the higher grades.

The extended essay is graded separately on a scale from A (excellent) to E (elementary). (It 
is worth noting here that a new ruling from the IBO means that an essay gaining a grade E will 
result in the student failing the diploma.)
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 28.2 To new IB teachers
This section is designed to provide further guidance to teachers who are new to IB Diploma 
chemistry. It assumes that the previous section has already been assimilated. 

You are probably very keen to obtain all the important details of syllabus, internal assessment 
procedures and external examinations, and start planning your course. In this section, we will first 
look at ways of obtaining the detailed information needed and then at ideas for developing an IB 
Diploma chemistry course appropriate for your particular circumstances.

How do I find out more about IB chemistry now and in the 
future?
You will quickly come to understand that the IBO is a dynamic organization which continually 
evolves according to a regular development review cycle. As such, it is important that you are 
familiar with ways of finding out more now and of keeping informed in the future:

The first point of contact for subject teachers within a school is the school’s IB coordinator, 
who will probably act as the sole route of communication with the IBO. He or she will obtain 
all the necessary documents and will also receive periodic coordinator notes, which will include 
news about developments in Group 4 subjects, including chemistry. 
The main document to refer to first is the IB chemistry subject guide. This specifies all current 
details about the subject. 
To underline their commitment to lifelong learning and continuing professional development, 
the IBO organizes regular regional IB conferences which include IB subject workshops. These 
are extremely useful for teachers new to the IB and are advertised in the IB coordinator notes.
The IBO provides excellent online help through its online curriculum centre (OCC) which 
includes all IB documentation, subject forums and resource-sharing facilities. Access details are 
obtainable from your IB coordinator. 
Schools new to IB often make links with an established IB school nearby. Contacting 
experienced IB chemistry teachers can often prove to be very useful indeed.

How should we organize and deliver the chemistry course 
in our school?
Schools all over the world operate different course-delivery models as dictated by local 
circumstances such as size of cohort or responsibility to another course (e.g. their national 
curriculum). The IB requires that IB Diploma chemistry students complete 240 hours of study for 
Higher Level and 150 hours of study for Standard Level. This includes all theory and practical 
work. How these hours are organized is for each school to decide. 

The delivery model
Different schools organize these hours in different ways. The main difference is with regard to the 
degree of integration (Higher Level students with Standard Level; theory work with practical) 
deemed desirable or possible. By far the preferred model is to have Higher Level and Standard 
Level students timetabled separately over a 2-year course within laboratories so that practical 
work can be integrated seamlessly within the relevant theory. This is the model favoured by the 
IB. If this describes your circumstance, then you are on a good footing.

Some schools are unable to arrange for this. Other delivery models include:

the theory delivered in classrooms with a separate, weekly laboratory-based practical session.
both Higher Level and Standard Level students timetabled together to cover the Core material 
with Higher Level students attending an extra lesson covering the AHL material. All of the 
options can also be covered this way since they involve a shared Standard/Higher section 
followed by an Additional Higher Level section. 
The Core syllabus, Standard options material and 40 hours of internal assessment covered in 
year 1 so that Standard Level students sit the examination at the end of the first year while 
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Higher Level students continue into year 2 to cover the AHL material, complete the option 
topics and finish their internal assessment work.

The options
Once the delivery model has been decided on, the next important decision is to select the option 
topics from those on offer by the IB (if your model allows for this). Options can be chosen:

by the teacher
by consensus among students, following which all students study the chosen options
by students individually, who then work independently on these options.

In most schools, the teacher decides on the two options to be studied and delivers the material 
in a similar way to all other sections of the syllabus. The more aware students will be quick to 
point out that, since they are to be examined on both options in Paper 3, the options do, in fact, 
become entirely non-optional for the student.

The scheme of work
Once the options have been chosen, the scheme of work and teaching order can be developed. 
The IB chemistry syllabus has not been designed as a scheme of work. Each chemistry team will 
wish to develop a scheme of work that suits them. 

There are clear links, and a certain linearity in understanding, among the syllabus areas which 
would probably lead many teachers to start with atomic structure or quantitative chemistry and 
then proceed to bonding and periodicity. It would, however, be a mistake to expose students 
who are new to IB to an initial topic which feels unfamiliar, such as equilibrium, for example. 
However, this topic should be taught before acids and bases and the Higher Level oxidation and 
reduction. Measurement and data processing should be taught early to allow students to have the 
necessary skills for assessed practical work. Many teachers leave organic chemistry to the second 
year of the diploma, but it could be usefully introduced into the first year.

Table 28.1 shows two examples of a sequence in which the chapters of this book might be 
studied, one for Standard Level students and one for Higher Level students. These are in no way 
prescriptive – each chemistry team will wish to pioneer an individual approach, and to modify 
this in the light of experience. Another common approach to the studying of Higher Level 
chemistry is to teach the Standard Level topics and then to teach the Higher Level topics. In this 
approach the majority topics are taught twice, once at an introductory level and then at a more 
advanced level.

A scheme for teaching Standard Level students 
IB Diploma chemistry

A scheme for teaching Higher Level students IB 
Diploma chemistry

2 Atomic structure 2/12 Atomic structure

11 Measurement and data processing 11 Measurement and data processing

1 Quantitative chemistry 1 Quantitative chemistry

4 Bonding 4/14 Bonding

3 Periodicity 3/13 Periodicity

5 Energetics 5/15 Energetics

6 Kinetics 6/16 Kinetics

7 Equilibrium 7/17 Equilibrium

8 Acids and bases 8/18 Acids and bases

9 Oxidation and reduction 9/19 Oxidation and reduction

10 Organic chemistry 10/20 Organic chemistry

Option C: Chemistry in industry and technology Option G: Further organic chemistry

Option D: Medicines and drugs Option A: Modern analytical chemistry

Now it is just a matter of finding eager students to engage in learning.

Table 28.1 Two teaching 
schemes for IB Diploma 

chemistry



  Introduction
The extended essay in chemistry is a comprehensive study of a focused topic which is intended 
to promote high level scientific research and scientific writing skills. It will provide you with an 
opportunity to engage in a personal research topic of your choice, under the guidance of your IB 
chemistry teacher. He or she will act as your supervisor and will meet with you a number of times 
while you are working on your extended essay. The completion of the extended essay will be 
followed by a short interview, known as a viva voce, with your supervisor. 

The extended essay is a compulsory component of the IB Diploma programme and takes 
about 40 hours to complete. The upper word limit is 4000 words, but this excludes the abstract, 
bibliography, diagrams and tables.

Some schools conduct the extended essay in the first year of the diploma, others conduct 
it in the second year, and some conduct it across both years. The extended essay is one of the 
most intellectually challenging parts of the IB Diploma programme. Full IB Diploma students 
are usually encouraged to select an extended essay from one of their three higher subjects. 
An extended essay in chemistry is especially recommended for students who intend studying 
chemistry or a chemistry-based course at college or university level. It can be an excellent point 
of discussion at an admissions interview.

An extended essay may be entirely based on the chemical literature: research papers and 
reviews. For example, you could write an extended essay centred on graphene, a recently 
discovered form of graphite which consists of a carbon monolayer. In this type of extended essay 
there is no experimental work and hence it is difficult to demonstrate personal input. For this 
reason, most schools recommend that you carry out practical work for your extended essay.

If you do not do your own laboratory work, then you must obtain raw data from primary sources 
(i.e. scientific journals) and analyse it yourself, to attempt to address a research question that you 
have devised. This will most likely involve use of complex mathematics, or analysis involving 
statistics, so you must first consider where you will obtain your data from, and secondly whether 
your mathematical skills are strong enough.

The majority of extended essays in chemistry involve some form of practical work. Gifted 
students in some schools may be involved in collaborative projects with universities where a 
variety of analytical equipment may be available, for example an atomic force microscope, a 
mass spectrometer or a nuclear magnetic resonance spectrometer. The use of such equipment 
and ‘cutting edge’ projects do not necessarily generate high scoring extended essays. Often 
such equipment can only be handled by skilled technicians and thus becomes a ‘black box’ for 
students. 

Often the best extended essays in chemistry are derived from relatively simple school-based 
laboratory equipment that can be built or modified by students. For example, you could build a 
‘carbon-60’ generator using a bell jar, graphite rods, a high voltage power supply and helium gas. 
Polarimeters can also be easily obtained in kit form.

29 The extended essay
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  The research question
A focused research question is the first step in planning a successful extended essay in chemistry. 
It must be sharply focused, and capable of being addressed and explored within the word limit 
and time limitation of an extended essay. You may need some help from your supervisor to help 
formulate a research question from a topic you are interested in. Some suggested dos and don’ts 
are listed in Table 29.1.

Do Don’t

Choose the topic and, if possible, decide on the 
research question yourself

Clearly indicate the research question in the early part 
of the essay (it must also be present in the abstract)

Check with your supervisor that your research question 
is focused, and can be answered within the word 
count

Make sure that the research question states the 
variables that are to be manipulated, measured and 
analysed

Choose a research question that mixes the science 
subjects (e.g. a biochemistry topic involving enzymes)

Choose a research question that can be easily answered 
by looking in a textbook

Choose a research question that does not allow you to 
apply syllabus theory in a personal way, or does not let 
you go beyond the current IB chemistry syllabus

Choose a research question at the frontiers of science, 
for example, quantum theory or ‘memory effect’ of 
water, that may degenerate into science fiction

Table 29.1 Dos and don’ts for criterion A (research question)

Deciding upon a topic and establishing a suitable focused research question may be a lengthy 
process. You will need to read the material on the topic in your textbook and then consult more 
specialized books, perhaps at the college level. You may also want to consult research papers or 
review papers, perhaps in on-line journals. Your local university or college may be able to give you 
access to the chemical literature. 

Publications such as Chemistry Review (published by Philip Allan, http://www.philipallan.
co.uk/chemistryreview/index.htm), Chemistry Education in New Zealand, Journal of Chemical 
Education, School Science Review (published by the Association of Science Education, http://
www.ase.org.uk), are also invaluable sources of ideas or topics for extended essays. The Nuffield 
Advanced Chemistry website (http://www.chemistry-react.org/go/Topic/Default_4.html) provides 
a number of investigations and notes on risk assessment. EBSCO and Science Direct (produced 
by Elsevier) are on-line databases subscribed to by many international schools. Talk to your 
school librarian to find out whether your school has access.

It is essential that your topic falls clearly within one of the science subjects. If your topic 
falls between two subjects, such as enzymes, then you will have to decide which subject you are 
focusing on. For example, if you choose a biochemistry topic and register it as chemistry, then 
you can only be assessed on the chemical content, not any biology which it might contain. It is 
difficult to address such topics adequately within the word count.

Some topics might involve the use of hazardous materials, for example bacteria, carcinogenic 
substances such as benzene, or radioactive substances such as those sometimes used as ‘tracers’ to 
investigate equilibria. These topics should be avoided.

Some topics are unsuitable because the outcome is already well known and documented in 
textbooks. An example would be the relationship between the current or time passed and the 
mass of copper deposited on a copper cathode. This relationship is formally known as Faraday’s 
First Law of Electrolysis and is discussed in Chapter 19. Your extended essay should not just 
illustrate known scientific relationships.
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In Table 29.2 are some of the techniques available in a well-equipped school laboratory or 
university laboratory, each with an example of an issue they could be used to investigate. The 
examples would need to be focused more sharply to qualify as extended essay research questions. 

Technique Example Technique Example

Paper chromatography Separation of anthocyanin and 
carotenoid pigments from plant 
extracts

Electronic balance The effect of an oxidizing acid (with 
potassium chromate(VI)) on metal 
corrosion

Polarimetry The effect of temperature on the 
optical activity of glucose

Acid–base titration The hydrolysis of bismuth(III) chloride

Steam distillation Extraction of essential oils from 
aromatic plants

Fractional crystallization Separation of salts from sea water

Complexometric titration 
(using EDTA)

Analysis of brass or solder Back titration (acid–
base)

Analysing the available nitrogen in 
fertilizers

Conductivity probe The variation of conductivity of a salt; 
saponification of esters

Redox titration  
(iodine–thiosulfate)

Halogenation of propanone; sulfur 
dioxide in wine

Electrochemistry Determination of the Faraday 
constant

Redox indicator Use of ferroxyl indicator to 
investigate rusting

Distillation apparatus Analysing boiling point changes in 
miscible liquids

Separating funnel The partitioning of ethanoic acid 
between water and organic solvents

Thin-layer chromatography 
(TLC)

Separation of fatty acids or phenols Gravimetric analysis Determination of nickel content 
(using butanedione dioxime)

pH meter and probe The influence of pH on the reactivity 
of potassium manganate(VII) (using 
halide ions)

Precipitation titration Determination of chloride ion 
concentration in cheese; solubility of 
potassium halides

Colorimetry Adsorption of transition metal ions 
by hair and acid-hydrolysed hair

Calorimetry Temperature changes during the 
mixing of related miscible liquids, for 
example, alcohols

Table 29.2 A sample of laboratory techniques and possible areas of investigation suitable for the extended essay

The IBO’s learner profile encourages ‘risk taking’ and the moderator may take this into account 
when grading your extended essay. A number of the techniques listed in Table 29.2 are not 
required by the IB Chemistry syllabus, but may be available for you to use. You may also have 
access to a spectrophotometer, infrared spectrometer, dilatometer or viscometer.

Many suitable research questions are capable of being investigated by several approaches. For 
example, the purity of aspirin can be determined by back titration with sodium hydroxide or 
colorimetry with iron(III) chloride. A comparison of the two approaches could be the basis for an 
extended essay.

Once you have found a topic and perhaps an experimental approach, you need to devise a 
focused research question. It is advisable that your research question clearly states the variables 
that you wish to study. The research question does not have to be a question as such; it could be a 
statement which outlines what you are trying to find out. For example, you might be interested in 
the topic of the browning of fruit. A focused research question might be ‘To determine the effect 
of ascorbic acid (vitamin C) on the rate of enzymatic browning in Cox’s orange pippin apples’.

You might be interested in electrochemistry and construct a miniature version of the lead–acid 
accumulator with two lead electrodes. A focused research question might be ‘To determine the 
relationship between the cell voltage and the concentration of sulfuric acid electrolyte (under 
standard thermodynamic conditions)’.

As discussed previously, your extended essay should not just attempt to confirm theory that is 
already documented. It is of course necessary to explain the chemical theory that forms part of 
the syllabus of your subject. For example, an extended essay that is focused on a simple lead–acid 
battery would need some relevant background that includes half-equations and standard electrode 
potentials as well as clear evidence that you understand the principles of redox. However, a 
successful extended essay will most likely apply the syllabus theory in a personal way or will 
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explore some theory that is outside the current IB chemistry syllabus, for example you could 
discuss the concept of activity at high concentrations of sulfuric acid.

Your extended essay is not just a long internal assessment lab report. In fact, the IB 
recommends that you do not set it out like a normal investigation report (Design, Data collection 
and processing, Concluding and Evaluating). Remember, the internal assessment is intended to 
test your understanding of the IB chemistry syllabus theory, whereas the extended essay should 
apply theory in a personal way, or use theory from outside or beyond the syllabus. However, some 
aspects of the internal assessment, for example the skills involved in design, do carry over well to 
the extended essay.

All extended essays, regardless of the subject group, are graded according to the same 
assessment criteria, although chemistry and the other subjects have their own particular 
interpretation of them. Chemistry extended essays that are written addressing the Group 4 
internal assessment criteria are unlikely to score highly, because some issues may not be addressed. 

The extended essay is marked against 11 separate criteria worth a total of 36 marks. Your 
extended essay supervisor will give you a copy of the criteria which give the total marks and the 
descriptors. Table 29.3 is a guide to interpreting criteria B to K. It takes the same approach as 
Table 29.1 by listing do’s and don’ts for students.

Criterion Do Don’t

Criterion B: Introduction Set your research question in the context of existing 
scientific knowledge. It is okay if the research question 
changes during the investigation
Outline the scientific theory and reasoning that leads to 
your research question
If you need background information that is not directly 
scientific, keep it to a minimum and place it in an 
appendix
State the ‘scope’ of your essay – this means identifying 
the limits of what you want to find out 

Include large amounts of information that is not relevant 
to your subject (only the scientific knowledge can be 
credited)
Write detailed theory that has come directly from the 
syllabus – keep it relevant to your research question

Criterion C: Investigation If your essay does not involve lab work, you should state 
how you have obtained and selected the data
Raw data should come from primary sources (e.g. 
scientific journals), not secondary sources (e.g. textbooks)
Discuss the reliability of your data sources
For experimental essays, provide enough information 
about procedures so that another researcher could 
reproduce the results from your experiment
State whether you designed the experiment or if you 
obtained or modified the procedure from another source
Evaluate your procedures carefully so that you know the 
limitations of the data 

Use secondary sources (e.g. textbooks or websites) as 
your only source of data 
Give excessively detailed procedures for standard 
techniques, e.g. acid–base titrations. 

Criterion D: Knowledge and 
understanding of the topic 
studied

Apply the theory in the personal context of your essay
Use theory from outside the syllabus (but not too far 
outside…)
Where you have used information from other sources, 
ensure that it is referenced

Explain the very basic theory that can be found in the 
syllabus

Criterion E: Reasoned 
argument

Refer back to your research question often to make sure 
you do not lose focus on what you want to find out
Refer to any hypotheses that you have suggested and 
describe the extent to which they have been supported
Compare different approaches and methods and how 
they have helped you draw the conclusion

Try to deal with too many variables – it is likely that you 
will lose the focus of the essay
Use phrases such as, ‘We can see from the graph 
that…’. You need to persuade the reader of your 
conclusions by giving data to support the relationship 
you describe
State personal views or opinions without supporting 
them with data
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Criterion Do Don’t

Criterion F: Application of 
analytical and evaluative 
skills

Calculate the magnitude of random uncertainties in your 
data
Comment on the reliability of the data, and the 
suitability of equipment used (even if you have used 
advanced computer equipment) 
Question the validity of assumptions you have used
Use secondary sources or calculations to assess the 
quality of data 

Assume that computer equipment such as data loggers 
has no random uncertainties or limitations – the 
experimental design is still likely to be subject to errors or 
incorrect assumptions
Take data obtained from the web at face value – it may 
be unreliable
Be afraid to point out weaknesses in your own work – 
this actually improves the score of your extended essay

Criterion G: Use of language 
appropriate to the subject

Use correct scientific terminology throughout
Use chemical equations and formulae where appropriate
Use mathematical equations and formulae where 
appropriate.
Define and explain technical terms, especially if they are 
outside the syllabus 
Give units for physical quantities
Take care over significant figures (be consistent)
Label graphs and diagrams carefully and be specific (e.g. 
do not just write ‘t = time’; write ‘t = time taken for the 
solution to change colour’)

Use undefined jargon and acronyms – you are aiming for 
precision in your writing
Copy passages of text into your essay from other sources 
without acknowledging them. Otherwise you have 
committed academic dishonesty, and could lose your 
chance of gaining the diploma

Criterion H: Conclusion Make sure your conclusion is consistent with your 
argument and analysis, even if it does not support your 
hypothesis
If the outcome is unexpected, then state this
Suggest unresolved questions or further work you could 
do to extend the investigation 

Introduce new variables or points to your argument at 
this stage
Try to force your data so that it supports your hypothesis

Criterion I: Formal 
presentation

Include a full bibliography (MLA style is recommended 
– see below). (If this is omitted you score zero for 
presentation)
Ensure that all your sources are referenced in the text 
(including diagrams or illustrations)
Label diagrams and refer to them in the text
Include a title page, table of contents and page numbers. 
(If you miss one of these, you score 2 maximum. If you 
miss two, you score 1)
Ensure that your table of contents and your section 
headings are consistent with each other
Include one example of calculations, and then summarize 
processed data in a table
Put large quantities of raw data in an appendix
Processed data that will directly support your argument 
should be in the main body
Hand-draw graphs or diagrams if you are not able to do 
this properly on a computer

Exceed 4000 words (graphs, diagrams, calculations, 
formulas and equations are not included)
Include pages and pages of repetitive calculations
Include digital photos that do not show anything useful 
(e.g. a picture of you doing a straightforward procedure 
such as a titration)
Allow data tables to spread over more than one page

Criterion J: Abstract Include three items in your abstract: the research 
question, the scope and the conclusion. The ‘scope’ 
refers to how the research was conducted and how the 
limits of the research were chosen

Exceed 300 words

Criterion K: Holistic 
judgement

Devise a novel or innovative research question or 
approach that is personally interesting to you
Research your essay thoroughly and make sure you are 
addressing the research question throughout
Display originality or creativity in the way you carry out 
your research and experimental work

Miss appointments with your supervisor
Expect your supervisor to provide a research question 
and direct your research
Change your research question without discussing it 
with your supervisor
Leave your experimental work until the last minute

Table 29.3 A summary of recommendations for extended essay criteria B to K
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  The abstract
Writing an abstract is probably a new task that you have not encountered before in your studies. 
Though the abstract is placed at the beginning of the extended essay, it should not be written 
until the extended essay is finished. One approach to writing your own abstract is to familiarize 
yourself with the abstract or summary of a selection of chemistry research papers. An example 
from a research paper is shown below which could provide a starting point for an extended essay 
involving human hair and adsorption of a variety of transition metal ions.

A sample student abstract

Adsorption of selected transition metal ions by mohair

This research investigates the factors affecting the amount of adsorption of 

copper(II), cobalt(II) and iron(III) cations by mohair from an angora goat at 

equilibrium (after 3 days). The amount of adsorption is measured, through the 

use of a spectrophotometer, in terms of the decrease in cation concentration 

of a fixed volume of aqueous solution of the sulfate. It is hypothesized that 

iron(III) ions will be absorbed most strongly due to their polarizing power. 

This was confirmed by the largest decrease in absorbance for iron(III) ions.

It is also hypothesized that carboxyl and amine functional groups are the 

cation adsorption sites. The keratin in the goat hair was hydrolysed with 

6 mol dm−3 hydrochloric acid at 80 °C for 5 hours. This increases the amount 

of carboxyl and amine groups present in the keratin of the hair. The acid-

hydrolysed hair shows greater adsorption of all three transition metal ions 

than untreated hair, suggesting that carboxyl and amine groups are the main 

adsorption sites (presumably via dative bond formation), but not ruling out 

the involvement of sulfur atoms in cysteine residues.

  Citing sources
As mentioned in Table 29.3 above, it is very important that you provide a full bibliography of all 
the sources you used in writing your essay. Many IB schools prefer the use of the MLA (Modern 
Language Association) referencing style. Examples of references to the different types of source 
you will use are given below. The University of Northampton has an online guide to the MLA 
referencing system that you may find useful (available from http://library.northampton.ac.uk/
pages/mla).

Book references
Single author
The order for the information is:

Author’s name (put family name fi rst). Title. Place of publication: publisher, year of 
publication.

Titles can be underlined or put into italics.
Klein, David R. Organic Chemistry as a Second Language. New York: John Wiley and Sons, 
2004.

Two authors
The information is in the same order as for a single author book. Note the order of names for the 
second author.

Pilling, Michael J. and Paul W. Seakins. Reaction Kinetics. Oxford: Oxford University Press, 
1995
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Three or more authors 
When there are three or more authors, et al. is used after the first author’s name.  

Dobson, C.M. et al. Foundations of Chemical Biology. Oxford: Oxford University Press, 2003.

Encyclopedia references
These references have the information in the following order:

‘Article title’.  Title of encyclopedia. Year of publication.

Note that the title of the article is in speech marks. An example of an encyclopedia reference is 
given below:

‘Fullerenes’. World Book Encyclopedia. 2003.

Interviews
For interviews, you need to give the name of the person interviewed, the kind of interview 
(personal, telephone, email), and the date or dates of interview. For example:

Atkins, Peter. Email interview. 8–12 May 2009.

Magazine article
For magazine articles the information should be presented in the following way:

Author. ‘Article title’. Magazine title. Volume/Issue. Part number (Date): pages.

Note the use of speech marks and underlining. For example:
Pearce, F. ‘Going bananas’. New Scientist. 2378 (2003): 26–30.

Internet sources
Websites
For websites, it is important to provide the following information:

Author (if available). ‘Title of the article’. (in speech marks) Title of whole site. Date you 
accessed the site. <URL of the webpage>

For example:
‘Using MLA Format’. Purdue University Online Writing Lab. Accessed 23 January 2009. 
<http://owl.english.purdue.edu/handouts/research/r_mla.html>

Online encyclopedia articles
The information required is:

‘Title of article’. Title of Encyclopedia online. Date you accessed the site. <URL of the source>

For example:
‘Carbon nanotubes’. Funk & Wagnalls New World Encyclopedia online. Accessed 20 February 
2009. <http://www/epnet.com/ehost/login.html>

Online magazine/newspaper articles
The information required for online magazine or newspaper articles is:

Author (family name first). ‘Title of article’. Magazine title. Date of magazine: page numbers. 
Publisher. Date you accessed the site. <URL of the source>.

For example:
Redden, Stewart. ‘Steam distillation’. Chemistry Review. March 2009: 28–31. EBSCO 
Publishing. Accessed 30 July 2009. <http://www/epnet.com/ehost/login.html>
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1 Quantitative chemistry
Paper 1  IB questions and IB style questions

 Q1 D One mole of a chemical element is the relative atomic mass 
expressed in grams.

 Q2 D Mass of  
one molecule

 = 
(12  3) + (8  1) g mol−1

6  1023 mol−1  = 7.33  10−23 g

 Q3 B 28 g mol 1  2 mol = 56 g

 Q4 D A: 0.5 mol H2 molecules; 1 mol H atoms, B: 0.03125 mol 
O2 molecules; 0.0625 mol oxygen atoms; C: 3.9  10−3 mol 
S8 molecules; 0.0312 mol S atoms; D: 6.258  10−3 mol Br2 
molecules; 0.0125 mol Br atoms

 Q5 C Amount = 
mass(g)

molar mass (g mol−1)
 = 

180 g
18 g mol−1 = 10 mol

Number of molecules = 6  1023  10 = 6  1024

 Q6 D Multiply the equation through by four: 12 moles of 
hydrogen peroxide would produce 8 moles of water.

 Q7 C 2H2S + 3O2  2SO2 + 2H2O

 Q8 D Mr BH3 = 14, molecular formula could be B4H12 (Mr = 56); 
B: Mr = 56; C: Mr = 56; D: Mr = 36.5

 Q9 C The molecular formulas simplify to NF, CH2O, C2H4O 
(unchanged) and CN.

 Q10 A 2Cl2 represents two chlorine molecules: Cl Cl and Cl Cl.

 Q11 C 2Ca(s) + O2(g)  2CaO(s) (balanced with correct formulas).

 Q12 D The charge is not balanced.

 Q13 A Fe2(SO4)3 is composed of three SO4
2− and two Fe3+.

 Q14 B Amount of M atoms = 
(52 − 32)

40
 = 0.50 mol; 

amount of S atoms = 
32
32

 = 1.0 mol. 

Multiplying by two gives MS2.

 Q15 D M + O2  MO2

Amount of oxygen molecules = 
16
32

 = 0.5 mol O2 molecules; 

0.5 mol M atoms. 

Hence relative atomic mass of M = 
36
0.5

 = 72 g mol−1.

 Q16 B 2H2 + O2  2H2O; 8 mol H2 and 2 mol O2; stoichiometric 
molar ratio is 2 : 1, hence the gas mixture contains 
unreacted hydrogen and water – no oxygen, since it is the 
limiting reagent.

 Q17 B 3Mg(s) + Fe2O3(s)  2Fe(s) + 3MgO(s)

Amount of magnesium = 
2.4 g

24 g mol−1  = 0.1 mol; 

amount of iron = 
0.1 mol  2

3
. 

Mass of iron = 0.066 mol  56 g mol−1 = 3.733 g.

 Q18 A Molecular mass = 
63  12

55.74  100
 = 1356.3 g mol−1

 Q19 D Amount of NH3 = 
8.5
17

 = 0.5 mol; 

amount of NO = 
15
30

 = 0.5 mol; 

percentage yield = 
0.5
0.5

  100 = 100%

 Q20 D There is range of kinetic energies for gas molecules in a 
sample at fixed temperature.

 Q21 C Avogadro’s hypothesis: the number of particles in a gas is 
directly proportional to volume at the same temperature 
and pressure.

 Q22 D Average kinetic energy of gas particles is directly 
proportional to the absolute temperature in kelvin.

 Q23 D High pressure will bring the gas molecules very close 
together. This causes more collisions and also allows the 
weak attractive forces to operate. With low temperatures, 
the gas molecules do not have enough kinetic energy to 
continue on their path to avoid that attraction.

 Q24 A P and V vary inversely at constant temperature. This 
relationship is termed Boyle’s law.

 Q25 D The average kinetic energy of the gas molecules is 
directly proportional to absolute temperature (a result of 
thermodynamics). At a given temperature the molecules of 
all species of gas, no matter what size, shape or mass, have 
the same average kinetic energy.

 Q26 A V2 = 
350 cm3  99.3 kPa  273 K

101.3 kPa  295 K

V2 = 317.5034 cm3 = 318 cm3

 Q27 B Amount of CO2 = 88.0
44  = 2 mol, hence amount of carbon

  atoms = 2 mol; amount of H2O = 27
18 = 1.5 mol hence

  amount of hydrogen atoms = 3 mol; empirical formula 
is C2H3, hence possible molecular formulas include C4H6, 
C6H9, etc.

 Q28 B 4 vol + 5 vol  10 vol;  
experimental data: 1 vol + 1.25 vol  2.5 vol;  
multiplying through by four gives: 4 vol + 5 vol  10 vol

 Q29 C M1  V1 = M2  V2

0.600 mol dm−3  40.0 cm3 = 0.100 mol dm−3  V2;  
V2 = 240 cm3; V2 – V1  = 240 cm3 – 40 cm3 

= 200 cm3

 Q30 D Fe(NO3)3(aq)  Fe3+(aq) + 3NO3
−(aq);  

nitrate concentration = (0.6  3) = 1.8 mol dm−3.

 Q31 B 2NaOH(aq) + H2SO4(aq)  Na2SO4(aq) + H2O(l); amount of 
NaOH = 0.01 mol; amount of H2SO4 = 5  10−3 mol;

 amount = 
volume (cm3)

 1000
  molarity; 

 molarity = 1000  0.01 = 0.2817 mol dm−3.

 Q32 A AgNO3(aq) + KCl(aq)  AgCl(s) + KNO3(aq)

Amount of KCl(aq) = 
55

1000
  0.200 = 0.011 mol;

hence yield of AgCl = 0.011 mol (1 : 1 molar ratio).

Mass of AgCl = 0.011 mol  143.32 g mol−1 = 1.57 g

Answers to examination questions
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 Q33 C V1/T1 = V2/T2; V2/V1 = T2/T1; 473 K/373 K = 1.268

 Q34 A n = 
pV
RT

= 
101 000 Pa  1.15  10−3 m3

8.31 J mol−1 K−1  273 K
 = 0.0512 mol.

Molar mass = 
3.96 g

0.0512 mol
 = 77.34 g mol−1.

 Q35 D All properties will increase in value except density which 
remains constant since the mass and volume of gas remain 
constant.

Paper 2  IB questions and IB style questions

 Q1 a C2H4(g) + 3O2(g)  2CO2(g) + 2H2O(l) [2]
b Carbon dioxide produced = 20 cm3 [1]
 Oxygen remaining = 10 cm3 [1]

 Q2 a Zn(s) + I2(s)  ZnI2(s) [1]

b Amount of zinc = 
100 g

65.37 g mol−1  = 1.530 mol [1]

Amount of iodine = 100 g
253.8 g mol−1

 = 0.3940 mol [1]

The reacting molar ratio is 1 : 1 therefore the zinc is  
present in excess. [1]

c Amount of zinc iodide = amount of iodine used

Amount of zinc iodide = 
100

253.8 = 0.3940 mol

Mass of zinc iodide  
                     = 0.3940  (65.37 + 253.8) = 125.8 g [1]

 Q3 a 
V1

T1
 = 

V2

T2
; 

955 cm3

278 K  = 
V2

303 K; V2 = 1041 cm3

The balloon will burst. [3]
b The increase in temperature increases the average kinetic 

energy of the nitrogen molecules and hence increases 
their average speed. They collide more frequently and 
energetically with each other and the walls of the balloon.
 [2]

 Q4 a 
Amount of 
hydrochloric 
acid

 = 
13.95 dm3

1000   2.00 mol dm−3
 
= 0.0279 mol  

 
[1]

b Amount of sodium carbonate in 20.00 cm3 of solution  
= 0.01395 mol [1]

c Concentration of  
sodium carbonate

 = 1000 dm–3

20
  0.01395 mol

 = 0.6975 mol dm–3 [1]

d Molar mass of hydrated 
sodium carbonate

 = 200.00 g
0.6975 mol

 

 = 286.74 g mol−1 [1]
e Molar mass of anhydrous sodium carbonate, Na2CO3 = 

(22.99  2) + 12.01 + (3  16.00) = 105.99 g mol−1

Molar mass of water = 286.74 g mol−1 − 105.99 g mol−1

 = 180.75 g mol−1 [1]

Hence, n = 180.75 g mol−1

18.02 g  mol−1
 = 10 [1]

 Q5 a 3Ag+(aq) + XO4
3−(aq)  Ag3XO4(s) [1]

b i  Amount of silver ions = 0.2040 mol dm−3  
0.04118 dm3 = 8.401  10−3 mol [1]

ii Amount of Ag3XO4  = 13  8.401  10−3 mol  
= 2.800  10−3 mol [1]

iii 2.800  10−3 mol of Ag3XO4 weighs 1.172 grams. 

Hence one mole weighs 
1.172 g

2.800  10−3 mol
  

= 418.6 g mol−1. [2]
iv (3  107.87) + x + 4 (16.0) = 4 18.6; hence x = 30.99 

and X is phosphorus (P) [2]

2 Atomic structure
Paper 1  IB questions and IB style questions

 Q1 D Isotopes are two or more atoms of the same element with 
different numbers of neutrons (and therefore different 
relative isotopic masses). They have the same numbers of 
protons and hence the same number of electrons.

 Q2 C H2S: [2H+ X2-]

 Q3 A i 1 p 1 e 0 n
ii 17 p 18 e 18 n
iii 19 p 18 e 20 n

 Q4 D Emission spectra provide evidence that electrons exist in 
fixed energy levels within an atom.

 Q5 C The atomic number of sulfur is 16; it is in group 6 and 
therefore has six valence electrons.

 Q6 D A discontinuous spectrum is produced.

 Q7 C 9 protons (from periodic table); 10 electrons in atom (due 
to the single negative charge) and 10 neutrons (19 − 9).

 Q8 B 1  
1
2

  
1
4

  
1
8

 Q9 C To account for the emission or line spectrum of hydrogen 
atoms.

 Q10 C Relative atomic mass is a weighted average. The more 
abundant isotope has a mass number of 85.

 Q11 A The element is silicon with the electron arrangement 2,8,4.

 Q12 B 91
39Y: 52 neutrons 87

37Rb: 52 neutrons 89
38Sr: 51 neutrons  

84
36Kr: 48 neutrons.

 Q13 D They converge at high energies; lines are produced when 
electrons move from higher to lower energies.

 Q14 D Relative atomic mass of chlorine = 
(35  3) + (37  1)

3 + 1

 = 
142
4

 = 35.5

 Q15 D Electrons release energy as they move from high to low 
energy levels: light is released.

 Q16 A Energy levels rapidly converge with an increase in n.

 Q17 A The thyroxine secreted by the thyroid is an iodine-
containing compound.

 Q18 B I. 157 neutrons; II. 156 neutrons; III. 158 neutrons and IV. 
156 neutrons.

 Q19 A Atoms of isotopes have the same number of protons have 
the same number of protons but different numbers of 
neutrons. The mass number is the number of protons and 
neutrons.

 Q20 A The sample is first vaporized by lowering the surrounding 
pressure: a mass spectrometer can only accept gaseous 
atoms or molecules. The molecules or atoms are then 
subjected to bombardment by high energy electrons 
which remove a valence electron to form unipositive ions. 
The ions are then accelerated by an electric field before 
entering a powerful magnetic field where they experience 
deflection according to their mass-to-charge ratio.
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Paper 2  IB questions and IB style questions

 Q1 a An atom of 79Br An ion of 81Br−

Protons 35 35

Neutrons 44 46

Electrons 35 36

 [3]

b 79Br because its relative isotopic is closer to 79.90 [1]

 Q2 a Atoms of the same element but with different mass 
numbers and hence different number of neutrons. [1]

b 47 protons, 46 electrons and 60 neutrons [1]
c Carbon-12 (12C). [1]

 Q3 a i Ionization, acceleration [2]
ii The gaseous atoms formed from the sample are 

bombarded with electrons travelling at high speed with 
large kinetic energies. [2]

iii 191Ir+ [1]
 It has the lowest mass-to-charge ratio (or lowest 

mass since the charges are identical). [1]
b i  The weighted average of relative isotopic masses of all 

the stable isotopes of an element relative to the mass 
of one atom of carbon-12. [2]

ii (191  0.371) + (193  0.629) = (70.861 + 121.397)
 = 192.258 = 192.26 (2 d.p.) [2]
iii An unstable isotope of an element that decays or 

disintegrates spontaneously, emitting nuclear or 
ionizing radiation.  [1]

 Cobalt-60, molybdenum-99, chromium-51, iron-59 
and iodine-125 [1]

 Q4 The emission spectrum consist of a series of sharp or discrete 
coloured lines on a black background. [1]

The lines converge together at high energy (high frequency). 
The lines are generated when excited electrons move from 
high energy levels to lower energy levels. [1]

Light of a particular frequency is released during this process. [1]

3 Periodicity
Paper 1  IB questions and IB style questions

 Q1 A Strontium and calcium are both in group 2.

 Q2 D Electronegativity increases across a period from left to 
right. Reactivity decreases down group 7.

 Q3 A Reactive metals form basic oxides; reactive non-metals 
form acidic oxides.

 Q4 C Chlorine oxidizes the iodide ions:  
Cl2(aq) + 2I−(aq)  2Cl−(aq) + I2(aq)

Chlorine is a more powerful oxidizing agent than iodine.

 Q5 C The elements in the periodic table are arranged in order of 
increasing atomic number.

 Q6 B Element 20 is calcium and is in group 2. It has the electron 
arrangement 2,8,8,2.

 Q7 B Atomic radii decrease across a period due to the increase 
in nuclear charge. Additional electrons enter the same shell 
and only a small increase in shielding occurs.

 Q8 A Reactivity increases down group 1.

 Q9 A Removal of successive electrons increases the nuclear 
charge experienced by the remaining electrons. Addition 
of successive electrons increases the electron–electron 
repulsion and decreases the nuclear charge experienced by 
the electrons.

 Q10 A Most non-metals have low melting points because they are 
simple molecular substances.

 Q11 C Each member of a group has the same number of valence 
electrons and hence form ions with the same charge or the 
same number of covalent bonds.

 Q12 C Atomic radii decrease across a period. Each subsequent 
electron enters the same shell, the small increase in 
shielding is more than outweighed by the increase in 
nuclear charge.

 Q13 C The removal of an electron from an iodine atom results 
in an increase in the nuclear charge experienced by the 
remaining electrons and hence the radius decreases. The 
addition of an electron increases the electron–electron 
repulsion and decreases the nuclear charge experienced by 
the electrons.

 Q14 A Each member of a group has one more electron shell than 
the element above it.

 Q15 B Atomic radii increase down group 7 due to the presence of 
additional electron shells. Melting points increase down the 
group due to an increase in van der Waals’ forces caused 
by additional electrons.

 Q16 B Shielding increases slightly across a period, but this is more 
than outweighed by the increase in nuclear charge.

 Q17 D Aluminium oxide and silicon dioxide are insoluble; sodium 
oxide forms sodium hydroxide solution (basic). Sulfur 
trioxide forms sulfuric acid solution.

 Q18 D Atomic radii increases down any group due to the presence 
of additional electron shells.

 Q19 B Ionization energies decrease down a group and increase a 
period.

 Q20 C The atomic radius of barium is larger than that of 
strontium. It has an additional shell of electrons.

Paper 2  IB questions and IB style questions

 Q1 a i  The minimum energy required for the removal of a 
mole of electrons from a mole of gaseous atoms to 
form a mole of unipositive gaseous ions. [2]

ii Al(g)  Al+(g) + e− [1]
b The magnesium atom has a greater nuclear charge due 

a higher number of protons. Consequently, the atomic 
radius is smaller and there is a stronger attraction for the 
electrons by the nucleus. [3]

c 2Li(s) + 2H2O(l) 2LiOH(aq) + H2(g)
There will be effervescence: release of gas at the surface. 
Bubbles of a colourless gas will be observed. The lithium 
moves around the surface and is converted into a soluble 
product. Heat and sound energy are released. [3]
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 Q2 a i  The bromine atom has a greater number of protons 
and hence a greater nuclear charge: 35+ versus 34+. 
Hence the outer or valence electrons are attracted 
more strongly. The bromide ion is formed by the 
addition of one electron to the bromine atom; the 
selenide ion is formed by the addition of two electrons 
to the selenium atom. The additional electrons cause 
electron-electron repulsion which increase radii. The 
effect is highest in the selenide ion. [2]

ii The electronegativity is the ability of atom to attract 
bonding pair of electrons in a covalent bond. Fluorine 
has a smaller radius and hence the electrons are closer 
to a nucleus in a lower energy level. The electrons 
are repelled by fewer inner electrons and there is a 
decreased shielding effect. [3]

b i  Brown solution formed; Cl2 + 2KI  I2 + 2KCl;  
Cl2 + 2I−  I2 + 2Cl− [2]

ii A cream or off-white precipitate (solid) is formed:  
Ag+ + Br−  AgBr [2]

c The reaction in i is redox. [1]
The chlorine is reduced/gains electrons/decreases its 
oxidation number. [1]
The iodide ion is oxidized/loses electrons/increases its 
oxidation number. [1]
The reaction in ii is not redox; there is no electron  
transfer/change in oxidation number. [1]

 Q3 a The size of an atom is determined by the attraction of the 
nucleus for electrons and the shielding of outer electrons 
from the nucleus by inner shells of electrons. [3]

b i  This is because the sodium ion, Na+, has one less 
shell of electrons compared to the sodium atom. 
Consequently, there is a decrease in shielding and an 
increase in the nuclear charge experienced by each 
electron. [2]

ii This is because with increasing proton number, each 
successive positive ion contains an additional shell of 
electrons. The additional screening effect outweighs 
the effect of increased nuclear charge. [2]

c The magnesium ion has 12 protons and 10 electrons; the 
sodium ion has 11 protons and 10 electrons. The nuclear 
charge of the magnesium ion (+12) is greater than that of 
the sodium ion (+11). Consequently, all the electrons in 
the magnesium ion will experience a greater force and be 
located nearer to the nucleus. [2]

d i  N < N3− [1]
 ii Fe3+ < Fe2+ < Fe [1]

 Q4 The ions formed across period 3 would be Na+, Mg2+, Al3+ and 
P3−, S2− and Cl−.

There is a decrease in ionic radii from Na+ to Al3+: all the 
ions have the electron arrangement of 2,8 (that is they, are 
isoelectronic), however, there is a progressive increase in the 
nuclear charge due to the additional protons: the sodium ion 
has 10 protons, the magnesium ion has 11 protons and the 
aluminium ion has 13 protons. All of the electrons experience 
a higher effective nuclear charge and the electrons in the two 
shells are pulled progressively towards the nucleus. [3]

There is a decrease in ionic radii from P3−, S2− to Cl−: all the 
ions have the electron arrangement of 2,8,8 (that is, they are 
isoelectronic), however, there is a progressive increase in the 
nuclear charge due to the additional protons: the phosphide 
ion has 15 protons, the sulfide ion has 16 protons and the 
chloride ion has 18 protons. (All of the electrons experience a 
higher effective nuclear charge and the electrons in the three 
shells are pulled progressively towards the nucleus). [3]

4 Bonding
Paper 1  IB questions and IB style questions

 Q1 A Magnesium is a metal; chlorine is a non-metal. Typically, a 
metal and a non-metal react to form an ionic compound.

 Q2 A All four molecules are based upon a tetrahedral 
arrangement of four regions of high electron density. 
However, lone pairs cause more repulsion than bonding 
pairs. The oxygen in water is surrounded by two lone 
pairs (maximum repulsion), the nitrogen atom in ammonia 
contains one lone pair, but the carbon in methane has no 
lone pairs (least repulsion).

 Q3 B H2S has a higher molecular mass than H2O and hence 
more extensive van der Waals’ forces. However, water 
is hydrogen bonded. Hydrogen bonds are significantly 
stronger than van der Waals’ forces (for molecules of 
similar molecular mass). This more than outweighs the 
increase in van der Waals’ forces from H2O to H2S.

 Q4 B X will form X+ and Y will form Y . Hence the formula will 
be XY.

 Q5 D The oxygen molecule (O O) contains one double bond; 
the carbon dioxide molecule (O C O) contains two double 
bond and the tetrafluoroethene molecule contains one 
double bond.

 Q6 A B is trigonal planar (bond angles 120°); A, C and D are 
based upon a tetrahedral arrangement with four regions 
of high electron density. However, the water molecule 
has two lone pairs around the central atom, compared 
with one for ammonia and none for methane. Lone pair 
repulsion is greater than bonding pair repulsion.

 Q7 A Hydrogen bonding would only be expected to occur in 
CH2CH3COOH since it contains hydrogen bonded directly 
to oxygen. The OH group is able to engage in hydrogen 
bonding. In the other two compounds the hydrogen is 
bonded to carbon.

 Q8 C Both ethane and neon are non-polar. Hence, the 
predominant intermolecular and inter-atomic forces are 
van der Waals’ forces whose size depends on the number 
of electrons present in the atom or molecule. A greater 
number of electrons in the ethane molecule results in a 
stronger temporary dipole which makes neighbouring 
molecules or atoms attract each other more strongly. 
This means more heat is required to overcome the 
intermolecular or inter-atomic forces in ethane molecules, 
resulting in a higher boiling point.

 Q9 B Fluorine is non-polar: the two fluorine atoms have equal 
electronegativity values. Tetrafluoromethane is tetrahedral 
and hence non-polar. Hydrogen iodide and hydrogen 
fluoride are both polar owing to the presence of a polar 
bond and linear shape. However, fluorine is the most 
electronegative element and hence the bond has the 
greatest polarity.

 Q10 C D is a description of covalent bonding; A is a description of 
ionic bonding.
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 Q11 C Ethane and propane are hydrocarbons and hence unable 
to form hydrogen bonds with water. Propan-1-ol and 
hexan-1-ol are both alcohols and contain a hydroxyl group, 
OH, capable of forming hydrogen bonds with water 

molecules. However, propan-1-ol is the more soluble 
since its hydrocarbon chain is smaller: three carbon atoms 
compared with six in hexan-1-ol.

 Q12 B B is a description of ionic bonding.

 Q13 B X will form X3+; Y will form Y2  and hence the formula will 
be X2Y3 [2X3+ 3Y2 ].

 Q14 C Tetrafluoroethene, C2F4, contains a carbon–carbon double 
bond.

 Q15 D All of the hydrogen atoms are attached to carbon atoms 
and hence are unable to engage in hydrogen bonding.

 Q16 D Chlorine has the lower boiling point because it has the 
lower molecular mass. A lower molecular mass means less 
electrons are available for temporary dipole formation. 
Hence, the van der Waals’ forces of attraction are weaker.

 Q17 B C2H4 has a trigonal planar arrangement around the two 
carbon atoms.

 Q18 A Metals conduct electricity in the solid state. Dissolving 
releases mobile ions from soluble ionic compounds 
allowing them to conduct electricity and undergo 
electrolysis.

 Q19 A Each oxygen atom has two lone pairs, so there are eight 
bonds: 4  C H; 2  C O, 1  C O.

 Q20 B The molecule has a carbon–carbon double bond. There 
are three regions of high electron density around the two 
carbons atom. Hence, the molecule is trigonal planar and 
has bond angles of 120°.

 Q21 A Pentane, C5H12, will have the lowest boiling point. It is a 
non-polar substance and its molecules are associated in the 
liquid state via van der Waals’ forces – the weakest of the 
three intermolecular forces. CH3OCH2CH2CH3 is associated 
in the liquid state via dipole–dipole forces. Propan-1-ol has 
the highest boiling point since it is capable of hydrogen 
bonding owing to the presence of a hydroxyl group, OH.

 Q22 D Strontium forms Sr2+ and nitrogen form N3 . Hence the 
formula of strontium nitride is Sr3N2 [3Sr2+ 2N3 ].

 Q23 D Ethane, C2H6, has the lowest boiling point owing to the 
presence of van der Waals’ forces of attraction – the 
weakest of the three intermolecular forces. Fluoromethane, 
CH3Cl, has an intermediate boiling point owing to the 
presence of dipole–dipole forces. Methanol, CH3OH, 
has the highest boiling point owing to the presence 
of hydrogen bonding – the strongest of the three 
intermolecular forces.

 Q24 C Carbon dioxide is a non-polar molecule due to its linear 
shape: the two dipoles cancel each other out. Hence, the 
forces operating in the solid are van der Waals’ forces.

 Q25 D Carbon dioxide is a linear molecule. The central carbon 
atom is surrounded by two regions of high electron 
density: two double bonds.

 Q26 A Water is hydrogen bonded. Hydrogen bonds are 
significantly stronger than van der Waals’ forces of 
attraction, present in H2Se and H2S, and dipole–dipole 
forces of attraction present in HCl.

 Q27 A Carbon-60 is a simple covalent substance.

 Q28 D The relative order of strength is: van der Waals’ forces, 
hydrogen bonds, covalent bonds.

 Q29 A The largest difference in electronegativity values is for 
oxygen and hydrogen atoms.

 Q30 B The nitrogen atom in nitrogen trichloride is surrounded by 
three bonding pairs and one lone pair.

Paper 2  IB questions and IB style questions

 Q1 Sodium, magnesium and aluminium are metallic and hence are 
good electrical conductors due to the presence of delocalized 
valence electrons. From sodium, magnesium to aluminium, 
the atomic size decrease and the number of valence electrons 
available for delocalization increases from one to three. Thus, 
the metallic bonding strength increases and hence the melting 
point increases since more heat energy is required to break the 
metallic bonding. In addition, with more valence electrons for 
delocalization, the electrical conductivity also increases. [3]

Silicon has a giant covalent structure with strong silicon–silicon 
single bonds. A large amount of heat energy is required to 
break all these bonds and hence it has a high melting point. 
Phosphorus (P4), sulfur (S8) and chlorine (Cl2) are simple 
molecular covalent substances and hence are held together 
in the solid state by van der Waals’ forces. Argon is a simple 
atomic substance and is also held together in the solid state 
by van der Waals’ forces. A small amount of energy is required 
to break these intermolecular forces and hence the melting 
points are low. The strength or extent of intermolecular forces 
increases with molecular size. Thus, sulfur has the highest 
melting point followed by phosphorus, chlorine and then 
argon. [3]

 Q2 a Electron dot structures for N2 and F2: [2]

FFNN

The triple bond in the nitrogen molecule is stronger and 
hence harder to break. [1]

b The C F bond is more polar than the N F bond. Nitrogen is 
more electronegative than carbon. NF3 is polar; CF4 is polar. 
The NF3 molecule is not symmetrical; CF4 is symmetrical. [5]

 Q3 Ethanol and water are miscible in each other due to the 
formation of hydrogen bonding. The ethane molecule is 
non-polar and is not able to form hydrogen bonds with water 
molecules. [2]

Ethane molecules can only form weaker van der Waals’ forces 
with water molecules. Cholesterol has a polar alcohol group; 
however, it behaves as a non-polar molecule owing to the 
relatively large size of the hydrocarbon group. [2]

 Q4 a  Potassium metal has lattice of unipositive ions (cations) in 
fixed positions with a ‘sea’ of delocalized or mobile valence 
electrons that are free to move through the lattice. The 
metal is held together by attraction between the nuclei of 
the positive ions and the delocalized electrons. [4]

b Lewis structure for fluorine:

FF [2]

The bonding within a fluorine molecule is a single 
covalent bond. This consists of a shared pair of valence 
electrons. [1]
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The bonding between molecules arises from van der 
Waals’ forces. These involve the attraction between 
dipoles temporarily set up by electron polarization. [1]

c The potassium atom has the configuration 2,8,8,1. [1]

 The fluorine atom has the configuration 2,7. [1]

  Potassium’s outer electron is transferred to the outer 
shell of the fluorine atom. [1]

  Oppositely charged ions are formed (with complete 
octets of electrons) which attract each other due to 
electrostatic forces of attraction. [1]

d The ions are not free to move in solid. However, they 
can move in the molten state under the influence of a 
voltage. [1]

 Q5 a i AC [A3+ C3 ] [2]
ii BD2 [1]

b 360 protons, 360 neutrons and 366 electrons in the ion 
12C60

6 . [2]
c Covalent bonds: Si F

SiF F

F

F

 [3]

d Find the number of electron pairs/charge centres in the 
valence shell of the central atom. The electron pairs/charge 
centres in the valence shell of the central atom repel each 
other to positions of minimum energy/repulsion/maximum 
stability.
Electron pairs forming a double or triple bond act as a 
single bond. Non-bonding pairs (lone pairs) repel more 
than bonding pairs. [3]

e i  SBr2 has two bonding pairs and two non-bonding pairs 
(lone pairs).
The molecule has an angular/bent/non-linear or 
V-shape. The bond angle will lie between 90° and 
107°.
C2Br2 has a triple carbon–carbon bond and hence there 
are two charge centres or regions of high electron 
density around each carbon atom. The molecule is 
linear and the bond angle will be 180°. [6]

ii SBr2 is polar; C2Br2 is non-polar. In SBr2 the two bond 
dipoles do not cancel and there is an overall or net 
dipole moment. There is no net or overall dipole 
moment for C2Br2 since the two bond dipoles cancel.
 [3]

5 Energetics
Paper 1  IB questions and IB style questions

 Q1 C The negative sign by convention indicates that heat is 
released to the surroundings

 Q2 D A positive enthalpy change means that heat flows from the 
surroundings into the system.

 Q3 A Heat energy = mass  specific heat capacity  temperature 
change
560 J = 64.0 g  c  (310 K – 295 K); c = 0.583 J g 1 K 1

 Q4 D The equation is for 2 mol CaO(s).

 Q5 D Sublimation of ice is endothermic – work needs to be 
done to overcome the hydrogen bonds. Bond breaking is 
endothermic – work needs to be done to break covalent 
bonds. Vapour deposition is exothermic – energy is 
released to the surroundings.

 Q6 B Bond breaking is always endothermic.

 Q7 D Changing a liquid to a gas is endothermic (eliminating A 
and B). D is more exothermic than C since condensation of 
a gas to a liquid is an exothermic change.

 Q8 D The heat is used to overcome the hydrogen bonds 
operating between water molecules.

 Q9 D Energy = 13.7  209.2 = 2866.04 J; enthalpy of reaction

  per mole of KCl = ( 1
0.05)  2866.04 J = 57 328 J mol 1; 

 sign is negative because energy is given out

 Q10 A The vertical axis represents potential energy, energy or 
enthalpy. The reactants are high in energy and hence 
unstable; the products are lower in energy and hence 
more stable. The difference is released in the form of heat 
energy.

 Q11 B Q = mc T, 
Q

mc
 = T, hence if c is increased then T will

  decrease. A high heat capacity means more energy is 
required to raise the temperature.

 Q12  H  =  (bonds broken) –  (bonds made)  
= [(615 + 158)]  [(1  348) + (2  484)] 

 Q13 B Bond breaking involves work being done – energy is 
required to pull the bonded atoms away from each other. 
Bond formation involves the release of energy resulting in a 
more stable lower energy state.

 Q14 B The H F bond enthalpy is the amount of energy (in kJ) 
required to break one mole of a hydrogen fluoride covalent 
bond into gaseous hydrogen and fluorine atoms (under 
standard thermodynamic conditions).

 Q15 A During freezing intermolecular forces (van der Waals’ 
forces) are formed and heat energy is released to the 
surroundings.

 Q16 D Amount of C6H12O6 = 
100.0 g

180 g mol 1 = 0.55 mol

Enthalpy change = 0.55  2824 = +1568 kJ

 Q17 A 2NO(g)  O2(g) + N2(g); H = –180.4 kJ (reversing the first 
equation)
N2(g) + 2O2(g)  2NO2(g); H = +66.4 kJ
Adding the two equations – cancelling the N2 and 
simplifying the oxygen:
2NO(g) + O2(g)  2NO2(g); H = –114 kJ (adding the two 
enthalpy values together)
Dividing the equation through by two and the enthalpy 
value by two: 
NO(g) + 1

2 O2(g)  NO2(g); H = –57 kJ

 Q18 A 800 J to melt 10 g; 3200 J to melt 40 g; 400 J to raise 10 g 
from 10 to 30 C and 1600 J to raise 40 g from 10 to 30 C

 Q19 D Enthalpy change = (bonds broken) – (bonds made) 

 = [(432 + 149)] – [(295  2)] = –9 kJ

 Q20 A Enthalpy change = (bonds broken) – (bonds made) 

 = (N N + 3 H H) − (6  N H).
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Paper 2  IB questions and IB style questions

 Q1 a i Enthalpy of products − enthalpy of reactants [1]
Specified temperature (e.g. 298 K (25 C)) [1]
Specified pressure (e.g. 1 atm or 1.013  105 Pa) [1]

ii Take a known volume of sodium hydroxide solution [1]
of known concentration.  [1]
Place the solution in an insulated vessel. [1]
Add a solution of hydrochloric acid of known 
concentration, such that an equal or excess number 
of moles is added. [1]
Stir and mix the acid and alkali. [1]
Record the initial and final temperatures. [1]
The temperature rise is needed for the calculation. [1]

H = total mass (or volume)  temperature rise  
specific heat capacity [1]
Divide by the number of moles (of limiting reactant 
if excess of other reactant used). [1]

iii Overall diagram: enthalpy label and two different  
levels  [1]
Labelled enthalpy levels – NaCl/H2O must be lower [1]
Enthalpy change shown  [1]
Products more stable than reactants/reaction 
exothermic [1]

En
th

al
py

HCl/NaOH 

NaCl/H2O 

H

b Hess’s law enables enthalpy changes which cannot 
be found experimentally to be calculated from other 
experimental results. [1]
Suitable example [1]
Intermediate stage shown [1]
Show which enthalpies can be measured, hence which 
deduced [1]

C(s) + 2H2(g) CO2(g) + 2H2O(l)CH4(s)
deduced measured

measured

 Q2 a i  The energy needed to break one bond in a molecule in 
the gaseous state.
The value is averaged using those from similar 
compounds. [3]

ii It is an element and is the only species with a F F 
bond. [1]

b i Sum of bonds broken = 412 + 158 = 570
Sum of bonds formed = 484 + 562 = 1046

H = −476 kJ mol−1 [3]
ii 

En
th

al
py

CH4 + F2 

CH3F + HBr 

 [2]

iii About the same since the same number and type of 
bonds are being broken and formed. [2]

 Q3 a It is exothermic because heat is released to the 
surroundings and the temperature rises. [1]

b To make any heat loss as small as possible, so that all the 
heat will be given out very rapidly. [1]

c Heat released = mass  specific heat capacity  
temperature increase
Amount of LiOH or HCl used = 0.500 dm3  0.050 mol dm−3 
= 0.025 mol
Heat released = 100 g  4.18 J g−1 °C−1  3.5 °C = 1463 J 
= 1.463 kJ

H = (1.463 kJ/0.025 mol) = −58.5 kJ mol−1 [4]
d Significant heat loss to the surroundings. Insulate the 

reaction vessel and use a lid. Draw a temperature versus 
time graph and extrapolate to calculate the rise in 
temperature. [2]

e The temperature change would be the same, namely, 
3.5 °C. This occurs because the amount of lithium 
hydroxide reacted would be the same. The excess 
hydrochloric acid would not react; lithium hydroxide is the 
limiting reagent.  [2]

6 Kinetics
Paper 1  IB questions and IB style questions

 Q1 A The magnesium carbonate is present in excess – hence 
there is little change in surface area.

 Q2 A Zinc is the limiting reactant and hence determines the 
volume of the hydrogen. The two samples of zinc have the 
same mass.

 Q3 D Very few colliding molecules have kinetic energies equal to 
or in excess of the activation energy.

 Q4 A Catalysts decrease the activation energy for the forward 
and backward reactions. They provide a new mechanism or 
pathway.

 Q5 C Colliding particles must have a kinetic energy higher than 
the activation energy is necessary for a successful collision.

 Q6 C Decreasing the temperature reduces the frequency of the 
collision rate and reduces the number of colliding species 
with combined kinetic energies greater or equal to the 
activation energy.

 Q7 B The addition of hydrochloric acid of higher concentration 
means that the reaction will go faster and hence the loss in 
mass will be faster. In addition, since the acid is the limiting 
reagent then a greater total volume of gas is lost and 
hence a greater mass loss results.

 Q8 C Activation energy does not vary with temperature.

 Q9 A Rates of reaction are the highest at the start of the reaction 
when the concentrations of the reactants are highest.

 Q10 D This combination has acid of the highest concentration and 
the greatest surface area for the calcium carbonate. Both 
these factors maximize the collision rate.

 Q11 B The bromine atom is an intermediate and behaves as both 
a reactant and a product.

 Q12 B An increase in particle size will reduce the rate of the 
reaction.
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 Q13 C Increasing the pressure increases the concentration of 
reacting gases and hence generally increases the rate of 
reaction.

 Q14 B Tripling the volume of the acid will not alter the initial rate 
of reaction since there is no change in concentration and 
hence there will be no effect on the collision rate between 
magnesium atoms and hydrogen ions from the methanoic 
acid.

 Q15 D An increase in temperature does increase the collision 
rate, but the rise in the proportion of molecules colliding 
with kinetic energies equal to or in excess of the activation 
energy increases is the major underlying reason for the 
rapid increase in rate.

 Q16 A The function of a catalyst is to create a new reaction 
pathway with a lower activation energy. Catalysts are not 
chemically consumed during a reaction.

 Q17 D Neutralization reactions, between hydrogen and hydroxide 
ions, are very rapid since oppositely charged ions are 
involved.

 Q18 C Rate is defined as change in concentration (mol dm–3) with 
time (s).

 Q19 C 2 volumes of gas form 2 volumes of gas. Hence there is no 
change in pressure.

 Q20 C The reaction takes place on the surface. The collision rate 
will be directly proportional to the rate.

Paper 2  IB questions and IB style questions

 Q1 a Rate is the increase in product concentration per unit time 
or the decrease in reactant concentration per unit time. 
Rate is also change in reactant or product concentration 
per unit time. [1]

b i  The reaction is slow because the reaction has a high 
activation energy barrier and few molecules have the 
necessary kinetic energy and correct collision geometry 
required for a successful reaction. [2]

ii The increase in temperature increases the collision 
rate and the combined kinetic energy of the colliding 
molecules. [1]
More pairs of colliding molecules have combined 
kinetic energies equal to or greater than the activation 
energy. [1]

iii One mark for any two of the following (max [2]):

Add a catalyst [1]; increase the total pressure which is 
equivalent to decreasing the volume of the container 
[1]; increase the concentration of C or D [1]. [2]

 Q2 a i 900 cm3 [1]
ii 500 cm3 [1]
iii 320 cm3 [1]

b As the reaction proceeds the surface area of the 
magnesium (the limiting reagent) decreases and hence the 
rate decreases. The acid concentration remains relatively 
constant. [2]

c The reaction has stopped; all of the magnesium has been 
consumed. [1]

d i Increased [1]
ii Decreased [1]
iii Increased  [1]

e i Increased [1]
ii Unchanged [1]

f Hydrogen has a very low molar mass and the mass change 
observed will be relatively small and hence difficult to 
measure accurately.  [2]

g The rate of formation of hydrogen is half the rate of 
consumption of hydrochloric acid. [1]
The coefficient in front of the hydrochloric acid is twice 
the coefficient in front of the hydrogen. [1]

h Mg(s) + 2H+(aq)  Mg2+(aq) + H2(g) [1]
Reactions usually proceed by more than one step; 
a simultaneous collision between three particles is 
highly unlikely. [1]

 Q3 a i Carbon dioxide, CO2 [1]
ii CaCO3(s) + 2HCl(aq)  CaCl2(aq) + CO2(g) + H2O(l) [2]

b 800 cm3 [1]; 8 minutes [1] [2]
c i  The collision frequency between carbonate and 

hydrogen ions is greatest at the start, but decreases 
with time. The concentrations of the two reactants is 
highest at the start of the reaction. However, as the 
chemicals react the number of reacting ions decreases 
the concentrations and hence the collision rate 
decreases. [2]

ii The mass of calcium carbonate may be less in Y  
and hence greater in X. [1]
The concentration of hydrochloric acid may be  
less in Y and hence higher in X. [1]

7 Equilibrium
Paper 1  IB questions and IB style questions

 Q1 A I and II are correct as the equilibrium involved is a dynamic 
process; III is not necessarily true, the balance, i.e. the 
position of equilibrium, depends on the conditions.

 Q2 C The concentrations do not change unless the conditions 
are changed.

 Q3 C I is correct as the equilibrium is dynamic; III is correct as the 
equilibrium can be reached from either direction.

 Q4 C Catalysts speed up both forward and reverse reactions 
equally as they lower the activation energies of these 
reactions to the same extent.

 Q5 A The equilibrium is dynamic with the rates of forward and 
reverse reactions equal.

 Q6 D Forward reaction is endothermic; forward reaction 
favoured by increased temperature. So the equilibrium 
shifts to the right. Kc is a measure of how far to the right 
an equilibrium lies. 

 Q7 C II is correct as removing oxygen shifts the reaction to the 
right; III is correct as reduced pressure favours the side of 
the equation involving fewer moles of gas, in this case the 
products side.

 Q8 B A catalyst speeds up both the forward and the reverse 
reactions equally; the composition of the equilibrium 
mixture remains unchanged.

 Q9 D This is the correctly constructed expression which fits with 
the equilibrium law.

 Q10 B Production of SO3 favoured by lower temperatures (as 
forward reaction is exothermic) and high pressures as the 
products occupy less volume. 
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 Q11 B The pressure is lowered favouring a shift to the products 
side of the equilibrium as this involves fewer moles of gas; 
so the amount of SO2Cl2 is decreased.

 Q12 D In this case there are the same number of moles of gas on 
both sides of the equation. 

 Q13 B This is the correctly constructed expression which fi ts with 
the equilibrium law.

 Q14 A Forward reaction is endothermic and favoured by an 
increase in temperature, so more NO2 is present in the 
equilibrium mixture (so the mixture is browner).

 Q15 C The forward reaction is endothermic and favoured by an 
increase in temperature. I and II would have no effect on 
the equilibrium position.

 Q16 B This is the correctly constructed expression which fi ts with 
the equilibrium law.

 Q17 A I would shift the equilibrium to the right and so increase 
the concentration of ammonia; II would shift the 
equilibrium to the left.

 Q18 D The forward reaction is endothermic and favoured by an 
increase in temperature (II). Increased pressure would shift 
the equilibrium to the left. 

 Q19 C Ethanol production is favoured by lower temperatures and 
increased pressure.

 Q20 B The higher the value of Kc, the greater the value of the 
numerator (the top fi gures) in the equilibrium expression; 
so the greater the concentration(s) of the products. 
There is no connection between Kc and the rate at which 
equilibrium is achieved.

Paper 2  IB questions and IB style questions

 Q1 a Less product is present at higher temperatures [1]; 
therefore the forward reaction is exothermic [1]. [2]

b i  Forward and reverse reactions still occurring/forward 
and reverse rates equal. [1]
Concentrations of reactants and products unchanged 
at constant temperature. [1]

ii Reactants and products in the same phase/state. [1]
iii Kc = [NH3]2/[N2][H2]3

Use of [ ] and formulas in correct position [1]; powers 
correct [1]. [2]

c i  Rate increased [1]; equilibrium constant 
decreased [1]. [2]

ii Rate increased [1]; equilibrium constant 
unchanged [1]. [2]

iii Too expensive/greater cost of energy or pipes/more 
safety precautions/thicker pipes. [1]

iv Shifted to right [1]; to replace the ammonia 
removed [1]. [2]

d Iron/Fe [1]
Equilibrium constant unchanged [1]; only temperature 
affects Kc/catalyst speeds up forward and reverse reactions 
equally/activation energy reduced by same amount for 
both forward and reverse reactions [1]. [2]

e One mark for any three of the following (max [3]):
Successful collisions need minimum/activation energy/
correct geometry [1]
Increasing temperature causes increase in kinetic 
energy of particles [1]
So increased proportion of successful collisions [1]

So increased frequency of collisions/more collisions per unit 
time [1]
(Simply writing ‘more collisions’ is not acceptable.)

 Q2 a Kc = [HI]2/[H2][I2] [1]
b Concentration of product/HI greater (than [H2] and [I2]) [1]
c It will have no effect. [1]
d As the reaction is endothermic, increasing the temperature 

will shift the equilibrium position to the right (more product 
formed). [1]

 Q3 a Kc = [NO2]2/[N2O4]
Horizontal line concentration of reactant and product 
remains constant/equilibrium reached.
Magnitude of Kc greater than 1 as product concentration 
greater than reactant concentration. [4]

b Increased temperature shifts equilibrium position 
to right. [1]
Forward reaction is endothermic/absorbs heat. [1]

c Increased pressure shifts equilibrium to the left. [1]
Fewer (gas) moles/molecules on the left. [1]

d Both/forward and reverse rates increased/increase in 
forward reverse rates are equal; activation energy reduced; 
position of equilibrium unchanged.
Concentration/amount of reactants and products remain 
constant.
Value of Kc unchanged.
Kc only affected by changes in temperature. [6]

 Q4 a 

Time

forward

reverse

R
at

e

Two curves – one labelled ‘forward’ starting up high up 
y-axis and one labelled ‘reverse’ starting from zero. The 
curves merge and become horizontal.
i Forward reaction – highest concentration, thus 

rate high to begin with. As reaction proceeds, 
concentrations decrease, so does rate.

ii Reverse reaction – zero rate initially/at t = 0 (since no 
products present). Rate increases as concentration of 
products increases.
Equilibrium established when rate of forward reaction 
= rate of reverse reaction. [7]

b Reaction is endothermic [1]
Kc increases with (increasing) temperature [1]
Forward reaction favoured/heat used up [1]

 Q5 a 200 °C [1] and 600 atm [1]. [2]
(Allow the ‘highest pressure and the lowest temperature’.)

b i  Yield increases/equilibrium moves to the right/more 
ammonia [1]
4 (gas) molecules  2/decrease in volume/fewer 
molecules on right-hand side [1]

ii Yield decreases/equilibrium moves to the left/less 
ammonia [1]
Exothermic reaction [1]
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c High pressure expensive/greater cost of operating at high 
pressure/reinforced pipes, etc. needed
Lower temperature – greater yield, but lowers rate [2]
(Do not award a mark for simply saying ‘compromise’.)

d Kc = [NH3]2/[N2][H2]3 [1]
e i  Artificial fertilizers/increasing crop yields; production of 

high explosives for mining [1 max] [1]
ii Fe/iron (allow magnetite/iron oxide) [1]

The claim is not valid since catalysts do not alter the 
yield/position of equilibrium/only increase the rate of 
reaction. [1}

8 Acids and bases
Paper 1  IB questions and IB style questions

 Q1 D A strong acid is almost completely dissociated in water: 
HA(aq)  H+(aq) + A–(aq).

 Q2 C Metals that react with acids form hydrogen and a salt.

 Q3 A Strong acid < weak acid < weak base < strong base

 Q4 C Pure distilled water is essentially molecular but contains low 
but equal concentrations of hydrogen and hydroxide ions.

 Q5 D Metal hydroxides react with acids to form a salt and water.

 Q6 A The conjugate acid is formed by protonation of the amine 
group.

 Q7 A The most concentrated acid has the greatest amount of 
hydrogen ions.

 Q8 D A conjugate acid–base pair differ by a proton (H+).

 Q9 B Acid behaviour is observed in water since the water 
molecule is a strong base (proton acceptor) and forms 
oxonium ions, H3O+.

 Q10 D Sodium hydroxide is a strong alkali.

 Q11 B The low concentration of ions accounts for its low 
conductivity.

 Q12 A Alkaline solutions have pH values of greater than 7.

 Q13 D Weaker acids have higher pH values than strong acids of 
the same concentration.

 Q14 B A decrease in pH correlates to an increase in hydrogen ion 
concentration.

 Q15 D pH and [H+] are inversely related. An increase in the pH 
by a value of one corresponds to a 10 decrease in the H+ 
concentration.

 Q16 B HSO4
–  SO4

2– + H+; HSO4
– + H+  H2SO4

 Q17 D A change in pH of one unit corresponds to a change of 
10 in the concentration of hydrogen ions.

 Q18 D The sulfuric acid molecule is deprotonated.

 Q19 C The ammonium ion can only act as an acid:  
NH4

+  NH3 + H+

 Q20 A H2SO4 + Ba(OH)2  BaSO4 + 2H2O
0.1 mol of sulfuric acid reacts with 0.1 mol of barium 
hydroxide.

 Q21 A Hydrogen chloride reacts with water to form a solution of 
hydrochloric acid.

 Q22 C Carbonic acid is a weak acid.

 Q23 A A monoprotic acid releases one hydrogen ion per molecule 
in water.

 Q24 C A Lewis base is any molecule or ion that can form a new 
coordinate covalent bond, by donating a pair of electrons.

 Q25 D The ammonia molecule has an available lone pair of 
electrons and is able to accept a hydrogen ion and form 
the ammonium ion (via dative bond formation).

Paper 2  IB questions and IB style questions

 Q1 a i Acid X [1]
ii Y > Z by a factor of 10 [1]
iii Y, Z and X [1]; conductivity increases with ion 

concentration. As the pH value decreases the 
concentration of hydrogen ions increases [1]. [2]

 Q2 a A strong acid is fully ionized or dissociated in solution. [1]
HCl(aq)  H+(aq) + Cl–(aq) [1]
A weak acid is partly ionized or dissociated in solution [1]
H2CO3(aq)  2H+(aq) + CO3

2-–(aq) 
  or
H2CO3(aq)  H+(aq) + HCO3

–(aq) [1]
b Universal indicator: hydrochloric acid – red; carbonic acid – 

yellow/orange  [1]
Electrical conductivity: hydrochloric acid – high; carbonic 
acid – low
  or
Reaction with metal/metal carbonate: hydrochloric acid – 
vigorous; carbonic acid – slow. [1]

c 10000 : 1 or 104 : 1 or 0.1 : 0.00001 or 10–1 : 10–5 [2]
d i Base: HCO3

–; conjugate acid: H2CO3 [1]
Acid: HCl; conjugate base: Cl– [1]

ii Brønsted–Lowry [1]

9 Oxidation and reduction
Paper 1  IB questions and IB style questions

 Q1 A The products of the reduction of the manganate(VII) 
ion depend on pH. However, under acidic conditions, 
manganese(II) ions are produced:  
MnO4

– + 8H+ + 5e–  Mn2+ + 4H2O

 Q2 B The formation of chlorine from hydrochloric acid is 
an oxidation process: the oxidation number changes 
from 0 to –1.

 Q3 D 6H+(aq) + 6NO3
–(aq) + I–(aq)  IO3

–(aq) + 6NO2(g) + 6H2O(l)

 Q4 A Precipitation reactions do not involve a change in oxidation 
number.

 Q5 D The anode is positive and attracts negative ions. Oxidation 
occurs at the anode of an electrolytic cell.

 Q6 B The nickel complex is neutral and consists of a nickel atom 
and four carbon monoxide molecules.

 Q7 A X is less reactive than Y; Z is more reactive than Y.

 Q8 D Oxidizing agents undergo reduction during a redox 
reaction: the oxidation number of oxygen changes 
from 0 to –2; the oxidation number of chlorine 
changes from 0 to –1.

 Q9 A The iodine undergoes a change in oxidation number from 
0 to –1.
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 Q10 B The chromium remains in oxidation state +6.

 Q11 B Chloride ions can only act as a reducing agent: 2Cl–  
Cl2 + 2e–. All the other chemicals are in an intermediate 
oxidation state.

 Q12 D Metals that are weak reducing agents (electron donors) 
form ions that are strong oxidizing agents (electron 
acceptors).

 Q13 C Iodine is below bromine in group 7 and hence not 
suffi ciently powerful to oxidize bromide ions to bromine 
molecules.

 Q14 C Electrons consumed at the cathode by reduction are 
supplied by the anode by the action of oxidation.

 Q15 B MnO4
– + 8H+ + 5e–  Mn2+ + 4H2O (multiply through by 3)

3H2O + Y2+  YO3
– + 6H+ + 3e– (multiply through by 5)

3MnO4
– + 24H+ + 15e– + 15H2O + 5Y2+  3Mn2+ + 12H2O 

+ 5YO3
– + 30H+ + 15e–

3MnO4
– + 3H2O + 5Y2+  3Mn2+ + 6H+

Amount of MnO4
– = 3

5
  amount Y2+ = 3.216  10–3 mol

 Q16 B 2Cr + (–14) = –2; 2Cr = +12; Cr = +6

 Q17 D Ions move to electrodes opposite in sign to their charges.

 Q18 D The manganese changes oxidation number from +6 to +7. 
The chromium remains in oxidation number +6. The iron 
changes from oxidation number +2 to +3.

 Q19 A Precipitation reactions do not involve a change in oxidation 
number.

 Q20 C The oxidation number is +5.

Paper 2  IB questions and IB style questions

 Q1 a i Magnesium (Mg), iron (Fe), copper (Cu), gold (Au) [1]
ii The loss or removal of electrons from a chemical 

species [1]
Iron atoms lose electrons during their reaction with 
copper(II) ions: 
Fe(s)  Fe2+(aq) + 2e–  [1]

iii Reduction involves a decrease in oxidation number. [1]
Copper(II) ions gain electrons during their reaction with 
iron atoms: Cu2+(aq) + 2e–  Cu(s) [1]

iv Magnesium (Mg) is the strongest reducing agent [1]; It 
reduces Fe2+; Fe reduces Cu2+; Cu reduces Au+ [1]. [2]

v Gold ions, Ag+ [1]; Every metal present can reduce gold 
ions to gold atoms [1]. [2]

vi Does not react [1]; It is too low in the reactivity series 
and hence is less reactive than magnesium [1]. [2]

b 
source of current [1]

+ –
electrodes [1]
correct polarity with
reference to battery [1]

molten salt [1]

 [4]

c At the cathode (negative electrode):
electrons are given to the cations (positive ions) [1]
electrons are removed from the anions (negative ions). [1]
At the anode (positive electrode):
copper atoms formed (at the cathode) [1]
chlorine molecules formed (at the anode). [1]

 Q2 a At the negative electrode (cathode):
K+ + e–  K [1]
At the positive electrode (anode):
2F–  F2 + 2e– [1]
Electrons fl ow through the external circuit or wires and the 
ions move through the electrolyte to the electrodes where 
they gain or lose electrons. [2]

b 0.2 mol since the K to F2 molar ratio is 2 : 1. [2]
c i  Sodium atoms lose electrons and undergo reduction. 

Aluminium ions (in aluminium chloride) gain electrons 
and undergo oxidation. [2]

ii Reactants: sodium metal: 0; aluminium in aluminium 
chloride: 3; aluminium metal: 0; sodium in sodium 
chloride: +1. [2]

 Q3 a The voltage of the cell decreases as the metal is closer to 
the reactivity series. [1]

b The metal is the negative electrode because it is higher 
than silver in the reactivity series and it will oxidize (lose 
electrons) in preference to silver. [2]

c Zn(s)  Zn2+ (aq) + 2e–; Ag+(aq) + e–  Ag(s) [2]

10 Organic chemistry 
Paper 1  IB questions and IB style questions

 Q1 C See page 266 in Chapter 10.

 Q2 B Aldehydes contain the CHO functional group.

 Q3 D Members of an homologous series differ by adding CH2  
units to the chain.

 Q4 C Molecule C has the formula C5H12; all other answers 
incorrect.

 Q5 B The product is an ester, ethyl ethanoate.

 Q6 A All structures are valid and have the molecular formula 
C4H10.

 Q7 A C6H14 and C13H28 are both alkanes. C2H4 and C10H20 are 
both alkenes, but only C2H4 is a gas at room temperature.

 Q8 A Light is a form of energy and is absorbed by chlorine 
molecules to dissociate the covalent bond between the two 
chlorine atoms. Homolytic fi ssion occurs: Cl2(g)  2Cl (g)

 Q9 D Alkenes rapidly react with bromine water via an addition 
reaction.

 Q10 D Carbon dioxide and water are formed by the complete 
combustion of a hydrocarbon.

 Q11 A All the other compounds are possible products of repeated 
free radical substitution. B is the product of a possible 
termination reaction.

 Q12 B It is a tertiary alcohol; C(CH3)3 OH or CH3C(CH3)2 OH.

 Q13 A There are four carbon atoms in the longest unbranched 
chain. There is a methyl group and an OH group on the 
second carbon atom.
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 Q14 B The bond angle in ethane is smaller, 109.5° compared to 
120°; bond length in ethane is longer as the bond is just a 
single C C bond, whereas there is a C C bond in ethene.

 Q15 D It contains an ester linkage: CO O .

 Q16 A Propan-2-ol is a secondary alcohol and secondary alcohols 
are oxidized to ketones.

 Q17 D Repeated condensation to form a polyamide could occur.

 Q18 B The compound is an ester formed from butanoic acid 
(see the first part of the structure) and methanol (see 
the second part of the structure); therefore it is methyl 
butanoate.

 Q19 C The members of an homologous series are not isomers of 
each other; other statements are correct.

 Q20 A These molecules will only have van der Waals’ forces acting 
between them; other examples have the capability of 
hydrogen bonding between the molecules. 

Paper 2  IB questions and IB style questions

 Q1 a Molar ratio = 1 : 2.2 [1]
Therefore empirical formula is C5H11 [1]

b Molar mass of empirical formula = 71 [1]
Molecular mass = 142; therefore molecular formula  
= 2  empirical formula
Molecular formula of hydrocarbon = C10H22 [1]

c i 2C10H22 + 31O2  20CO2 + 22H2O [2]
ii 2C10H22 + 21O2  20CO + 22H2O [2]

Could also have an equation where C is produced.
d i C4H10 [1]

ii C5H10 [1]

 Q2 a One mark for any three of the following (max [3]):
Same general formula/CnH2n [1]
Formulas of successive members differ by CH2 [1]
Similar chemical properties/same functional group; 
gradation/gradual change in physical properties. [1]

b But-2-ene [1]
Strongest intermolecular/van der Waals’ forces [1]
Largest (molecular) mass/size/surface area/area of contact
 [1]

c CH2CHCH2CH2CH3 / CH3CHCHCH2CH3 /any correct 
branched structure [1]
Pent-1-ene/pent-2-ene [1]

d C4H8 + HBr  CH3CH2CHBrCH3 [2]
Addition [1]

e Oxidation/redox [1]
(Potassium or sodium) dichromate(VI)/Cr2O7

2− [1]
(Sulfuric) acid [1]
Distilling off propanal as it is formed [1]
Heating under reflux with excess oxidizing agent (to 
obtain propanoic acid) [1]

f (Propan-1-ol) hydrogen bonding; (propanal) dipole–dipole 
attractions; (propanoic acid) hydrogen bonding
Propanoic acid > propan-1-ol > propanal [4]

 Q3 a i % oxygen = 36.4
Empirical formula is C2H4O [3]

ii Molar mass of empirical formula = 44
Molecular formula = 2  empirical formula = C4H8O2 [2]

b Empirical formula is CH2O
Molar mass of empirical formula = 30
Molecular formula = 2  empirical formula = C2H4O2 [2]

 Q4 a Full or condensed structures: CH3CH2CH2CH3, butane/
CH3CH(CH3)CH3, 2-methylpropane [4] 

b A; CH3CH2COOH/CH3CH2CO2H propanoic acid
B or C; CH3COOCH3 methyl ethanoate
C or B; HCOOCH2CH3 ethyl methanoate [6]

c i A forms hydrogen bonds with water [1]
A ionizes/dissociates to give H+ ions [1]

ii C2H5COOH + NaOH  C2H5COONa + H2O [1]
iii No C C bond [1]

d i Esters [1]
Flavourings/plasticizers/solvents/perfumes [1]

ii Carboxylic acid/alkanoic acid [1]; alcohol/alkanol [1]; 
water [1]. [3]

e Any feasible formula containing C C (e.g. CH3CHC(OH)2  

or HOCH C(OH)CH3) [1]
Addition [1]
Mixture is decolorized/colour change is from  
yellow/orange to colourless [1]

 Q5 a i  Same general formula/differ by CH2 /similar chemical 
properties/gradual change in physical  
properties. [3]

ii  

 [4]
b i Esterification/condensation

CH3COOH + C2H5OH  CH3COOC2H5 + H2O 
Ethyl ethanoate

CH3

O

O
C

C2H5

 

[4]

ii Catalyst; lowers activation energy (by providing an 
alternate pathway) [2]

iii Flavouring agents/in plasticizers/in solvents/in perfumes
 [1]

c i  II reacts with bromine/contains C C/II is an alkene/has 
unsaturated R group.
I contains only saturated R groups. [2]

ii Addition polymerization 

[2]

CH2CH( (

CHO

O

CH3 CH3CH2 CH2 CH2 OH

CH2 OH

OH

CH3

CH3

CH3

C

I
II

CH3

OH

H

C2H5
C

III

CH3

H

C

IV
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 Q6 a i Empirical formula = C8H8O3 

[2]

O

C

O

C
O

H
H

H

H
H

HH

H
ii The bond at 0.1373 nm is a double bond and the bond 

at 0.1424 nm is a single bond. [1]
In CO2(g) both bonds are double bonds and would 
have a value around 0.137 nm. [1]

iii Ester/arene or benzene ring/alcohol. [2]
b i  Boiling point increases as the number of carbons 

increases. [1]
Greater Mr and hence greater van der Waals’/London/
dispersion forces present. [1]

ii CH4 + Cl2  CH3Cl + HCl needs UV light
Initiation step:
Cl2  2Cl  needs uv light
Propagation step:
CH4 + Cl   CH3 + HCl
CH3 + Cl2  CH3Cl + Cl
Termination step:
Cl  + Cl   Cl2 or Cl  + CH3  CH3Cl  
or CH3 + CH3  CH3CH3 [5]

c i A = CH3(CH2)7CHO
B = CH3(CH2)7COOH/CH3(CH2)7CO2H
C = (CH3)3COH
D = (CH3)2CO
E = BrCH2CH2Br [5]

ii Addition

H

H

C

H

H

C

H

H

C

H

H

C

H

H

C

H

H

C

 

[2]

 Q7 a i Propan-2-ol [1]
ii Propan-1-ol [1]
iii 2-methylbutan-2-ol [1]
iv Ethane-1,2-diol [1]

b i Secondary [1]
ii Primary [1]
iii Tertiary [1]
iv Primary [1]

c i Propanone, CH3COCH3 [2]
ii Propanoic acid, CH3CH2COOH [2]
iii No oxidation [1]
iv Ethane-1,2-dioic acid, HOOCCH2CH2COOH [2]

11  Measurement and 
data processing

Paper 1  IB questions and IB style questions

 Q1 C Zeros to the right of the decimal point are significant.

 Q2 B Zeros to the right of the decimal point and between non-
zero numbers are significant.

 Q3 A Zeros to the right of the decimal point are significant.

 Q4 B 100.5094 = 100.5 (When adding the final result should 
be reported to the same number of decimal places as the 
value with the least number of decimal places, i.e. 48.2 m.)

 Q5 A 435.54 = 436 (When adding the final result should be 
reported to the same number of decimal places as the 
number with the least number of decimal places, i.e. 451.)

 Q6 D Percentage uncertainty = 3 (0.1/40) =  0.0075 = 0.75

 Q7 C 1 g = 10−6 g = 10−6  10−3 kg = 10−9 kg; percentage 
random uncertainty = (10−9 kg/1 kg)  100% = 10−7 %

 Q8 B A small systematic error occurs when all the readings are 
consistently higher or lower than true values. Imprecise 
readings implies there is a spread of readings about the true 
value. The spread for balance B is more than balance A.

 Q9 C Value of error = 327.66 kJ mol−1  0.03 = 9.83 kJ mol−1 = 
10 kJ mol−1 (1 significant figure). Enthalpy of combustion = 
330 kJ mol−1 (rounded to the same tens place as the error).

 Q10 A A zero error is a systematic error.

 Q11 B Precision refers to how close the titre data points are from 
one another. Accuracy is a measure of how close the mean 
value is from the true value. Answer’s B’s titre data points 
are close to one another, but their mean value is very from 
the far true value x0. Hence the results in answer B are 
precise but not accurate.

 Q12 A Percentage error decreases as the size of the measurement 
increases.

 Q13 B Random uncertainty is half the smallest division.

 Q14 A There is an implied random uncertainty of 0.05 cm.

 Q15 D 0.005
6.25

  100 = 0.0769% = 0.08%

 Q16 C Systematic error: I, III, VI; Random uncertainties: II, IV, V

 Q17 B Low accuracy – they are far from the centre; but they are 
close together (high precision).

 Q18 C The measuring cylinder has the most imprecise scale.

 Q19 A There are three significant figures, equal to the number of 
significant digits in each number.

 Q20 B Percentage error = 
literature − experimental value

literature value
 

   = 
(278 − 258)

278
  100 = 7%

Paper 2  IB questions and IB style questions

 Q1 a i  The actual volume of sodium hydroxide will be 
lowered, and the calculated concentration of 
hydrochloric acid will be higher. [2]

ii If there was water in the burette, the sodium 
hydroxide would be diluted, reducing the 
amount of sodium hydroxide and the calculated 
concentration of hydrochloric acid. [2]

iii This will make the concentration of the hydrochloric 
acid appear greater than it really is. [1]

iv The end-point will not be accurate, causing random 
errors. [1]

b i Systematic error [1]
ii Measure the pH of a buffer solution of known pH 

value. [1]
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 Q2 a Mass of copper, time and current [3]
b Directly proportional [1]

c Rate = 
mass of copper/g

time/min
 = 

1.24 g
15 min

 = 0.08 g min−1 [2]

d Interpolation, area under the graph and extrapolation [2]

 Q3 a Percentage uncertainty in length = (
1

298
)  100 = 0.336%

 [1]
b Percentage uncertainty in width = (

1
210

)  100 = 0.4% [1]

c Area = 298 mm  210 mm = 62 580 mm2 [1]

 Uncertainty in area = (
1

298
 + 

1
210

)  62 580 

  = 508 mm2

Area = 62 580 mm2  508 mm2 [2]

 Q4 d
2.50

 = 
0.1

25.0
 + 

0.01
5.00

 + 
0.01
2.00

 + 
0.01
1.00

; d = 0.05 g cm−3

Hence the density is 2.50 g cm−3 ± 0.05 g cm−3 [2]

 Q5 (120.2 g − 119.0 g)  (
1 cm3

2.05 g
) = 0.59 cm3 [2]

12 Atomic structure
Paper 1  IB questions and IB style questions

 Q1 D Titanium has an atomic number of 22. Its electron 
configuration is 1s22s22p63s23p64s23d2.

 Q2 A The removal of an electron from a sodium ion would 
involve the removal of a core electron from the second 
shell close to the nucleus. This electron would be strongly 
held and hence would have a large ionization energy. This 
electron would have the highest effective nuclear charge.

 Q3 C The Fe2+ ion has the configuration [Ar]3d6. Hence there is 
one spin pair and four unpaired electrons.

 Q4 B 1s sub-shell: 1 occupied orbital; 2s sub-shell: 1 occupied 
orbital; 2p sub-shell: 3 occupied orbitals; 3s sub-shell: 1 
occupied orbital; 3p sub-shell: 3 occupied orbitals: two 
filled and one half-filled.

 Q5 C The two elements are both in the same group (group 1). 
Elements in groups, especially those at the extremes of the 
periodic table, have very similar chemical properties.

 Q6 A Ionization energies decrease down a group and generally 
increase across a period.

 Q7 C A tin atom has the following electron configuration: 
1s22s22p63s23p63d104s24p64d105s25p2.

 Q8 A Ionization energies decrease down a group and generally 
increase across a period. The valence electron in sodium is 
experiencing the lowest effective nuclear charge.

 Q9 D The electron configuration of the cobalt(III) ion is: 
1s22s22p63s23p63d6. The 4s electrons are lost from a 
transition metal atom before the 3d electrons.

 Q10 C The electron configuration of the iron(III) ion is 
1s22s22p63s23p63d5. The 4s electrons are lost from a 
transition metal atom before the 3d electrons.

 Q11 D The electron arrangements of the species are all 2,8, that 
is, they are iso electronic. However, the atomic (proton) 
numbers are 8, 9 and 11. The effective nuclear charge 
increases left to right and hence radii decrease.

 Q12 B The electron configuration for a manganese atom is 4s23d5.

 Q13 D Na 2,8,1 (11 protons), Na+ 2,8 (11 protons), Mg2+ 2,8 (12 
protons) and Al3+ 2, 8 (13 protons). The radii decrease due 
to the increasing effective nuclear charge.

 Q14 B Na+ 2,8 (11 protons), N3− 2,8(7 protons), F− 2,8 (9 protons), 
Ne 2,8 (10 protons). The electrons in the nitride ion are 
experiencing the lowest effective nuclear charge.

 Q15 D A cobalt atom has the following electron configuration: 
1s22s22p63s23p63d74s2. The 3d sub-shell has two spin pairs 
and three unpaired electrons.

 Q16 A Ionization energies generally increase across periods. 
This results in a decrease in metallic behaviour, that is, a 
decrease in tendency to form cations (positive ions).

 Q17 C A carbon atom has the following electron configuration 
1s22s22p2. The p sub-shell has two unpaired electrons in 
accordance with Hund’s rule.

 Q18 B All d sub-energy levels have 10 orbitals and hence can hold 
to a maximum of 10 electrons.

 Q19 A Ionization energies decrease down a group and generally 
increase across a period. The electrons in argon are 
experiencing the highest effective nuclear charge.

 Q20 A X is in group 1 and Y is in group 2 or 4.

 Q21 D Al3+ 2,8 (13 protons), Mg2+ 2,8 (12 protons), F− 2,8 (9 
protons), S2− 2,8,8 (16 protons). The electrons in the sulfide 
ion are experiencing the lowest effective nuclear charge.

 Q22 D Ni 3d84s2; Mn 3d54s2; Cu2+ 3d9; Ni2+ 3d8

 Q23 D Elements in the first transition series (with the exception of 
copper and chromium) have a 3dx4s2 configuration.

 Q24 D The atomic number is the number of protons in the 
nucleus. The proton number determines the number of 
electrons and hence the electron configuration.

 Q25 B Oxygen 2,6 (8 protons), fluorine 2,7 (9 protons), neon 2,8 
(10 protons). Effective nuclear charge is increasing from left 
to right. 

 Q26 C From lithium to neon the atomic number (proton number) 
increases by one. This is accompanied by the addition of an 
extra electron.

 Q27 C I  has two unpaired 2p electrons; II  has three unpaired 2p 
electrons and III has two unpaired 2p electrons.

 Q28 C The chromium(III) ion has the electron configuration 3d3. 
The chromium atom has the electron configuration 3d54s1.

 Q29 C X will have the electron configuration is [Ar]3d54s2. 
Transition metal ions ionise via loss of 4s and then 3d 
electrons. The total number of electrons in the atom is 18 
+ 5 + 2 = 25.

 Q30 D A germanium atom has the following configuration: 
1s22s22p63s23p64s2 3d104p2. Three 2p orbitals, three 3p 
orbitals and two unfilled 4p orbitals.

Paper 2  IB questions and IB style questions

 Q1 a The first ionization energy is the minimum energy required 
to remove one mole of electrons from one mole of gaseous 
atoms to form one mole of unipositive gaseous ions (under 
standard thermodynamic conditions). [2]
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b In a group 2 element (C) the electron (for the first 
ionization energy) is removed from a spin pair in a s sub-
shell. For D, a group 3 element, the electron (for the first 
ionization energy) is removed from a 3p sub-shell further 
away from the nucleus. The 3p sub-shell also experiences 
more shielding. Hence there is a decrease in first ionization 
energy when moving from C to D. The increase in nuclear 
charge accounts for the increase from E (np2 to F np3). In 
addition C cannot be in group 5 (the other group after 
which there is a slight decrease) because there is a steady 
rise for the next three elements (D to E to F) indicating the 
filling of a p sub-shell). [4]

c As you move down group 2 the first ionization energies 
decrease. As you descend the group the nuclear charge 
increases due to the presence of additional protons, but 
the shielding effect progressively increases due to the 
presence of an extra electron shell as you move from 
one period to the next. The effect of the extra protons is 
compensated for by the effect of the extra electrons. The 
only factor left is the additional distance between the outer 
electron and the nucleus. That lowers the first ionization 
energy. [3]

d C is in period 3 since in period 2 the group 2 element 
would have the higher ionization energy while in period 4 
the group 2 element would have a lower ionization energy. 
This can be accounted for by the progressively increasing 
average distance the valence electron is from the nucleus. 
C cannot be in the first period (He) as p-orbitals are being 
filled, it cannot be in the fourth period (Ca) as (x + 8) 
would not bring you back to group 2 again.  [3]

e There is a slight decrease from F to G due to the presence 
of a spin pair in the np sub-shell for G. The resulting 
electron–electron repulsion is greater than the effect of 
the increase in nuclear charge and reduces the ionization 
energy of G+. [2]

 Q2 i 4p [1]
ii Ge+(g)  Ge2+(g) + e− [1]
iii 5th electron removed from 3rd energy level and 4th 

electron from 4th energy level. The attraction by the 
protons in the nucleus is greater since the electrons are 
closer to the nucleus. [2]

 Q3 a  Across a period the atomic number increases progressively 
by one unit, thus resulting in an additional proton being 
added to the nucleus and thus an increase in the attraction 
for all the electrons, including the outermost electron. [1]

  Since the number of electron shells for all elements in 
period 3 is constant, namely, three, there is very little 
increase in shielding.  [1]

  Hence, the increase in nuclear charge across the period will 
bring all the electrons progressively closer to the nucleus, 
causing the removal of the second electron from the atom 
to require progressively more energy. [1]

b  The electron configurations of the S+ and Cl+ ions are 
1s22s22p63s23p3 and 1s22s22p63s23p4. [2]

c  The Cl+ ion has a spin pair of electrons in the 3p sub-shell. 
This electron-electron repulsion counteracts, to some 
extent, the increase in nuclear charge. Hence, the increase 
in ionization energy is relatively small. [1]

13 Periodicity
Paper 1  IB questions and IB style questions

 Q1 D Ligands may be anions or molecules. They must contain 
at least one non-bonding pair of electrons for dative bond 
formation.

 Q2 A The outer configuration is 3d34s2, indicating that it could 
lose or share five electrons.

 Q3 B d-block metals show only a slight decrease in atomic radius 
across the first row.

 Q4 A Group 1 and 2 metals are more reactive than transition 
metals.

 Q5 B Magnesium reacts to form magnesium hydroxide, a weak 
alkali; the oxides of sulfur both form acidic solutions.

 Q6 B [Fe(CN)6]4– is composed of Fe2+ and 6CN– and [Fe(CN)6]3– is 
composed of Fe3+ and 6CN–.

 Q7 C P4O10 forms H3PO4; SO2 forms H2SO3; NO is a neutral oxide.

 Q8 D The nitrogen atom does not have a lone pair.

 Q9 B MgO is the correct formula for magnesium oxide.

 Q10 C d-block metals are relatively unreactive and have relatively 
low standard electrode potentials.

 Q11 D Na2O and Al2O3 are both ionic; SiO2 is giant covalent.

 Q12 B Transition metal compounds are coloured.

 Q13 D Al2O3 and SiO2 are both insoluble; Na2O forms NaOH. 
Sulfur dioxide forms sulfurous acid: SO2 + H2O  H2SO3.

 Q14 B The +2 oxidation number corresponds to the loss of the 4s2 
electrons.

 Q15 A d–d transitions are generally responsible for the colours of 
d-block compounds.

 Q16 B Aluminium chloride has a low melting point and sublimes, 
which indicates covalent character.

 Q17 C Magnesium oxide is a basic oxide and hence would not be 
expected to react with sodium hydroxide.

 Q18 D The chromium atom has the configuration [Ar]3d54s1.

 Q19 A The potassium dichromate(VI) acts as an oxidizing agent 
and is converted to chromium(III) ions.

 Q20 D Aluminium and lead form Al3+ and Pb4+ ions; group 4 
metals can form complex ions. Most non-transition metal 
compounds are colourless.

 Q21 A Titanium can lose up to a maximum of four electrons (from 
the 4s and 3d orbitals) in the formation of compounds, i.e., 
titanium can exhibit oxidation numbers of +1, +2, +3 and 
+4. In A, titanium has an oxidation number of +6.

 Q22 B Magnesium oxide is basic, aluminium oxide is amphoteric 
and phosphorus(V) oxide is acidic.

 Q23 D There is no change in oxidation state: both ions contain 
chromium in the +6 oxidation state.

 Q24 A Fe3+ has the configuration 3d5 and hence has five unpaired 
electrons.
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 Q25 C Catalysts often operate via the formation of intermediates 
where the catalyst undergoes a temporary change in 
oxidation state.

Paper 2  IB questions and IB style questions

 Q1 Chlorine is the most electronegative element in period 3 and 
forms ionic compounds with the reactive metals (with the 
exception of aluminium) and non-metals.  
Sodium and magnesium form ionic chlorides by the transfer 
of electrons;  [1]
aluminium and the non-metals share electrons to form 
covalent bonds. [1]
Sodium and magnesium chloride dissolve in water to release 
hydrated ions. [1]
Neutral solutions are formed. [1]
NaCl(s) + (aq)  Na+(aq) + Cl–(aq) [1]
MgCl2(s) + (aq)  Mg2+(aq) + 2Cl–(aq) [1]
(Magnesium chloride undergoes slight hydrolysis with water 
and a slightly acidic solution is formed.)
Anhydrous aluminium chloride and the non-metallic chlorides 
are covalent; [1]
and undergo hydrolysis with water to form hydrochloric  
acid: [1]
2AlCl3 + 3H2O  Al2O3 + 6HCl  
(or Al(OH)3 + HCl or [Al(H2O)5(OH)]2+) [1]
SiCl4 + 2H2O  SiO2 + 4HCl (or Si(OH)4 + HCl) [1]
PCl3 + 3H2O  H3PO3 + 3HCl [1]
PCl5 + 4 H2O  H3PO4 + 5HCl [1]

 Q2 Across period 3 of the periodic table, the oxides of the 
elements change from basic to amphoteric to acidic in  
nature; [1]
due to the increasingly electronegativity of the elements,  
which gradually changes the bonding from ionic to covalent. [1]
Sodium and magnesium oxide react to form hydroxide ions:
Na2O + H2O  2NaOH
MgO + H2O  Mg(OH)2 [1]
Aluminium oxide is amphoteric and reacts with both acids 
and bases:
Al2O3 + 6H+  2Al3+ + 3H2O 
Al2O3 + 2OH– + 3H2O  2Al(OH)4– [1]
Silicon dioxide is an acidic oxide and reacts with hot, 
concentrated alkali:
SiO2 + 2OH–  SiO3

2– + H2O [1]
The highest oxides of the remaining non-metallic elements 
react with water to form strongly acidic solutions:
P4O10 + 6H2O  4H3PO4 [1] 
SO3 + H2O  H2SO4 [1] 
Cl2O7 + H2O  2HClO4 [1]

 Q3 a i  +2 and +3/Fe2+and Fe3+; both 4s electrons are 
lost giving Fe2+ and one 3d electron is also lost to 
form Fe3+. [2]

ii The presence of unpaired electrons; the 3d orbitals are 
split into two energy levels; electrons move between 
these energy levels; 3d electrons can absorb energy 
from light of visible wavelength. [3]

 Q4 a  A pale blue precipitate of hydrated copper(II) hydroxide, 
Cu(OH)2. The precipitate reacts with excess ammonia to 
form a solution containing a deep blue complex ion:

 Cu2+ + 2OH–  Cu(OH)2 
 Cu(OH)2 + 4NH3  [Cu(NH3)4

2+] + 2OH– [4]
b i 4H+ + 3MnO4

2–  2MnO4
– + MnO2 + 2H2O [2]

ii  +6 and +7 and +4 [3]
iii Catalysis [1]

c The zinc ion, Zn2+, has a 3d10 electron configuration (fully 
occupied 3d-orbitals). Hence it is not possible to have d–d 
transitions and it is thus colourless. [2]

 Q5 a The chromium atom has the configuration  
 1s22s22p63s23p63d54s1.
 Likely oxidation states are +3, + 6 and +1. [2]
b This is because the 3d and 4s orbitals have very similar 

energies in both the atoms and ions. Hence, transition 
metals can form ions of similar stability by losing different 
numbers of electrons. [2] 

c MnCO3, MnO2 and KMnO4. [3]
d In a complex, the ligand is bonded to the transition 

metal by a coordinate (or dative covalent) bond. The lone 
pair of electrons on the ligand is donated into the vacant 
(empty) orbitals in the transition metal ion to form the 
dative bond. [2]

 Q6 a +3 and +2 [2]
b Six cyanide ligands are coordinated octahedrally to a 

central iron(II) ion. [2]
c A transition metal is a metal that forms compounds in 

which the metal has a partially filled 3d orbital. [1]
d Hemoglobin is an iron-containing protein found inside red 

blood cells. The iron forms a complex with oxygen, known 
as oxyhemoglobin, when the oxygen concentration is high. 
At low oxygen concentrations the oxygen is released and 
hemoglobin is re-formed. [2]

14 Bonding
Paper 1  IB questions and IB style questions

 Q1 A Ethyne (C2H2) has a carbon–carbon triple bond; the carbon 
atoms in graphite form one carbon–carbon double bonds 
and two single bonds; in diamond each carbon atom is 
forming four bonds.

 Q2 D The hydrogen atom does not undergo a process of 
hybridization during bond formation. The two s orbitals 
overlap to form a sigma bond. 

 Q3 B The fluoroethene molecule contains a carbon–carbon 
double bond and hence contains two sp2 hybridized carbon 
atoms.

 Q4 D Ethanal contains a doubly bonded oxygen which is sp2 
hybridized.

 Q5 C The hydrogen peroxide molecule contains only single 
bonds. Only multiple bonds contain  bonds.

 Q6 A End on overlap gives rise to  bonds.

 Q7 D The cyanide group contains a triple bond: one  and two  
bonds.

 Q8 A The SF6 molecule is octahedral because the sulfur atom is 
surrounded by six bonding pairs of electrons. The repulsion 
between these six negative charge centres is minimized by 
the adoption of an octahedral geometry.

 Q9 B A tetrahedral geometry is observed.

 Q10 B BeF2 and CO2 are both linear molecules.

 Q11 C The tri-iodide ion is a linear ion with three lone pairs on the 
central iodine.
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 Q12 C The carbon–carbon bonds in benzene are intermediate in 
length between carbon–carbon single bonds and carbon–
carbon double bonds. This is a consequence of resonance 
or  delocalization.

 Q13 D The sulfur hexafl uoride molecule is non-polar because the 
effects of the polar bonds cancel out vectorially.

 Q14 A Three equivalent resonance structures can be drawn for the 
nitrate ion.

 Q15 D The sulfur atom of the sulfur hexafl uoride molecule has 10 
electron pairs in its outer shell. All the noble gases (except 
helium) have eight electrons in their outer shells.

 Q16 B It is represented by three equivalent resonance structures; 
the central nitrogen atom has a lone pair and forms one 
double bond and one single bond.

 Q17 B In isolated carbon–carbon double bonds the hybridization 
is sp2. Each carbon atom forms one  bond and two  
bonds.

 Q18 C There is no equilibrium; the resonance structures do not 
exist. The molecule or ion is a hybrid.

 Q19 B The molecule contains only single bonds: N–N and N–H.

 Q20 D Carbon–carbon triple bonds are shorter than carbon–
carbon double bonds which in turn are shorter than 
carbon–carbon single bonds.

 Q21 C A difl uoroethyne molecule has two C–F bonds. These are 
 bonds. The triple bond contains two  bonds and one  

bond.

 Q22 C The carbon atom is making four bonds: a double bond 
to the oxygen atom and two single bonds to the singly 
charged oxygen atoms.

 Q23 D The total number of electrons around the chlorine atom is 
10: seven from the chorine atom and one for each of the 
covalent bonds formed with the three fl uorine atoms. The 
number of electron pairs is fi ve: three bonding pairs and 
two lone pairs.

 Q24 D The propanoate ion has two equivalent resonance 
structures involving the carboxylate group.

 Q25 B The total number of electrons in the outer shell of chlorine 
is eight: seven electrons from the chlorine atom; one for 
each of the covalent bonds formed with the two fl uorine 
atoms and the removal of one electron for the formation 
of the positive charge. The number of bonding pairs is 
four: two bonding pairs and two lone pairs.

Paper 2  IB questions and IB style questions

 Q1 a Each correct structure (with non-bonding electron pairs 
where relevant) 
C2H2 linear/straight
Angle 180° 

C2Cl4 (trigonal) planar 
Angle 120°  

SF4 K-shaped/based on trigonal bipyramid/seesaw 
Angle 90° 
Angle 120° 

 [10]
b sp (C2H2) 

sp2 (C2Cl4)  [2]
c  

[2]

CH3
–O

O
C

CH3

O–
O C

 [2]

 Q2 a Sigma bonds involve overlap of orbitals end-on/along the 
molecular axis (it has axial symmetry around axis joining the 
two nuclei) 

p orbitals: head on overlap: 
bond formation

 
molecular orbital

s orbitals overlap: 
bond formation

 
molecular orbital

Pi bonds result from overlapping of parallel p orbitals/
sideways overlap 

p orbitals: sideways overlap: 
bond formation

Atomic orbitals Molecular orbitals

 
molecular orbital

Double bond: a  bond and a  bond 
Triple bond: a  bond plus two  bonds [4]

b Delocalization: when  electron pairs are not confi ned 
to two adjacent bonding atoms but extend over three or 
more atoms.  [2]

 Q3 a Lewis electron dot structures for PBr3 and PBr5: 

[2]

Br Br
Br Br

Br Br
Br

Br

P
P

 Molecular shapes for PBr3 and PBr5: 

[2]

P P

Br
Br

Br
Br

Br

Br
Br

Br

C HH C

CC
Cl Cl

Cl Cl

S
F

F F

F
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b The bond angles present in PBr5 are 90°, 120° and 180°, 
respectively.

 The bond angle in PBr3 is approximately 107  since a lone 
pair of electrons (due to its more diffuse nature) produces 
more repulsion than a bonding pair, hence the bond angle 
is reduced below the tetrahedral bond angle of 109.5 . [4]

c Ion [PBr4]+

Number of electrons in 
valency shell of central 
phosphorus atom

(5 + 4 − 1) = 8 
(adjusting for ionic 

charge)

Number of electron pairs 
contributing to basic 
molecular shape

4

Molecular shape Tetrahedral

 
 
 
 
 
 
 
 
 
 [1]

d The hybridizations of the phosphorus in phosphorus(III) 
bromide and the oxygen in water are sp3 and sp3, 
respectively. [2]

15 Energetics
Paper 1  IB questions and IB style questions

 Q1 C Two moles of gas are converted into four moles of gas. 
Gases have very large values of absolute entropy relative to 
solids and liquids.

 Q2 C Add the reverse of first equation with the second equation 
and simplify oxygen and cancel the phosphorus:
P4O6(s)  P4(s) + 3O2(g); H  = 1600  kJ mol−1

P4(s) + 5O2(g)  P4O10(s); H  = −3000  kJ mol−1

P4O6(s) + 2O2(g)  P4O10(s);  H  = (1600  kJ mol−1) + 
(−3000  kJ mol−1) 
= −1400  kJ mol−1

 Q3 D The lattice enthalpy is the energy needed to break one 
mole of an ionic compound into its component gaseous 
ions (under standard thermodynamic conditions).

 Q4 A G  = H  − T S , hence G  will vary with temperature 
since T represents the absolute temperature. This reaction 
is not spontaneous at 298 K. The reaction involves an 
increase in entropy.

 Q5 D A bond enthalpy refers to the breaking of one mole of 
covalent bonds in the gaseous state.

 Q6 C Cooling the flask will decrease the average speed and 
hence kinetic energy of the hydrogen molecules. The 
degree of disorder will decrease and hence entropy 
decreases (only in the system).

 Q7 B The formation of a lattice from its ions is a highly 
exothermic process. It is the reverse of lattice enthalpy. The 
process is more exothermic if small and highly charged ions 
are involved. Fluoride ions are smaller than bromide ions; 
lithium ions are smaller than sodium ions.

 Q8 B A mole of gas is formed from a mole of a solid. Gases have 
relatively large values of absolute entropy.

 Q9 B The charge on the lithium ion is +1; the charge on the 
strontium ion is +2. The higher the charge on the ions the 
greater the electrostatic forces of attraction and hence the 
higher the value of the lattice enthalpy.

 Q10 D A negative value for the Gibbs free energy change means 
that the reaction is spontaneous under standard conditions. 
The reaction may be fast, slow, endothermic or exothermic.

 Q11 A This is a decomposition reaction and hence endothermic. 
Two moles of gas are produced from one mole of solid and 
hence involves an increase in entropy.

 Q12 B The first electron affinity of fluorine is exothermic: the 
attraction between the incoming electron and the nucleus 
is greater than the electron–electron repulsion. The 
formation of an ionic lattice is exothermic: heat is released 
to the surroundings and the potential energy is lowered.

 Q13 D A gas is much more disordered than a liquid and hence has 
a relatively high entropy value. Larger and more complex 
molecules have higher entropy values than smaller and less 
complex molecules (at the same temperature).

 Q14 A Oxygen is not in its standard state. It is a gas a under 
standard thermodynamic conditions.

 Q15 A The negative sign by convention indicates that heat is 
released to the surroundings.

 Q16 D 

H2(g) + F2(g)

2H(g) + 2F(g)

2HF(g)
direct pathway

indirect pathway

Enthalpy of direct pathway = enthalpy of indirect pathway; 
(2  –268) = (−1130 + 435 + F–F);  
−536 = −695 + F–F; F–F = 159

 Q17 B Maximum entropy and minimum enthalpy both help to 
‘drive’ the reaction forward. G  = H  – T S  – to attain 
a negative value for G , H  must be negative and S  
must be positive.

 Q18 D The production of a gas, a very disordered state of matter, 
results in an increase in entropy.

 Q19 D The enthalpy of formation refers to the formation of one 
mole of a compound from its elements in their standard 
states under standard conditions. Sodium is a solid under 
these conditions and fluorine is a diatomic gas. All ionic 
substances are solids at room temperature.

 Q20 C G  = H  – T S . For G  to be negative at high 
temperatures, H  must be positive and S  must be 
positive.

 Q21 A The enthalpy of formation refers to the formation of one 
mole of a compound from its elements in their standard 
states under standard conditions. Carbon is a solid under 
these conditions and oxygen is a diatomic gas.

 Q22 A G  = H  – T S , hence if T changes then G  changes. 
There is a decrease in entropy, 3 moles of gas is converted 
to 2 moles of gas – this favours the backward reaction. The 
forward reaction is exothermic.

 Q23 B Bond breaking is always endothermic since forces of 
attraction need to be overcome.

 Q24 C 2 moles of gas are converted to 2 moles of gas.

 Q25 A G  for the forward reaction is negative; G  for the 
backward reaction is positive. At equilibrium the rates of 
the backward and forward reactions are equal and G = 0 
(not G ).
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Paper 2  IB questions and IB style questions

 Q1 a i  Hf   is the standard enthalpy change of formation of a 
substance. [1]

It is the heat change (absorbed or released under 
constant pressure) when a mole of a compound is 
formed from its elements in their standard states. [1]

S  represents the standard or absolute entropy. [1]

It is related to the disorder or randomness of particles.
 [1]

Related to standard conditions or 298 K (or 25 °C) and 
one atmosphere pressure. [1]

ii  was not included because S  has absolute values; S  
values can be experimentally measured. [1]

iii Hf   (Cu) = 0 (by definition an element is in its 
standard state) [1]

b i Hf   reaction = Hf   products − Hf   reactants [1]
Hf   reaction =[4  (−242) + (−1084)] − (−2278) [1]

 = +226  kJ mol−1 [1]
An endothermic process or reaction needs  
heat energy. [1]

ii S  reaction = S  products − S  reactants  
= [4  (189) + (150)] − (305) [1]

S reaction = 601 J K−1 mol−1 or 0.601 kJ K−1 mol−1 [2]

(+) sign/value, thus products more disordered than 
reactants.  [1]

iii Gibbs free energy ( G). [1]
Units:  kJ mol−1 [1]

c i At 25 ° Celsius, G  = H  − T S
G  = (+226) kJ mol−1 − (25 + 273) K  (

601
1000

) kJ mol−1 K−1

 [2]
G  = +46.9 kJ mol−1 [1]

As the value of the Gibbs free energy change, G , 
is positive at 25 °C, the forward reaction is not 
spontaneous. However, this implies that the 
backward reaction is spontaneous. Hence, at 25 °C 
CuSO4.5H2O(s) is the thermodynamically more stable 
compound. [2]

ii When both compounds have equal thermodynamic 
stabilities, the Gibbs free energy change will be zero, 
i.e. G = 0.

G  = H  − T S

0 = (+226  kJ mol−1) – (
T  601
1000

) kJ mol−1 K−1 [1]

T = 
226 kJ mol−1

0.0601 kJ K−1 mol−1
 = 376 K (103 °C) [1]

Hence, CuSO4.4H2O(s) is more thermodynamically 
stable above 103 °C. [1]

 Q2 a The lattice enthalpy is the energy needed to break down 
one mole of ionic solid into gaseous ions (separated to a 
infinite distance) under standard thermodynamic conditions 
(1 atm and 25 °C). [2]

b The greater the charge on the ions, the higher the value 
of the lattice enthalpy. Larger charges produce greater 
electrostatic forces of attraction between oppositely 
charged ions. [1]
The smaller the ionic radius, the higher the value of the 
lattice enthalpy. Smaller ions can approach each other 
more closely and hence experience greater electrostatic 
forces of attraction. [1]

c Born–Haber cycle for rubidium oxide, Rb2O

2Rb(g) + O(g)

2Rb+(g) + O(g)

2Rb+(g) + O–(g)

reverse of
Hla t t ice[Rb2O]

HEA(1)[O]

Rb2O(s)

2Rb(s) +   O2(g)1
2

2Rb(g) +   O2(g)1
2

2Rb+(g) + O2–(g)

HEA(2)[O]

2  HIE (1)[Rb]

Hat  [  O2]

Hat  [Rb]

Hf    [Rb2O]

1
2

 [2]

(2  80.9) + 249.2 + (2  403.0) − 146.1 + 795.5 + 
− Hlattice (Rb2O) = −339.0
− Hlattice (Rb2O) = −339.0 − (1866.4) = −2205.4 kJ mol−1

Hlattice (Rb2O) = −2205.4 kJ mol−1 [2]
d The ionic model is a good model for rubidium oxide – the 

bonds have very little covalent character. The ionic model is 
not a good model for silver bromide – the bonds are polar 
covalent. [2]

e The sodium ion is smaller than that of rubidium. It can 
therefore approach the oxide more closely and exert higher 
electrostatic forces of attraction. [2]

 Q3 a The enthalpy change that occurs when one mole of a 
pure compound is formed under standard thermodynamic 
conditions from its elements in their standard states. [2]

b The enthalpy change that occurs when one mole of a 
pure compound undergoes complete combustion in the 
presence of excess oxygen under standard conditions. [2]

c Hess’s law states that the total enthalpy change for a 
reaction is independent of the route taken. It depends only 
on the initial and final states. [1]

d 
3C(s) + 4H2(g)

+ 5O2(g) C3H8(g) + 5O2(g)

3CO2(g) + 4H2O(l)

H1

H2 H3

According to Hess’s law, H1 = H2 − H3

H1 = Hf   [C3H8(g)]
H2 = 3  Hc   [Cgraphite] + 4  Hc [H2(g)]
H2 = 3  (−393 kJ mol−1) + 4  (−286 kJ mol−1)

 = −2323 kJ mol−1

H3 = [C3H8(g)] = −2220 kJ mol−1

Hence:
Hf   [C3H8(g)] = (−2323  kJ mol−1) − (−2220 kJ mol−1)

  = −103 kJ mol−1 [4]
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16 Kinetics
Paper 1  IB questions and IB style questions

 Q1 A The negative sign indicates that the concentration 
decreases with time. The half indicates the stoichiometric 
relationship between the rate of disappearance of N2O5 
and the rate of appearance of O2.

 Q2 C A first-order reaction is characterized by a directly 
proportional relationship between initial rate and 
concentration. The reaction is zero-order with respect to 
hydroxide ions: a change in concentration has no effect on 
the rate.

 Q3 D A catalyst provides an alternative energy pathway with a 
different activation energy.

 Q4 D The reaction is zero-order with respect to iodine. It does 
not appear in the rate equation, hence its concentration 
has no effect on the rate.

 Q5 D First-order reactions have a constant half-life. Two half-
lives are required for 3

4
 of the N2O5 to decompose in both 

containers. 

Rate = [N2O5]; t1/2 = 
ln 2
k

; 

from the formula, the half-life t1/2 is independent of the 
concentration of reactant (N2O5) (cf. radioactive decay).

 Q6 D The overall order is the sum of the individual orders: 1 + 2.

 Q7 C Since A is first order when the concentration is tripled, 
the rate is also tripled. A first-order reaction has a 
directly proportional relationship between initial rate 
and concentration. Since B is second order when the 
concentration is doubled, the rate is quadrupled.  
( 3)  ( 4) = 12.

 Q8 A Rate constants increase with temperature, generally in 
an exponential manner. Rate constants are unaffected by 
changes in concentrations of reactants.

 Q9 D A mechanism cannot be deduced from a balanced 
equation for the overall reaction.

 Q10 C I and IV are answered by kinetics; II and II are answered by 
thermodynamics. There is no correlation between rate and 
spontaneity.

 Q11 D Rate = k[A]2; 0.30 = k  0.202; k =7.5

 Q12 B When the concentration of A is halved, the rate is also 
halved (from 0.04 s–1 to 0.02 s–1). A first-order reaction 
has a directly proportional relationship between rate and 
concentration. Rate is defined for this reaction as the 
reciprocal of time.

 Q13 B Response A has the units of a zero-order reaction. 
Response D has the units of a first-order reaction. However, 
for an equation with an overall order of two.

Rate = k[A][B] and hence k = rate
[A]  [B]

Substituting the units for rate and concentration gives 
mol dm–3 s–1/(mol dm–3)2 which simplifies to  
mol dm–3 s–1/mol2 dm–6 before cancelling to mol–1 dm3 s–1. 

 Q14 D A bimolecular step results in second-order kinetics.  
Rate = k[I]  [I]. Bond formation is exothermic: energy is 
released; the iodine molecule is more energetically stable 
than iodine atoms.

 Q15 D A is called the Arrhenius constant (or pre-exponential 
factor), and relates to the geometric requirements of the 
collisions.

 Q16 D The powers in the rate expression are both two, so the 
orders are both two. The overall order is the sum of the 
individual orders (2 + 2). Since they both have the same 
orders then the changes in concentration have the same 
effect on the rate.

 Q17 B All graphs are characteristic of a first-order reaction.

 Q18 D The pressure increases by a factor of 4. Since the  
reaction is second-order the overall rate increases by  
( 4)  ( 4) = 16.

 Q19 A A comparison of the first two experiments, where the NO 
concentration is doubled (and the hydrogen concentration 
is kept constant) reveals that the rate is increased by 
a factor of four, that is, quadrupled. Hence, the order 
with respect to NO is two. A comparison of the last two 
experiments, where the H2 concentration is doubled (and 
the NO concentration kept constant) reveals that the rate 
is increased by a factor of two, that is, doubled. Hence the 
order with respect to H2 is one.

 Q20 B The reaction is second order with respect to A and zero 
order with respect to B. Mechanism B is bimolecular and 
second order with respect to A.

Paper 2  IB questions and IB style questions

 Q1 a i t1/2 = 
ln 2
k

; k = 
0.693

1.62  104 s
; k = 4.28  10–5 s–1 [1]

 ii ln k = ln A – 
Ea

RT
; 

Ea

RT
 = ln A – ln k; Ea = (ln A – ln k)RT [2]

 Ea = [3.219 – (–10.059)]  8.31  1107 = 122 kJ

 Q2 a Step 1 since it is the slowest. [1]
b Step 1 is the slowest step, therefore it has a higher 

activation energy relative to step 2. [2]
c Rate = k[NO2][F2] [1]

 Q3 a Two [1]
b One [1]
c Rate = k[A(aq)]2  [B(aq)]. [1]
d 1.00 = k(0.4)2  (0.4); k = 15.625 [1]

17 Equilibrium
Paper 1  IB questions and IB style questions

 Q1 C There is no change in the proportions of X and Y after 10 
minutes.

 Q2 D (5.0)2

0.5  0.5
 = 100 

 Q3 D The only change that will alter the position of this physical 
equilibrium is a change in temperature.

 Q4 B The mercury is depressed lowest in tube III, followed by I 
and then II.

 Q5 C The curve is steepest at 0.5 atmospheres for substance 1.

 Q6 A Kc increases with increased temperature; so the forward 
reaction must be endothermic.

 Q7 C A catalyst lowers the activation energy of both the forward 
and reverse reactions. H for the reaction is unchanged.
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 Q8 B A catalyst increases the rates of the forward and reverse 
reactions equally.

 Q9 C The amount of water vapour is greater at the higher 
temperature as evaporation is endothermic.

 Q10 B This statement is an essential characteristic of a dynamic 
equilibrium.

 Q11 D Removal of ammonia shifts the equilibrium to the right so 
that more ammonia is produced to replace what has been 
removed.

 Q12 D A catalyst lowers the activation energy of both the forward 
and reverse reactions. H for the reaction is unchanged.

 Q13 A For a reaction that goes almost to completion Kc is very 
large.

 Q14 D The value of Kc for an equilibrium reached from the 
opposite direction is the reciprocal of the original value.

 Q15 B Feed data into equilibrium expression.

Kc = 5.0  10–3 = 
[NO2]2

[N2O4]
 = 

[NO2]2

5  10–1

So [NO2]2 = 25  10–4 and [NO2] = 5.0  10–2 mol dm–3

 Q16 A Initially the rate of evaporation is higher until equilibrium is 
set up.

 Q17 B A high boiling point and Hvap are consequences of strong 
intermolecular forces between molecules in a liquid.

 Q18 B Strong intermolecular forces in a liquid result in a low 
vapour pressure. Strong intermolecular forces would also 
result in high surface tension, high viscosity and a high 
value of Hvap.

 Q19 D The equilibrium constant is greater at the higher 
temperature, so there is more ionization at equilibrium. 
Therefore the forward reaction (the ionization of water) is 
endothermic.

 Q20 D The addition of extra H3O+ ions (a product of the reaction) 
would result in the equilibrium shifting to the left; so there 
would be a decrease in [HBrO]. 

 Q21 B The vapour pressure exerted by a liquid is independent of 
its surface area. An increase in surface area increases the 
rate of condensation and evaporation equally.

 Q22 A The vapour pressure exerted by a liquid depends only on 
the identity of the liquid and its temperature. The presence 
of a non-volatile solute will lower the vapour pressure of 
the methylbenzene.

 Q23 D Entropy (disorder) increases with temperature; the rate 
of evaporation and hence vapour pressure increases with 
temperature; the average kinetic energy of gas particles 
increases with temperature. 

 Q24 A   2HI(g)  H2(g) + I2(g)
 Initial: 1 mol
 At equilibrium: 0.76 mol  0.12 mol  +  0.12 mol

(NB: 0.76 + 0.12 + 0.12 = 1 mol; the hydrogen and iodine 
are in a 1 : 1 molar ratio.)

Kc = 
[H2]  [I2]

[HI]2  = 
0.12  0.12

(0.76)2
 = 0.0249

 Q25 A Kc = 
[PCl3]  [Cl2]

[PCl5]

5  10–12 = 
[Cl2]2

0.050
[Cl2] =    0.050  5  10–12 = 5.0  10–7

Paper 2  IB questions and IB style questions

 Q1 a i There will be no change in pressure. [1]
ii The pressure will decrease. [1]

b i The temperature will increase. [1]
ii The methanol concentration will increase. [1]

c i Kc = [CH3OH]
[CO][H2]2

ii  CO(g) + 2H2(g)  CH3OH(g)
Initial amount: 1.00  2.00   –
Amount at  
eq./mol 1.00 – 0.85  2.00 – 1.70  0.85 [1]

Eq. conc. 
0.15
0.45

  
0.30
0.45

  0.85
0.45

 [1]

 = 0.333 mol  = 0.667 mol  = 1.889 mol

Kc = 
1.888

0.333  0.6672 = 12.7 [1]

iii Side reactions or leaks in the system or not operating 
under equilibrium conditions or operating at a higher 
temperature or the product might be collected before 
equilibrium is reached. [1]

iv No effect on Kc (it just speeds up the reaction). [1]

 Q2 a i One mark for any two of the following (max [2]):
Some mention of a reversible reaction/  etc. [1]
Indication that rate of forward reaction = rate of 
reverse reaction [1]
At equilibrium no net change in concentration of 
reactants and products [1]
Closed system [1]

ii Kc = 
[CH3COOC2H5][H2O]
[CH3COOH][C2H5OH]

 [1]

iii [C2H5OH] = [CH3COOH] = 0.33 mol dm−3 
Kc = 4.1 [2]

b Kw increases with temperature rise/[H+] or [OH–] rises 
as temperature rises [1]; equilibrium shifts to right (as 
temperature increases) [1]; endothermic reaction [1]. [3]

 Q3 a A; E [2]
b i  After 15 s (product) = 0.37 (mol dm–3);  

rate = 0.37 mol dm–3/15 s = 0.025 mol dm–3 s–1 [3]
ii At equilibrium/rates of forward and reverse reactions 

are equal/ G = 0 [1]

 Q4 a Kc = [I2 (water)]/[I2 (hydrocarbon)] [1]
b No change [1]
c [I2 (hydrocarbon) ] will decrease [1]

I2 combining with I– ions removes I2 [1]
So equilibrium in a shifts to the right, so less I2 dissolved 
in the hydrocarbon layer. [1]

 Q5 a  C5H10 + CH3COOH  CH3COOC5H11

Initial no. of mol 
 0.02  0.01   –
Amount at eq./mol 
 (0.02 – 0.009)   (0.01 – 0.009)   0.009
 0.011 mol   0.001 mol [2]

b Kc = 
[CH3CO2C5H11]

[C5H10] [CH3CO2H]
 [1]
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c [C5H10] = 
0.011
0.6

 = 0.0183 mol dm–3

[CH3COOH] = 
0.001
0.6

 = 1.67  10–3 mol dm–3

[CH3COOC5H11] = 
0.009
0.6

 = 0.015 mol dm–3 [3]

d Kc = 
0.015

0.0183
  1.67 10–3 = 491 [2]

18 Acids and bases
Paper 1  IB questions and IB style questions

 Q1 C [H+(aq)] = 10–pH; [H+(aq] = 10–10; Kw = [H+(aq)]  [OH–(aq)]
10–14 = 10–10  [OH–(aq)]; [OH–(aq)] = 10–4

 Q2 B Sodium carbonate can be made by titrating sodium 
hydroxide (a strong alkali) with carbonic acid (a weak acid). 
Salts of a strong base and a weak acid are alkaline. The 
carbonate ions undergo hydrolysis with water  
molecules to release hydroxide ions: 
CO3

2–(aq) + H2O(l)  OH–(aq) + HCO3
–(aq)

 Q3 A The pKa is the negative logarithm to the base 10 of the acid 
dissociation constant, Ka.

 Q4 B The solution prepared by I will contain sodium ethanoate, 
the salt of a weak acid, and a weak acid, ethanoic acid. 
There is no chemical reaction between a salt and dilute acid. 
The solution prepared by II will contain sodium ethanoate 
(formed by neutralization) and excess ethanoic acid.

 Q5 A The concentrations of HIn(aq) and In–(aq) will depend on 
the value of pKa. No indicator is suitable for a titration 
involving weak acids and bases since there is no sharp end-
point. A strongly acidic solution has a high concentration 
of hydrogen ions and hence will shift the equilibrium to the 
left and favour the backward reaction.

 Q6 D Ammonium chloride solution is acidic: 
NH4

+(aq) + OH–(aq)  NH3(aq) + H2O(l);
ammonium ethanoate is close to being neutral: 
NH4

+(aq) + CH3COO–(aq) + 2H2O(l)  NH3(aq) + H3O+(aq) 
+ CH3COOH(aq) + OH–(aq)
and potassium ethanoate is alkaline: 
CH3COO–(aq) + H2O(l)  CH3COOH(aq) + OH–(aq)

 Q7 B pH = –log10[H+(aq)]; pH = –log10(2.62  10–3) = 2.58

 Q8 A Ka = 
[H+](aq)]2

[HA(aq)]
; Ka = 

(6.3  10–5)2

0.1
 = 3.98  10–8

 Q9 C NaOH(aq) + HCl(aq)  NaCl(aq) + H2O(l)
Amount of NaOH(aq) = 2.2  10–4 mol; amount of 
HCl(aq) = 3.5  10–4 mol. Amount of HCl(aq)/H+(aq) after 
neutralization (in 45 cm3 of solution) = 1.3  10–4 mol; 
amount of H+(aq) in 1 dm3 = 2.8  10–3; pH = –log10[H+(aq)] 
= 2.54

 Q10 D Potassium carbonate and potassium cyanide are both 
formed by the neutralization of a strong alkali by a weak 
base, hence their solutions will be alkaline. Sodium nitrate 
is formed by the neutralization of a strong acid and strong 
alkali, hence its solution will be neutral. Iron(III) ions from 
iron(III) chloride react with water to release hydrogen ions: 
[Fe(H2O)6]3+(aq)  H+(aq) + [Fe(H2O)5OH]2+

 Q11 C [pyridineH+]  
[OH–(aq)]
[pyridine]

;

[OH–(aq)] 2

0.05 mol dm–3 = 1.4  10–9; 

pOH(aq) = –log10(8.36  10–6) = 5.08; pH = 8.92

 Q12 C Alcohols do not react with water to release ions. They are 
molecular covalent substances and dissolve in water to 
release hydrated molecules.

 Q13 C An alkaline buffer is formed by a salt and a weak base.

 Q14 A Weak acids have small Ka values, but large values of pKa. 
The conjugate bases of weak acids are strong bases. 
They are poor conductors due to the presence of a low 
concentration of ions.

 Q15 D The concentration of hydrogen and hydroxide ions remain 
in a 1 : 1 relationship as the temperature changes.

 Q16 B  Kb = 
[CH3CH2NH3

+(aq)]  [OH–(aq)]
[CH3CH2NH2(aq)]

 Q17 C Ka is an equilibrium constant and hence will vary with 
temperature.

 Q18 A pH = pKa + log10 
[salt]
[acid]

; pH = 5.045 + log10 
[0.002]
[0.01]

 = 4.346

 Q19 D A and B form an acidic buffer; C is not a buffer.

 Q20 C A titration curve for a strong acid/weak base starts at a low 
pH and will level off to a pH above 7 but well below 14. 
There is a vertical region centred below 7.

Paper 2  IB questions and IB style questions

 Q1 a i pH = –log [H+(aq)] [1]
ii The curve should include the following: starting pH 

= 1; equivalence point: 25.0 cm3 of NaOH: pH at 
equivalence point = 7; pH to finish =12–13 [4]

Volume/cm3

pH

1

13

0

7

0 25.0 50.0

iii Ka = 10–4.76 = 1.74  10–5 

Ka = 
[H+(aq)]2

[CH3COOH]
 

1.74  10–5 = 
[H+(aq)]2

0.100
 

[H+(aq)] =   1.74  10–6 = 1.32  10–3 (mol dm–3)
starting pH = 2.88;
pH at equivalence point: 8–9 [5]

b i HIn is a weak acid:
HIn  H+ + In– and two colours indicated 
In acid the equilibrium moves to the left or vice  
versa. [3]
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ii Phenolphthalein/phenol red/bromothymol blue; 
the colour change of indicator occurs within the 
range of pH at the equivalence point/on vertical 
part of graph. [2]

c i  Specific examples of weak base and its salt/specific 
strong acid and weak base, e.g. NH3 and NH4Cl. [1]

ii pH changes very little/most of the acid is neutralized by 
base:
e.g. NH3 + H+  NH4

+/NH4OH + H+  NH4
+ + H2O [2]

d Brønsted–Lowry acid: a proton donor
Lewis acid: an electron pair acceptor
Brønsted–Lowry acid: any suitable equation
Lewis acid: BF3/AlCl3/transition metal ions that form 
complex ions with ligands: for example
BF3 + NH3  BF3NH3/Cu2+ + 4NH3  

 [Cu(NH3)4]2+/AlCl3 + Cl–  AlCl4–   

(or any suitable equation) [5]
e acidic

[Al(H2O)6]3+ is (weak) due to the formation of H+ 
[Al(H2O)6]3+  [Al(H2O)5(OH)]2+ + H+ [2]

 Q2 a Brønsted–Lowry acids: CH3CH2COOH and H3O+ [2]
Brønsted–Lowry bases: CH3CH2COO– and H2O [2]

b Bromophenol blue is blue and phenol red is yellow. [1]
The pH of 4.9 is above the range of bromophenol  
blue: the indicator shows its alkaline colour. [1]
The pH of 4.9 is below the range of phenol red: the 
indicator shows its acidic colour. [1]

c Ka = 
[CH3COO–(aq)][H+(aq)]

[CH3COOH(aq)]
 [1]

[H+(aq)] = 
1.74  10–5  0.0500

0.200 
 = 4.35  10–5 mol dm–3 [1]

pH = –log10[H+(aq)] = 4.36 [1]

 Q3 a A buffer solution is an aqueous solution that resists a 
change in pH when a small amount of a strong acid or 
base is added.
A buffer contains a weak acid (HA) and its conjugate base 
(A–) or a weak base and its conjugate acid.
If hydrogen ions, H+(aq), are added, these will react with 
the base of the buffer. The hydrogen ions are removed as 
they combine with A– and the equilibrium shifts to the left.
Hence, there is only a very small change in the 
concentrations of HA and A–. The strong acid (H+) is 
replaced by a weak acid, HA. [5]

b Amount of sodium benzoate = 
7.2 g

144 g mol–1 = 0.05 moles

The calculation assumes that all of the anion concentration 
is derived from the salt only (as that from the acid is too 
small to consider). It also assumes that the ionization of 
the acid is so small it can be ignored. Standard conditions 
(1 atm and 298 K) are also assumed. [2]

6.3  10–5 = 
[H+(aq)]  0.05

0.03
; [H+(aq)] = 3.78  10–5 mol dm–3

pH = –log10[H+(aq)] = 4.42 [2]
c A weak acid is partially or incompletely ionized or 

dissociated. A monoprotic acid donates one hydrogen ion 
per molecule. [2]

 Q4 a Acidic because it is a hydrogen ion donor and basic 
because it is a hydrogen ion acceptor. Such substances 
are described as amphoteric. [2]

b Oxide ion, O2– [1]
c pH is the negative logarithm to the base of ten of the 

hydrogen ion concentration. pH = –log10[H+(aq)]; pH of 
pure water (at 25 °C) is 7. [2]

d i Kw = [H+(aq)]  [OH–(aq)] [1]

ii Water is more dissociated or ionized at a higher 
temperature. Le Châtelier’s principle implies that 
endothermic reactions are favoured by increases in 
temperature, hence the dissociation or ionization of 
water is endothermic. [3]

 Q5 a Salt hydrolysis occurs when one or both ions from a salt 
react with water to release hydrogen or hydroxide ions. [2]

b i  Hydrated iron(III) ions are acidic and release hydrogen 
ions from water:  
[Fe(H2O)6]3+(aq)  [Fe(H2O)5OH]2+(aq) + H+(aq)
The solution will be acidic [2]

ii Potassium nitrate is formed by the neutralization 
of a strong alkali, potassium hydroxide, by a strong 
acid, nitric acid. Nitrate and potassium ions do 
not undergo hydrolysis with water molecules. The 
solution will be neutral. [2]

iii The carbonate ion is a weak base and reacts with 
water molecules to form hydroxide ions: 
CO3

2–(aq) + H2O(l)  OH–(aq) + HCO3
–(aq)

The solution will be alkaline. [2]
c Kb = 10–4.75 = 1.78  10–5

Kb = 
[NH4

+(aq)]  [OH–(aq)]
[NH3(aq)]

[OH–(aq)]  =   Kb  [NH3(aq)] =    1.78  10–5 0.120  
= 1.46  10–3; pOH = –log[OH–(aq)] = 2.84 [4]

19  Oxidation and 
reduction

Paper 1  IB questions and IB style questions

 Q1 D A change in the size of the anode will change the current, 
but not the voltage (which is determined by the nature of 
the electrodes).

 Q2 C E  
cell = (+0.14 V) + (–0.13 V) = +0.01 V

 Q3 B G  = – zFE  
cell; the more positive the value of the cell 

potential, the more negative the value of the Gibb’s free 
energy change.

 Q4 A The greatest voltage is generated by the largest difference 
in standard electrode potentials. 

 Q5 C The equilibrium lies almost exclusively on the right-hand 
side. A positive value of E  

cell is accompanied by a negative 
value for G.

 Q6 C Ag+ + e–  Ag; 1  108 = 108 g; 

Ni2+ + 2e–  Ni; 
1
2

  59 = 29.5 g

Cr3+ + 3e–  Cr; 
1
3

  52 = 17.3 g

 Q7 A Ni(s) + Mg2+(aq)  Mg(s) + Ni2+(aq);  
E  

cell = (+0.23 V) + (–2.36 V) = –2.13 V. Since E  
cell is negative 

the reaction is not spontaneous. 

 Q8 B E  
cell = (+0.141 V) + (0.518 V) = +0.659 V

 Q9 D E  
cell = (+0.40 V) + (–0.23 V) = +0.17 V

 Q10 C E  
cell = (+0.77 V) + (0.23 V) = +1.00 V

 Q11 B These changes result in the equilibrium shifting to the right 
and increasing the cell voltage.

 Q12 B The cell reaction is: Fe(s) + Cu2+(aq)  Fe2+(aq) + Cu(s)
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 Q13 A No gas production occurs; the cathode gains copper; the 
anode loses copper, but these processes are in equilibrium 
and there is no change in the electrolyte concentration.

 Q14 A It only deposits one mole of element if the element is 
formed from unipositive ions.

 Q15 B Sodium ions remain in solution; they are not discharged.

 Q16 A Standard electrode potentials are measured when 
both solutions in the voltaic cell have concentrations of 
1.00 mol dm–3.

 Q17 B Positive and negative ions flow through the salt bridge. 
Electrons only flow through the external circuit (wires and 
voltmeter). The addition of hydrochloric acid will result in 
the formation of a precipitate of silver chloride and hence a 
decrease in the concentration of aqueous silver ions in the 
half-cell.

 Q18 B E  
cell = (–0.13 V) + (–0.20 V) = +0.07 V. Since E  

cell is positive 
the reaction is spontaneous.

 Q19 B The mass of gold deposited depends on the number of 
coulombs passed – this is a product of the current (A) and 
time (s).

 Q20 A Mg2+  +  2e–    Mg
0.5 mol + 1.0 mol  0.5 mol (12 g)
Na+  + e–    Na 
1.0 mol + 1.0 mol  1.0 mol (23 g)

Paper 2  IB questions and IB style questions

 Q1 a Oxidation number of copper on left-hand side is 0; 
oxidation number of nitrogen on left-hand side is +5. [2]
Oxidation number of copper on right-hand side is +2; 
oxidation numbers of nitrogen on right-hand side are 
+5 and +2. [2]
3Cu(s) + 8HNO3(aq)  3Cu(NO3)2(aq) + 2NO(g) + 4H2O(l)
 [1]

b i  The two electrodes must be dipping into aqueous 
solutions of their ions. The two electrodes must be 
connected via a salt bridge and an external circuit 
consisting of wire and a voltmeter. [3]

ii Hydrogen gas at 1 atm pressure passed over a platinum 
electrode. The temperature of all chemicals is 298 K 
and all solutions have a concentration of 1 mol dm–3. [3]

c i Ni2+(aq) + 2e–  Ni(s); Mn(s)  Mn2+(aq) + 2e– [2]
Manganese is oxidized. [1]
Nickel(II) ions are the oxidizing agent. [1]

ii Manganese is the anode. [1]

The electron flow is from manganese to nickel. [1]
iii Ecell = (–0.23 V) + (1.18 V) = +0.95 V [1]

G is negative. [1]
d Gold is formed at the cathode (negative electrode). [1]

Oxygen is formed at the anode (positive electrode). [1]

 Q2 a i Oxidation half-reaction: 2Cl–(aq)  Cl2(g) + 2e–

Reduction half-reaction:  
2H2O + 2e–  H2 + 2OH– or 2H+ + 2e–  H2 [2]

ii Potassium has a highly negative value for its standard 
reduction electrode potential. Water molecules or 
hydroxide ions are preferentially reduced since smaller 
amounts of energy are required for their discharge. 
(Any potassium atoms formed would immediately react 
with water to form sodium ions.) [1]

iii Molten or fused state. [1]

b Hydrogen, H2, and oxygen, O2. 
2H2O  O2 + 4H+ + 4e– or 4OH–  2H2O + O2 + 4e–

Water or hydroxide ions are preferentially oxidized instead 
of fluoride ions.
This is because the standard reduction electrode potential 
is highly negative. Fluorine molecules are strongly oxidizing; 
fluoride ions are very weakly reducing. [4]

 Q3 a Cathode (negative electrode): Cu(s)  Cu2+(aq) + 2e– [1]
Anode (positive electrode): Cu2+(aq) + 2e–  Cu(s) [1]

b There is no change in the intensity of colour since the rate 
of removal of copper(II) ions at the cathode is balanced by 
the rate of formation of copper(II) ions. at the anode. [1]
There is no change in the pH since hydrogen and hydroxide 
ions are not involved in the discharge reactions. [1]

c 2H2O(l)  O2(g) + 4H+(aq) + 4e– [2]
d Charge passed = 0.360 A  600 s = 216 C [1]

Amount of electrons = 
216 C

96 485 C mol–1 = 2.24  10–3 mol [1]

2 moles of electrons are required for the discharge of one 
mole of copper atoms. [1]
Mass of copper 

= 0.50  63.55 g mol–1  2.24  10–3 mol  
deposited
   = 0.0711 g [1]

 Q4 a An oxidizing agent gains electrons. [1]
b The current flow is from the aluminium electrode to the 

nickel. [1]
The aluminium electrode is negative; the nickel electrode is 
positive. [1]

c i Mg(s) + Ni2+(aq)  Ni(aq) + Mg2+(aq) [2]
ii E  cell = (2.36) + (–0.23) = +2.13 V [1]

d Time = 8.00  60 = 480 s [1]
Charge = 8.00  1.00  3600 = 28 800 C [1]

Number of moles = 
28 800 C

96 480 C mol–1 = 0.2985 mol [1]

0.2985 mol
6

 = 0.04975 mol [1]

Amount of chromium atoms = 0.05 mol [1]

20 Organic chemistry
Paper 1  IB questions and IB style questions

 Q1 A Tertiary halogenoalkanes hydrolyse via an SN1 mechanism 
which implies first-order kinetics. Its hydrolysis rate is higher 
because it passes through a carbocation intermediate 
rather than a high-energy transition state.

 Q2 D 2-Chlorobutane has a chiral carbon atom which is attached 
to an ethyl group, a hydrogen atom, a chlorine atom and a 
methyl group.

 Q3 D Primary amides have the general formula RCONH2. D is 
ethanamide.

 Q4 A The bromo- group was replaced or substituted by an OH 
group; the alcohol is then oxidized – it gains oxygen and is 
converted to an ester (general formula: RCOOR ).

 Q5 A Ethanol can be oxidized to ethanal (distillation) and then to 
ethanoic acid (refluxing).

 Q6 B Proteins are condensation polymers of amino acids.

 Q7 B CH3COOH + HOCH3  CH3COOCH3 + H2O
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 Q8 C A racemic mixture contains equal amounts of a pair of 
enantiomers (optical isomers) of the same molecule.

 Q9 D The two methyl groups can be arranged cis and trans to 
each other.

 Q10 C An ester with the general formula R COO R  is named 
by naming R  as an alkyl group and then R COO as a 
carboxylate group.

 Q11 D Nucleophiles react via the donation of a pair of electrons 
and formation of a dative bond with an electron-deficient 
centre.

 Q12 D There are no chiral carbon atoms.

 Q13 D CH3CHBrCH3  H3CHC CH2 + HBr

 Q14 D The iodine–carbon bond is long and weak and hence 
iodoalkanes are the most reactive. The chlorine–carbon 
bond is short and strong and hence chloroalkanes are the 
least reactive.

 Q15 B (CH3)2CHX + CN–  (CH3)2CHCN + X–

 Q16 C Optical isomers rotate plane-polarized light in opposite 
directions.

 Q17 B Propanenitrile undergoes reduction to give a primary 
amine:
CH3CH2CN + 2H2  CH3CHCH2NH2

 Q18 C Water is eliminated during the polymerization process.

 Q19 D Terylene is a polyester formed from ethane-1,2-diol and 
benzene-1,4-dicarboxylic acid.

 Q20 B (CH3)3CNH2 and C2H5NH2 will be formed by reactions I and 
II respectively.

Paper 2  IB questions and IB style questions

 Q1 a i  No rotation is possible due to the presence of a double 
bond or  bond. (There is restricted or hindered 
rotation.) [1]

ii 

cis

or

CH3

CH3

CH3

H H

CH2Br

C C

trans

CH3

H

H

CH2Br

C C

cis
Br

Br

H

H

H

CH2CH3

C C

Br

H

H

CH2CH3

C C

trans

or

cis

C C
CH3

CH3

Br

H
C C

trans

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 [2]

iii 

H

H

H
H

Br

CH3

C C

*C

 

[2]

 

b Restricted rotation because the carbon–carbon bond is 
part of a rigid cyclic system. [1]

cis

CH2

H

H

C C

trans

Br

Br

CH2H H

C C

Br Br

 

[2]

 Q2 a CH3CH(OH)CH2CH3 [1]
Butan-2-ol [1]
The molecule contains a chiral/asymmetric carbon atom/
four different groups around one carbon atom. [1]
The plane of plane-polarized light is rotated in opposite 
directions. [1]

b CH2CHCH2CH3/CH3CHCHCH3 [1]
But-1-ene/but-2-ene [1]
Dehydration/elimination [1]
Bromine or bromine water is decolorized. [1]

 Q3 a The replacement of an atom or group of atoms in a 
molecule; [1]
by a species with a lone pair of electrons/species attracted 
to an electron-deficient carbon atom. [1]

b One mark for any of the following (max [4]):
Correct structure of (CH3)3CI [1]
Curly arrow showing C–I bond fission [1]
Correct structure of carbocation intermediate (CH3)3C+ [1]
Curly arrow showing attack by OH– on the electron-
deficient carbon atom [1]
Correct structure of (CH3)3COH [1]

c Correct structure of CH3CH2CH2CH2I [1]
Correct structure of transition state showing charge  
and all bonds [1]
Curly arrow showing attack by OH– on the correct  
carbon atom [1]
Correct structure of CH3CH2CH2CH2OH [1]

 Q4 a Cl Cl

and 1,1-dichlorocyclopropane

or or or

Cl

Cl Cl Cl

Cl Cl Cl

Cl

[1]

(cis- or trans-) 1,2-dichlorocyclopropane [1]
Award [1] for the correct name corresponding to the 
related isomer.
Accept diagrams that do not display 3-dimensional 
structure.
(Award [1] max for correct structures only, without the 
corresponding names.)

b 

and

and

Cl

H

H

CH2Cl

C C
Cl

H H

CH2Cl
C C

Cl

H
C C

Cl

ClH

ClCH3

CH3

C C 

   [2]
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 Q5 a OH OH

H H
C

CH3CH2 CH2CH3

CH3 CH3

C

i Award [2] for both tetrahedral structures, or [1] if 
tetrahedral structure is not clear.  [2]

ii Plane-polarized light [1]; rotation in opposite/different 
directions [1]. [2]

iii 

H H

CH3CH3

C C
H

H

CH3

CH3

C C

   
[2]

iv One mark for any of the following (max [3]):
Curly arrow showing attack by OH– on end H [1] 
Curly arrow showing C–Br bond fission [1] 
Curly arrow showing formation of double bond [1] 
H2O and Br shown as products. [1] 
(If but-2-ene formed, award [2] max.)

b CH3OH + HCOOH  HCOOCH3 + H2O
Award [1] for both reactants and [1] for both products 
(accept C2H4O2). [2]
Methyl methanoate  [1]

 Q6 a C = CH3CH2CHO; D = CH3CH2COOH [2]
b Potassium dichromate(VI)/K2Cr2O7 (accept other strong 

oxidizing agents); acidified/H+/sulfuric acid; distil off the 
product as it forms/limiting the amount of oxidizing agent/
reducing concentrations of acid or oxidizing agent.  [3]

c Substitution; nucleophilic; bimolecular/two particles in rate-
determining step. (Award [2] for three correct, [1] for two 
correct.) [2]

Br
C

H

H

+
–

+

BrC

H

HC2H5
C2H5

HO
–

–

HO

Br
–C

H

H
C2H5

HO

transition state

Suitable diagram with:
Curly arrow from O of OH– to C joined to Br [1]
Curly arrow from C Br bond to Br (this can be on the 
reagent or on the transition state) [1]
Transition state with negative charge and --- bonds to Br 
and OH group [1]
Correct products  [1]

d Faster (for A)
C Br bond weaker/easier to break than C Cl bond [2] 
Allow opposite argument for CH3CH2CH2Cl reaction being 
slower.

e Esterification/condensation [1]

CH3CH2COOCH2CH2CH3  [1]
f CH3COOCH3/HCOOCH2CH3  [1]; no OH group/D has OH 

group [1]; no hydrogen bonding possible with water/
hydrogen bonding only possible with D [1]. [3]

21  Modern analytical 
chemistry

 Q1 a  Difference in metal ion (Zn2+ lacks a partially filled  
d sub-shell). [1]

 Difference in oxidation number (V2+ has a d3 configuration; 
V3+ has a d2 configuration). [1]

 Difference in type of ligands (this influences the splitting of 
the energy levels in the d sub-shell). [1]

b  [2]

c [Ni(NH3)4(H2O)2]2+ greater; [NiCl4]2– less (based on the 
spectrochemical series). [2]

d i The colours shown by the two ions are complementary 
to the colours they absorb.  [1]

   The colour is caused by transitions between the split d 
orbitals.  [1]

   Different metals cause the d orbitals to split differently 
(due mainly to the different number of protons in 
the nucleus (nuclear charge), which determines the 
electron configuration. [1]

 ii The oxidation state affects the size of the d orbital 
splitting due to the different number of electrons 
present and hence alters the effective nuclear charge 
of the nucleus of the transition metal ion.  [2]

  The more electron-dense (or more basic) the ligand 
the greater the splitting of the d orbitals. [1]

 Q2 a  The bond angle (H S H) changes as bending occurs.   [1]
 The lengths of the S H bonds change as stretching  

occurs. [1]
 The dipole moment of the molecule changes. [1]
b i Absorptions in NMR are due to transitions between 

different spin states in the nucleus (when an external 
magnetic field is applied).   [1]

  IR absorptions are due to bond vibrations.  [1]
  The nuclear transitions are at a much lower energy 

than bond vibrations.   [1]
  There is an inversely proportional relationship between 

frequency and energy. [1]
 ii The bond in both molecules vibrates and stretches; 

only the stretching in the hydrogen bromide, H Br, 
causes a change in dipole moment. [2]

c wavenumber = 
1

wavelength (cm)
; 

 energy = 
Planck’s constant  velocity

wavelength

 wavenumber = 
energy

Planck’s constant  velocity
 [2]

d Atomic masses increase from chlorine to iodine. [1]
 Heavier atoms vibrate more slowly and hence the 

stretching frequency decreases. [1]
e A  O H stretch (hydrogen bonded)
 B C H stretch
 C C H stretch and O H bend
 D C H stretch
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 E C N stretch
 F C H stretch
 G O H stretch (hydrogen bonded)
 H C O stretch
 I C H stretch
 J C O stretch [5]
f Top to bottom: ethanol, propanenitrile, ethanoic acid and 

ethyl butanoate. [3]

 Q3 Determine the wavelength of the peak of maximum 
absorption, max. Prepare at least five different solutions of 
known concentrations from the standard solution. Measure the 
absorbance for each concentration at max. Plot a calibration 
curve and read off the value of unknown concentration from 
its absorbance. At a fixed wavelength the absorbance is directly 
proportional to the concentration provided the same path 
length is used.  The Beer–Lambert law (A = cl) applies only to 
dilute solutions. [6]

 Q4 a Tetramethylsilane (TMS); used as reference standard. [2]
b i The number of different chemical environments. [1]
 ii The number of hydrogen atoms in each chemical 

environment. [1]
 iii The number of hydrogens on adjacent carbon  

atoms. [1]
c 

3 2 1 0
Chemical shift/ppm

2H

6H

2H

3H

3 2 16 5 4 0
Chemical shift/ppm

 [4]

d The compound is ethylbenzene: C6H5CH2CH3.     [1]
 Five hydrogen atoms at a chemical shift greater than 7 ppm 

suggests the presence of five hydrogen atoms in a benzene 
ring with one substituent (attached functional group).  [1]

 There are two hydrogen atoms with a chemical shift 
corresponding to hydrogen atoms bonded to a carbon 
atom which is attached to a benzene ring.   [1]

 There are three hydrogen atoms which are part of a  
methyl group, –CH3. [1]

 Q5 a There is a stationary phase and a mobile phase.  [1]
 The components of the mixture dissolve, absorb, or 

partition to differing extents between the two phases. [1]
b i A [1]
 ii B [1]
 iii No, the two ‘oranges’ are different substances since 

they have different Rf values.  [2]
 iv Rf value = 9/22 = 0.41 [1]
c i Rf value of compound 1 = 1.6/12.6 = 0.13 [1]
  Rf value of compound 2 = 9.1/12.6 = 0.72 [1]

  Compound 1 has a greater affinity for the thin layer 
than compound 2.  

  Since the thin layer is composed of silica gel, 
compound 1 is more polar than compound 2. [1]

 ii  TLC is faster than paper chromatography. The thin 
layer may be made from a variety of different solids.  
Hence, a range of mixtures can be separated by using  
different stationary and mobile phases. [1]

 Q6 a  By measuring the difference in time between the injection 
of the sample and the centre of the peak for a  
component.  [1]

b The areas under the peaks represent the amounts of the 
components in the  mixture. [1]

c i Hexan-1-ol [1]
 ii Ethanol [1]
d Two from: flow rate of the carrier gas; temperature of the 

column; length and diameter of the column; the nature of 
column surface and the volatility of the solute. [1]

e i The two compounds have relatively high melting points 
and are involatile.  [2] 

 ii HPLC [1]

 Q7 a i  An electron will be promoted from a relatively low 
energy molecular orbital to a higher energy molecular 
orbital. (The molecular orbitals may be ,  or lone 
pairs.) [2]

 ii Complex molecules will have a greater number of 
available energy levels within their molecular orbitals.
 [1]

b i  Two from: chlorophyll, hemoglobin, retinol and beta-
carotene. [2]

 ii The more extensive the  conjugation, the smaller the 
difference between lower and higher energy levels 
(energy gap) and the longer the wavelength. [2]

c Methylbenzene absorbs ultraviolet radiation because of 
the presence of delocalized  electrons. Ethanol has no  
bonds and hence does not absorb ultraviolet radiation. [3]

 Q8 a P: +CH3, Q: +C2H5 and R: +C3H7  [3]
b  [3]

Information Analytical technique

Relative atomic mass of an 
element

Mass spectrometry

Functional groups and 
strength of bonds present in 
an organic molecule

Infrared spectroscopy

Potassium ions in a sample of 
blood serum

Atomic absorption 
spectroscopy

Detailed structure of an 
organic molecule (without 
degrading the sample)

Nuclear magnetic resonance

22 Human biochemistry
 Q1 a i  An optically active molecule will rotate the plane of 

plane polarized light. [1]
 ii  Glycine has two hydrogen atoms bonded to the central 

carbon atom. [1] 
The molecule does not contain a chiral or asymmetric 
centre. [1]
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b i 
O

C C

R

H

O–

+
H3N

 [2]

 ii The amine or amino group: NH2. [1]
 iii 

O

C C

H

O

+
H3N

+NH3

(CH2)4

H

 [2]

 iv Overall charge is +1. [1]

 Q2 a Humans lack the enzyme cellulase. [1]
b i  Any two from: diverticulosis, irritable bowel syndrome, 

constipation, obesity, Crohn’s diease, hemorrhoids, 
reduction in blood pressure, risk of coronary heart 
disease and diabetes mellitus. [2]

 ii  One from: hemicellulose, dextrins, inulin, lignin, pectin 
and chitin. [1]

c i  Amylose is a linear polymer of -glucose residues 
linked by 1,4-glycosidic bonds. [2] 
Cellulose is a linear polymer -glucose residues linked 
by 1,4-glycosidic bonds. [2]

 ii  Amylose acts as a storage form of glucose in plants. [1] 
Cellulose is the major component of cell walls in plants.
 [1]

 Q3 a Components of cell membranes. [1]
b  It is a digylceride since it contains two esterified  

fatty acids. [2]
c  It contains a charged phosphate group and a charged 

ammonium group. [1]
 These charged groups are polar and attract water 

molecules.  [1]
d Cholesterol. [1]
 Synthesis of testosterone. [1]

 Q4 a Release of energy during respiration; act as energy stores 
in the form of adipose (fat) tissue; and production of 
phospholipids for cell membranes. [3]

b 
O

C

H

H

H
O

O
CH

CH

O

O

O

C

C

C

R

R

R

 [1]

c Triglycerides are non-polar and unable to form hydrogen 
bonds with water. [1]

d i Unsaturated; it contains a carbon–carbon double  
bond. [2]

 ii Liquid; plants. [2]

 Q5 a Four. [1]

b The iodine number is defined as the number of grams of 
iodine that adds to 100 g of a fat or an oil in an addition 
reaction. [1] 
Mass of 1 mole of C20H32O2 = 304 g; its four double  
bonds react with 1040 g of I2. [1] 
Hence 100 g of C20H32O2 reacts with 342 g I2. Iodine 
number of C20H32O2 is 342. [1]

c Improve the blood lipid (cholesterol and triglyceride) levels 
and decrease the risk of coronary heart disease. [1]

d To transport cholesterol and fatty acids. [1] 
High density lipoproteins and low density lipoproteins. [1]

 Q6 a -D-ribose – A; -D-ribose – C. [2]
b No, because they are not mirror images: A and C are both 

D-ribose. [1]
c Carbon atoms 1 and 5. [1]
d RNA (ribose nucleic acid). [1]
e Heat produced = mass of water  specific heat capacity  

 temperature rise [1]
 Heat produced = 500 g  4.18 J g−1 K−1  67.5 K  

= 141 075 J  [1]
 Calorific value of fruit bar = 

40.0
10.0

  141 075 J  
= 564.3 kJ (564 kJ). [1]

 Q7 a i  It is a chemical substance that interacts with a target 
cell. [1]

 ii In the bloodstream. [1]
b Testes. [1]
c Use – treatment of wasting illness such as cancer or AIDS/

to regain muscle tissue and appetite, treatment of eczema; 
bone marrow stimulation in patients with kidney failure; to 
increase libido and to induce male puberty. [1] 
Abuse – increase muscle mass to enhance performance/
increase strength. [1]

d Alcohol, alkene or ketone. [2]
e Any one from:
  cholesterol has an OH group instead of the >C O 

group in testosterone
  cholesterol has an alkyl/hydrocarbon side-chain instead 

of the OH group intestosterone
  there is no carbonyl group present in cholesterol
  the position of the >C C< bond is different in 

cholesterol compared to testosterone. [1]
f Testosterone and epitestosterone differ in the configuration 

of the hydroxyl group, OH. In one isomer it is pointing 
down; in the other isomer it is pointing up. [1]

g Insulin; pancreas; control of blood glucose level. [3]
h Any three from:
  change release of hormones/FHS/LH (from 

hypothalamus/pituitary gland)
  prevent ovulation: release of ovum (egg)
  prevent attachment of ovum (egg) to uterus
  prevent the sperm from reaching ovum. [3]

 Q8 a i  Activity found by collecting and measuring the total 
volume of carbon dioxide gas per unit time. [1] 
Temperature and pH (via use of a buffer) must be 
controlled during the reaction. [1]

 ii Specific – a particular enzyme can catalyse only one 
reaction. [1]

  Enzyme binds to/reacts with substrate to form an 
enzyme substrate complex/E + S  ES. [1]

  After the reaction the product leaves the enzyme  
/EP  E + P; [1]

  Mention of an active site - a cleft where the substrate 
binds. [1]
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b i The enzyme would be irreversibly denatured and its 
biological activity would be lost. [1]

  Loss of three-dimensional structure (secondary and 
tertiary structures) due to disruption of hydrogen 
bonds and other intermolecular forces. [1]

 ii Mercury ions would irreversibly inhibit the reaction and 
the biological activity would be lost. [1]

  The mercury ions would form covalent bonds with the 
SH groups of cysteine residues. This would disrupt 

the catalysis and alter the shape of the enzyme. [1]
  Mercury ions would react with charged carboxylate 

groups, COO−, in variable side chains (R groups) 
disrupting ionic interaction. [1]

c Iron – oxygen transport in hemoglobin; anemia [2]
 Iodine – thyroxine synthesis; goitre [2]
d i In competitive inhibition, the inhibitor binds to the 

same active site as the normal enzyme substrate, 
without undergoing a chemical reaction. [1]

  The substrate molecule cannot enter the active site 
while the inhibitor is there, and the inhibitor cannot 
enter the site when the substrate is there. [1]

  Correct line on graph – to right of original – 
approaches Vmax at a higher substrate concentration. [1]

 ii Vmax is unchanged; Km increased. [2]

 Q9 a i Hydrogen bonding [1]
 ii Complementary base pairing: adenine only hydrogen 

bonds to thymine; adenine only hydrogen bonds to 
cytosine. [1]

  Complementary base pairing (and appropriate 
enzymes) allows an accurate copy of a DNA molecule 
to be synthesized.  [1]

b i The ends of the DNA are chemically different: the 
5  end has a phosphate group and the 3  end has a 
hydroxyl group. [1]

  The backbones or strands of DNA have a polarity or 
direction. [1]

 ii 3 -CTTAAGGTACTGTATGGTAACC…-5  [2]
 iii ATG = methionine; ACA = threonine; TAC = tyrosine 

and CAT = histidine. [2]
c Deoxyribose sugar and phosphate group. [2]
 The nucleotides condense (under enzyme control) and form 

a phosphodiester bond; [1]
 between carbon-3 of the deoxyribose sugar and a 

neighbouring phosphate group. [1]
d i DNA profiling is the name given to the technique 

that can identify an individual with a high degree of 
certainty from a sample of the individual’s genetic 
material. [1]

  The lengths of each repeated sequence of bases 
(minisatellites) can be made visible by the use of DNA 
probes. [1]

  The probe is labelled with radioactive phosphorus-32, 
mixed with the individuals’ DNA and exposed on 
photographic film. [1]

  Uses – one from: forensic uses (e.g. identifying 
rapists from blood or semen), establishing genealogy 
(family trees) or paternity suits. [1]

 ii Virtually zero [1]
 iii The blood stain is likely to be that of the male 

householder and suspect A. [2]

 Q10 a C6H12O6 + 6O2   6CO2 + 6H2O [2]
b Pyruvic acid or pyruvate [1]
c Lactate or lactic acid; ethanol [2]
d Carbon dioxide [1]
e Aerobic respiration [1]

f Cytochrome; copper [2]

 Q11 a It is the maximum rate or velocity, Vmax (active site 
saturation). [1]

b 0 to Y: free active sites can accommodate an increase in 
the substrate concentration since there are free  
active sites. [1]

 At higher concentrations, the enzyme molecules are 
saturated and there are no free active sites. [1]

c Km represents the substrate concentrations at which the 
reaction rate is half of the maximal rate, Vmax. [1]

 The higher the value of Km, the lower the affinity of the 
affinity for substrate. [1]

d 30 µmol dm−3 [1]
e H2O + C12H22O11  2C6H12O6 [2]
 A large number of glucose molecules are involved in many 

enzyme controlled dehydration reactions leading to the 
formation of glycosidic bonds, O . [1]

 Q12 a The retention factor (Rf) = distance moved by solute/
distance moved by solvent [1]

b 0.8; 0.3 and 0.9. [1]
c 0.2, 0.4 and 0.6. [1]
d Dimension 1: methionine and proline [1]
 Dimension 2: glutamic acid, threonine, histidine [1]
e Electrophoresis (gel or paper) [1]

 Q13 a 

OH H

HO

C C

H

peptide link

CH3

NH2

OH

O

CN C

H

CH3

C C

H O

CH3

NH2

OH

O

CN C

H

CH3H

 [2]

b Structural (e.g. collagen); enzymes (e.g. pepsin); substrate 
for respiration; oxygen transport (e.g. hemoglobin) or 
oxygen storage (e.g. myoglobin). [2]

c The mixture of amino acids is spotted on the 
electrophoretic paper or gel. [1]

 A high voltage is applied and maintained across the ends 
of the paper or gel. [1]

 The chromatogram is developed with ninhydrin. [1]
 The distances moved by the stained  amino acids are 

compared with known samples of pure amino acids run 
under the same conditions.  [1]

d Six [1]
e The tertiary structure of a protein describes the way the 

chain of amino acids is folded into a precise compact 
globular structure. [1]

 Lengths of -helix (secondary structure) are brought 
into contact with each other by connecting lengths 
of the amino acid chain by taking up a more random 
arrangement. [1]

 The tertiary structure is maintained by hydrogen bonds 
between hydrogen atoms attached to oxygen and nitrogen 
atoms.

 

+
N H O
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 When hydrogen bonds form between groups in the 
peptide chain, which are far apart in the primary structure, 
the chain must fold in such a way as to bring these groups 
close together. [1]

 Ionic bonds (salt bridges) may also form between NH3
+ 

and COO− groups. [1]
 Disulfide bridges ( S S ) may be formed when two SH 

groups are close enough to be oxidized. [1]
 (The folding process is also driven by the hydrophobic 

effect which involves the non-polar side chains of amino 
acid residues located in the interior of the protein.)

 Q14 a Indicates the presence of one or more carbon–carbon 
double bond (>C C<). [1]

b C25H51COOH > C23H47COOH > C25H48COOH [1]
c van der Waals’ forces [1]
d C25H51COOH and C25H47COOH: difference in chain length, 

area of contact, surface area or number of electrons. [1]
 C25H51COOH and C25H48COOH: difference in bond angle, 

closeness of packing or area of contact. [1]

23  Chemistry in industry 
and technology

 Q1 a Aluminium is too reactive for its oxide to be reduced by 
carbon; it is above carbon in the reactivity series. [1]

b Alumina is composed of two ions with a high charge 
density (Al3+ and O2−); [1] 
so the electrostatic attraction between the ions is large  
and the melting point high. [1]

c Cryolite is added to reduce the melting point of  
aluminium oxide; [1] 
less energy is required and hence the cost of the process is 
decreased. [1]

d Cathode: Al3+ + 3e−  Al [1]
 Anode: 2O2−  O2 + 4e− [1]
e Aluminium metal becomes coated with a thin layer of 

aluminium oxide. [1] 
This layer adheres to the surface of the metal protecting  
it from further reaction. [1] 
Iron reacts with the air to produce an oxide, but this 
layer does not adhere to the metal surface so corrosion 
continues. [1]

f Less energy is needed to recycle aluminium than to 
extract it. [1] 
Recycling conserves bauxite deposits and reduces the  
need to tip waste in landfill sites. [1]

 Q2 a Percentage by mass of iron in Fe2O3 

 = 55.85  2  
100

159.7
 = 69.9% [1]

 Percentage by mass of iron in Fe3O4 

 = 3  55.85  
100

231.55
 = 72.4% [1]

b Iron ore/haematite/magnetite [1], coke (carbon) [1] and 
limestone (calcium carbonate) [1] [3]

c Molten iron [1] and slag (calcium silicate) [1] (accept  
carbon dioxide, CO2) [2]

d i C(s) + CO2(g)  2CO(g) [1]
 ii Reducing agent [1]
 iii Fe2O3(s) + 3CO(g)  2Fe(l) + 3CO2(g) [1] 
e At high temperatures the calcium carbonate undergoes 

thermal decomposition:
 CaCO3(s)  CaO(s) + CO2(g) [1]

 The calcium oxide then reacts with sand (silicon dioxide)  
to form slag: [1]

 CaO(s) + SiO2(s)  CaSiO3(s) [1]
f Amount of iron(III) oxide 

 = 
80 000 000 g
159.7 g mol−1  = 5 009 398 mol [1]

 Mass of iron  = 500 939 mol  2  55.85 g mol−1 
= 55 954 915 g 
= 56 tonnes [1] 

g i Cast iron or pig iron [1]
 ii The presence of carbon (2–4%) makes it brittle. [1]
h Oxygen is blown into molten pig iron at high pressure 

through molten iron. [1] 
The oxidized impurities, sulfur and phosphorus, are 
removed as their gaseous oxides.  [1]

i Steel can be made less brittle by tempering.  [1] 
This involves heating it to about 400–600 oC and letting 
it cool slowly.  [1] 
To make the steel more ductile a process known as 
annealing is used; this involves heating the steel to a higher 
temperature (about 1040 °C) followed by slow cooling. [1] 
If hard steel is required then after annealing the steel must 
be quenched by rapid cooling.  [1] 

 Q3 a Any two from: 
  The products of electrolysis of brine are more useful/

economically important.  
   As well as chlorine, brine produces hydrogen and 

sodium hydroxide. 
  Electrolysis of molten salt produces only sodium.  [2] 
b At anode: 2Cl−(aq)  Cl2(g) + 2e− [1]
 At cathode: 2H+(aq) + 2e−  H2(g) [1]
c The Castner–Kellner cell uses a flowing mercury  

cathode; [1] 
mercury is toxic and dangerous if it leaks into the 
environment; [1]  
where it enters the food chain in shellfish.  [1]

 Q4 a There is no lithium metal in lithium–ion cells.  [1] 
The anode is made of graphite and the cathode of a 
layered metal oxide (usually LiCoO2).  [1]

b Lithium ions (Li+) flow through the electrolyte and become 
inserted (intercalated) between the layers of the two 
electrode materials when they reach them.  [1] 
The conversion between Li+ ions and Li atoms takes place 
between the layers of the electrode material.  [1]

c Similarity – one from:
   Both convert chemical energy to electrical energy. 
   Both can function repeatedly (the fuel cell needs  

to be supplied continuously, a battery needs to be 
recharged).  [1]

 Difference – one from:
   Fuel cells have no ‘memory effect’ when they are 

refuelled and are low maintenance.  
   The efficiency of fuel cells is approximately 80%, which 

is much higher than for conventional batteries.  [1] 

 Q5 a i  Cracking refers to the decomposition of large 
hydrocarbons [1] into smaller hydrocarbons [1]. [2]

 ii The smaller hydrocarbons make better fuels. [1] 
Alkenes, used in the manufacture of plastics, are also 
produced. [1]

b i … + C8H18 [1]
 ii Ethene  [1] 

propene  [1]  
and octane.  [1]
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c i  Modern cracking uses zeolites as the catalyst. These are 
complex aluminosilicates. Aluminium oxide and silicon 
dioxide can also be used as a catalyst. The alkane is 
brought into contact with the catalyst at a temperature 
of 500 °C and moderately low pressures. The zeolites 
used in catalytic cracking are chosen to give high 
percentages of hydrocarbons with between five and 
ten carbon atoms – particularly useful for petrol. It also 
produces high proportions of branched alkanes and 
aromatic hydrocarbons such as benzene.  Any [3]

   In thermal cracking, high temperatures (typically in the 
range of 450 to 750 °C) and pressures (up to about 70 
atmospheres) are used to break the large hydrocarbons 
into smaller ones. Thermal cracking produces mixtures 
of products containing high proportions of alkenes. 
 Any [2] 

 ii  The feedstock is mixed with hydrogen at a pressure of 
about 80 atmospheres and cracked over a platinum 
or silica/alumina catalyst. This gives a high yield 
of branched alkanes, cyclic alkanes and aromatic 
compounds for use in unleaded gasoline (petrol). 
Major products from hydrocracking include kerosene 
and diesel.  Any [2]

   The feedstock, for example, napthha or ethane, is 
preheated, vaporized and mixed with steam and 
then converted at 850 °C to give high yields of low 
molecular mass alkenes. This is a very rapid process and 
a variety of products are produced. Ethane produces a 
range of light alkenes; naphtha produces products rich 
in aromatics.  
 Any [2]

 Q6 a 
H

HH3C

H
H

HH3C

H
H

HH3C

H
H

HH3C

H   [2]

b In the atactic form the methyl side chains are randomly 
orientated.  [1] 
In the isotactic form the methyl groups are arranged are on 
side of the polymer chain.  [1]

c The isotactic form has a regular structure;  [1] 
and hence is strong and crystalline.  [1] 
The atactic form has an irregular structure;  [1]  
and hence is soft with little strength.  [1]

d Carpet fibres or polymer banknotes;  [1] 
which need to have high tensile strength.  [1]

e Plasticizers are small molecules that can fit between the 
long polymer chains.  [1] 
They weaken the attractive intermolecular forces  
operating between the chains, making the plastic more 
flexible. [1] 
By varying the amount of plasticizer added polypropene 
can form a range of polymers with physical properties 
ranging from rigid to fully pliable.  [1]

f Pentane is added during the formation of polystyrene and 
the product is heated in steam; the pentane vaporizes 
producing expanded polystyrene. [1]

 This light material is a good thermal insulator; [1] 
and is also used as packaging as it has good impact-
absorbing properties.  [1]

g Advantage – one from:
   light
   easy to mould
   resistant to corrosion [1]
 Disadvantage – one from: 

  depletion of natural, non-renewable resources
   the majority of polymers are derived from crude oil
   most plastics are non-biodegradable and release  

toxic fumes when incinerated  [1]

 Q7 a i Cathode: Pb + SO4
2−  PbSO4 + 2e−  [1]

  Anode: PbO2 + 4H+ + SO4
2− + 2e−  PbSO4 + 2H2O  [1]

   ii Reduction at anode or + electrode   [1]
  Oxidation at cathode or − electrode   [1]
b Pb + PbO2 + 4H+ + 2SO4

2−  2PbSO4 + 2H2O  [1]
c The reactions are reversible. [1]
d Lead(II) ions react with sulfate ions to form lead(II) sulfate.  

 [1]
e Electrolysis occurs and the hydrogen ions undergo 

discharge at the cathode; [1] 
to form hydrogen. [1]

f One from: the acid is corrosive/lead is potentially polluting 
and toxic.  [1]

 Q8 a Nanotechnology is the ‘technology of the very small’ – 
1 nanometre = 10−9 metres. [1]

 Nanotechnology is concerned with building devices and 
manipulating materials at this size.  [1] 

 Materials show novel and exceptional properties at this 
scale which nanotechnology sets out to exploit. [1]

b i Ratio  = 5  10−6 m/10−9 m  [1] 
= 5000 [1]

 ii Nanotubes are strongly bonded and the rigid tubes 
with an exceptional surface area to size ratio – very 
long and narrow.  [1]

  One use from: as heterogeneous catalysts, as electrical 
wires (if coated internally with, say, silver), as transport 
mechanism for medical drugs.  [1]

c The nature of nanotubes means that if there is a diverse 
population in terms of length, for instance, then the batch 
could contain a very wide range of properties.  [1] 
It is therefore difficult to standardize behaviour in an 
experimental context and control the results.  [1]

 Q9 a The formation of low-density poly(ethene) involves a free-
radical mechanism.  [1] 
Plus two from:

   Initiation brought about using a catalyst such as 
benzoyl peroxide (ROOR) 
ROOR  RO  + OR  
homolytic fission of the weak O–O bond

   Propagation: RO  + H2C=CH2  RO CH2 CH2  
RO CH2 CH2  + H2C=CH2  
  RO CH2  CH2 CH2 CH2  

   Termination: 2RO CH2 CH2   
  RO CH2  CH2 CH2 CH2 OR      [2]

b Catalyst is a Ziegler–Natta catalyst or titanium(IV) chloride, 
TiCl4, with diethylaluminium chloride, Al(C2H5)2Cl.  [1] 
Possibility of dative covalent bond formation between 
the pi ( ) electrons of ethene and vacant orbitals on the 
Ti atom.  [1]
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 Q10 a Any three from:
   Graphite has a giant molecular lattice structure 

whereas carbon-60 has a simple molecular structure 
with just relatively weak van der Waals’ forces between 
the molecules. 

   Graphite has a very high m.p., whereas carbon-60 has 
low m.p.  

   Graphite is very strong in one orientation because of 
extensive covalent lattice, carbon-60 is weak.

   Graphite has delocalized electrons between the 
layers and conducts electricity; carbon-60 has no free 
electrons so does not conduct.  [3]

b The walls of a nanotube represent a single sheet of 
graphite (graphene) rolled on itself;  [1] 
made up of hexagons.  [1] 
To close the tube need some pentagons in the 
arrangement to achieve the curved structure (as in 
carbon-60).  [1]

c Titanium dioxide particles reflect the harmful ultraviolet 
radiation away from the skin.  [1] 
They act as a ‘sunblock’.  [1] 
The small nanoscale particles do not give a whitening  
effect because of their small size.  [1]

 Q11 a i  Sphere with a diameter of the order of nanometres/ 
in the nanometre range.  [1]

 ii It is (highly) acidic/has very low pH/contains HCl.  [1]
 iii Use hydrogels:  [1] 

    of different (wall) thickness/strength (to release 
drug over time)  [1]

      of different chemical composition (for different 
breakdown times)  [1]

      incorporating pores/holes (in their walls)   [1] 
 Any [2]

b For the homopolymer, either using the amino acid the 
minimum is:

 –CO–CHR–NH–CO–CHR–NH–CO–CHR–NH–  [1]
 or using the hydroxyacid the minimum is: 

 

COOH

COOH

COOH

O
O

O

O

or

OOO
COOH COOH

COOH

O

O

O O O  [1]
 For the heteropolymer, either using the glycol compound 

and the di-acid the minimum is:

 

OH

(glycol) (glycol)(di-acid)

(di-acid) (di-acid)(glycol)

or

O O

O

O

O O

OH

O
O

O

O

OH O

O

 [1]

 or using the amino acid and the di-acid, the minimum is:

 

(amide)

O O

O

COOH

COOH COOH

COOH

COOH

O

R

N

N

or

or

or

R

N

N

O

O

O O

O

O

O

O

O

O

OR

R

N
N

H

H

R

N

H

N

H

(ester)

(ester)

COOH
O

O
O

R

(ester)

(ester)

(amide)

(amide)

(amide)

 [1]
 A heteropolymer incorporating all three monomers can 

also be drawn.  [1]  
 Max. [3]

 Q12 a i Sc: 1s22s22p63s23p63d14s2  [1]
  Sc3+: 1s22s22p63s23p6   [1]
 ii [(Sc3+)3C82

9−]  [1]
b i  sp2  [1] 

sp3  [1] 
and sp2 [1]

 ii Graphite: giant covalent/network solid/two- 
dimensional giant covalent.  [1]

  Fullerenes: simple molecular/molecular covalent.  [1]
 iii Graphite does not contain pentagonal rings;  [1] 

the sheets of carbon atoms are flat.  [1]
c i 984  [1]
 ii C82

+  [1]
 iii Helium is an excellent coolant; [1] 

and provides an inert and non-oxidizing environment 
for fullerene formation.  [1]

d i The fullerenes are simple molecular substances. [1]  
They are associated in the solid state due to the 
relatively weak van der Waals’ forces.  [1]

 ii C82 has a larger number of atoms and hence a greater 
number of polarizable electrons available for van der 
Waals’ forces.  [1] 
More energy is required to overcome the 
intermolecular forces before sublimation occurs.  [1]

 Q13  a Carried out at very high pressures (1000–3000 
atmospheres);  [1] 
at a temperature of about 500 K;  [1] 
an initiator such as an organic peroxide or a trace of 
molecular oxygen is added.  [1]
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b i A regular polymer, the molecules of which can be 
described in terms of only one species of stereo-
repeating unit;   [1] 
in a single sequential arrangement.  [1]

 ii Titanium(IV) chloride  [1] 
TiCl4  [1] 
with diethylaluminium chloride  [1] 
Al(C2H5)2Cl  [1]

 iii It accepts a dative covalent/coordinate bond from the 
monomer’s  bond. [1]

c LDPE: free-radical polymerization involves long-chain 
primary (terminal) radicals that can abstract hydrogen 
atoms within the chain; [1] 
subsequent polymerization from the new internal radical 
site generates randomly branched alkanes that do not pack 
together efficiently and give low density. [1]

 HDPE: cationic polymerization with Ziegler–Natta catalysis 
yields linear polyethene chains that pack efficiently to give 
crystalline regions and high density. [1]

 Q14 a i  An alloy is a homogeneous mixture of metals  [1] 
or a mixture of a metal and non-metal.

 ii Any two from: alloys are harder/stronger/decreased 
malleability/increased corrosion resistance/increased 
electrical or thermal conductivity.   [2]

b i The carbon gains oxygen/its oxidation number 
increases from 0 to +2. [1]

 ii Brass  [1] 
One use from: locks, gears, bearings, doorknobs, 
ammunition, valves for plumbing; electrical 
applications; musical instrument, such as horns and 
bells; zippers; to make coins.   [1]

c i Carbon  [1]
 ii One use from: cutlery, surgical instruments,  

watches, sinks.  [1]

 Q15 a A substance which, when present in relatively small 
amounts, increases the rate of a chemical reaction;  [1] 
but which is not consumed during the overall process.  [1] 
The function of a catalyst is to provide a new reaction 
pathway with a lower activation energy.  [1]

b i +1  [1]
 ii Homogeneous catalysis occurs when the catalyst  

and the reactants are in the same phase (or physical 
states).  [1] 
Heterogeneous catalysis occurs when the catalyst 
and the reactants are in different phases (or physical 
states).  [1]

c   Advantages of heterogeneous catalysts: the products 
are easily separated by physical means from the 
catalyst; or they tend to be less specific than 
homogeneous catalysts so can be used to catalyse a 
variety of reactions.  [1]

   However, because it is only the surface area, or parts of 
the surface area, that is active they depend very much 
on particle size and the smaller particles may aggregate 
together during the reaction, so making the catalyst 
less effective.  [1]

   Homogeneous catalysts tend to be more specific for 
particular reactions and are often harder to separate 
from the products.  [1]

   However homogeneous catalysts can be more efficient 
as they will be in molecular, atomic or ionic form.  [1]

d They form two or more stable oxidation states and can 
bind the reactants by dative covalent bonding. [2] 
OR 
They can form dative covalent bonds with ligands using 
vacant orbitals. [2]

e Hydrogen iodide is corrosive;  [1] 
and undergoes decomposition when heated. [1] 
Rhodium is expensive;  [1] 
and hence the cost of the process is raised. [1]

f Any four from:
   selectivity – produce only the desired product  

and not catalyse side reactions 
   efficiency  
   ability to work under mild/severe conditions 
   environmental impact – e.g. mining for metals 
   problems caused by catalysts becoming poisoned 

by impurities which bind to the surface of 
heterogeneous catalysts  [4]

24 Drugs and medicines
 Q1 a Mg(OH)2 + 2HCl  MgCl2 + 2H2O;

 Al(OH)3 + 3HCl  AlCl3 + 3H2O [1]
b Aluminium hydroxide, Al(OH)3  [1]
c Corrosive to body/tissue/strong base/alkali [1]
d Heartburn occurs when gastric juice  from the stomach 

rises into the esophagus.  [1]
e Dimethicone is added as an anti-foaming agent  to prevent 

flatulence (passing of wind) and hence reduce pain.  [1]
f Production of carbon dioxide gas, CO2. [1]

 Q2 a An antibiotic is a synthetic or semi-synthetic substance that 
kills bacteria. [1]

b Prevents deactivation by stomach acid/more resistant 
to stomach acid; prevents deactivation by the enzyme 
penicillinase (produced by bacteria) increases resistance/
tolerance to penicillinase. [2]

c Broad spectrum – effective against many types/strains of 
bacteria – and narrow spectrum – effective only for certain 
type of bacteria;  [1]

d Penicillin interferes with the cell wall formation. [1]
 Cells can expand/burst/disintegrate/bacteria die. [1]
e Makes penicillin less effective; destroys useful/beneficial 

bacteria; allows resistant population to build up. [1]
f Failure to complete a course of antibiotics favours the 

selection of antibiotic-resistant bacteria. [1]
g The strain within the four-membered ring structure 

increases the reactivity of the amide; [1]
 the ring structure opens so that the penicillin becomes 

covalently bonded to the enzyme; [1]
 that synthesizes the bacterial cell walls (blocking its  

action). [1]

 Q3 a Intramuscular: into the muscles; intravenous: into veins; 
subcutaneous: into fat; anal: via the anus and inhalation. [1]

 Intravenous has most rapid effect since the drug is 
circulated and transported quickly via the bloodstream 
(to various parts of the body). [1]

b A placebo. [1]
c A side-effect is an effect produced as well as the one 

intended and is an unwanted or undesired effect. [1]
d The synergistic effect occurs when the effects of two drugs 

taken together is greater than the individual effects of each 
drug. [1]
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e The therapeutic window is an index for an estimation of 
Ganciclovir dosage that can treat disease effectively while 
remaining within the safe dosage range.  [1]

 The use of this index can help to avoid the potentially 
harmful effects (including side effects) of large doses of 
Ganciclovir or ineffective small doses. [1]

f Viruses undergo rapid mutation; viruses are not affected 
by antibiotics; it is difficult to destroy viruses without 
damaging cells; there is only a limited number of  
metabolic functions that can be targeted by antivirals. [1]

 Q4 a A chiral auxiliary is an optically active species;  [1]
 that can be connected to a molecule (to make it  

optically active). [1]
 When this species is reacted further (then removed) only 

one enantiomer results; [1]
 which eliminates the need to carry out the separation of 

the desired enantiomer from a racemic mixture. [1]
b Both contain:
 a six-membered ring;
 a five-membered ring;
 a (tertiary) amine group;
 the nitrogen atom has a methyl group attached.  Any [2]
c Short-term effects:
 increased heart rate/blood pressure/restriction of blood 

vessels;
 acts as an anti-diuretic/reduction in urine output.
 Long-term effects:
 increased risk of heart disease/coronary thrombosis;
 risk of becoming addicted/physically dependent;
 high cost;
 (increased risk of) (lung, mouth, throat) cancer;
 (increased risk of) bronchitis/emphysema;
 reduction in capacity of blood to carry oxygen;
 withdrawal symptoms/weight gain (on quitting). Any [6]
d i One from:
  interference with nerve impulse transmissions
  relief of anxiety/nervous tension/increase in feeling 

of calm
  reduction of mental activity
  reduction of inhibition. [1]
 ii One from:
  sleep
  loss of consciousness/anaesthesia
  coma
  death
  decreases heart rate/breathing rate. [1]
e They relieve the symptoms of depression. [1]
f The need for larger doses to achieve the desired effect;
 increased risk of dependence/increased risk of negative 

effect/increases toxic effect. [2]

 Q5 a Analgesic is a substance that reduces pain. [1]
 Mild analgesics intercept pain at the source/interfere 

with production of substances that cause pain. [1]
 Strong analgesics interact with receptor sites in the brain/

prevent the transmission of pain impulses [1]
 Antipyretic reduces fever. [1]
b Amide and ether functional groups. [2]
c Any one of the following beneficial effects: [1]
 used to treat mini-strokes
 prevents heart attacks/reduces risk of heart attack/thins 

the blood/anticoagulant
 relieves symptoms of rheumatological diseases/ 

anti-inflammatory
 reduces fever.

 Any one of the following side effects: [1]
 stomach bleeding
 allergic reaction
 Reye’s syndrome
 hearing loss
 tinnitus (ringing in the ears)
 gastrointestinal irritation (e.g. heartburn, nausea).

d i 

O

H

*
H3C

COOH

CH3
 [1]

 ii An equimolar/50:50 mixture of two enantiomers of the 
same molecule. [1]

 iii Different enantiomers may have different biological 
effects, some of which may be harmful; [1]

  genetic defects/deformities/other suitable  
example. [1]

 Q6 a 

C

A

B
C

D
C

A

B
C

D

 [2]

b Stereoisomerism: optical isomerism. [1]
c i  Existence of compounds with the same molecular 

formula but with atoms/groups or Cl/NH3 arranged 
differently in space [1]

 ii

  [3]
 iii  Covalent bonding/shared pairs of electrons; 

dative/coordinate/hydrogen/polar bonding [1]

 Q7 a Oxidizing agent/accepts electrons; [1]
 orange to green. [1]
b Gas–liquid chromatography [1]
 Infrared spectroscopy. [1]
c Stomach bleeding [1]
d Both substances: cause changes in visual and sound 

perception/hallucinations. [1]
 LSD may cause a permanent effect of ‘flashbacks’/effects 

of LSD may be experienced a year or more after the last 
use of the drug/psychological dependence [1]

 OR Mescaline may cause nausea/trembling/liver damage/
reduce appetite. [1]

e Mescaline LSD [2]
 primary amine secondary and tertiary amine
 ether groups amide
 one ring  alkene(s)
    indole ring
    four cyclic rings
    heterocyclic
f A compound library is a large collection of related 

compounds synthesized individually and evaluated for 
biological properties. [1]

cisplatin transplatin active form of
cisplatin

Pt

Cl

Cl

NH3

NH3 Pt

Cl

Cl

NH3H3N Pt

Cl

NH3

H2OH3N
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 Computers are used to design three-dimensional models of 
drugs and simulate their interaction with the appropriate 
enzyme or protein. [1]

g Combinatorial chemistry involves the synthesis of libraries 
of compounds and the screening of those libraries for 
compounds with desirable properties. [1]

 Combinatorial chemistry can rapidly generate large libraries 
of related compounds. [1]

25  Environmental 
chemistry

 Q1 a Troposphere, stratosphere, mesosphere, thermosphere  [2]
b Gas Percentage abundance
 Nitrogen 78.09
 Oxygen 20.94
 Noble gases (mostly argon) 0.93
 Carbon dioxide 0.035
 Water vapour 0– 4 [5]
c Allow two marks for part i and ii for each gas.

Gas i Introduced to troposphere ii  Removed from 
troposphere

O3 Mechanism involving NO2

NO2 (+ light 430 nm)  NO  + O
O  + O2 + M  O3

Photolysis by UV radiation:
O3 + UV radiation  O2 + O
or, mechanism involving 
nitrogen monoxide:
NO  + O3  NO2 + O2

CO Decomposition of chlorophyll in 
green plants
Oxidation of methane
Forest fires
Volcanic activity
Incomplete combustion of fossil 
fuels

Reaction of carbon monoxide 
with hydroxyl radicals from 
the photolysis of ozone
O3 + UV radiation  O2 + O
O  + H2O  2OH
CO + HO   CO2 + H

NO Combination of nitrogen and 
oxygen in vehicle engines and 
coal-fired power stations:
N2 + O2  2NO
Also microorganisms in soil, 
volcanic activity and lightning 
release NO

Further oxidation of nitrogen 
monoxide. Complex 
free-radical mechanism 
summarized as:
2NO  + O2  2 NO2

SO2 Volcanic activity
Decay of biological material
Smelting of sulfide ores in the 
manufacture of zinc, lead and 
copper
Combustion of fossil fuels, 
especially coal and heavy fuel oil:
S + O2  SO2

Dissolves in rainwater
SO2 + H2O  H2SO3

Also, oxidizes further to 
sulfur trioxide. Complex 
mechanism summarized as:
2SO2 + O2  2SO3

 [16]
d The approximate amount of time it would take for the 

level of a pollutant to return to its natural level assuming 
emissions were stopped. This lifetime depends on the 
relative rates of the processes introducing the pollutant to 
the atmosphere, and those removing it. [2]

 Q2 a Any three from:
 metal particles: manufacture of metal products
 metal oxide particles: oxidation of small amounts of 

metals contained as impurities in coal

 fly ash: during combustion of fossil fuels
 asbestos dust: mining and manufacture of asbestos
 aerosol mist: combination of sulfur dioxide and 

nitrogen dioxide with moisture [3]
b Larger particles are captured by the cilia and swallowed. 

Carcinogenic compounds are introduced to the digestive 
tract and may be carried to the organs. Smaller particles 
enter the lungs where they contribute to respiratory 
diseases. [2]

c Atmospheric particles offer a catalytic surface on which 
other atmospheric pollutants can be adsorbed, leading 
to increased rates of potentially harmful reactions. For 
example, sulfur dioxide may be converted to sulfur trioxide 
on the surface of soot or fine metallic particles. [2]

d Any four from:
 flue gases are passed through a wire mesh carrying an 

electric charge
 particles carried by gases become charged
 gases then pass between charged metal plates
 particles stick to the plates
 plates are shaken at intervals to remove accumulated 

particles. [4]

 Q3 a Any three from:
 affects the pH of lakes and rivers, which impacts the 

organisms living in them
 affects the availability of metal ions in soil, which goes 

on to affect nearby plant life or surface water
 directly affects plants, damaging chlorophyll and 

turning leaves brown
 affects buildings and other materials, reacting with 

calcium carbonate
 acidic gases directly affect human health, by attacking 

the respiratory system, leading to asthma or bronchitis. 
 [3]

b S(s) + O2(g)  SO (g)    [1]
 2SO2(g) + O2 (g)  2SO3(g)  [1]
 SO3(g) + H2O(l)  H2SO4(aq)  [1]
c A mesh of platinum or rhodium acts as a heterogeneous 

catalyst, adsorbing pollutants onto the surface and 
allowing oxidation to take place. The three main processes 
are: reduction of nitrogen monoxide to nitrogen; oxidation 
of unburned hydrocarbons to carbon dioxide and water 
vapour; oxidation of carbon monoxide to carbon dioxide. 
 [3]

 Equations:
 2NO + 2CO  N2 + 2CO2

 2C8H18 + 25O2  16CO2 + 18H2O (using octane as an 
example)

 2CO + O2  2CO2  [3]

 Q4 a Visible light, (near) infrared, (near) ultraviolet  [3]
b Mostly visible radiation reaches the Earth’s surface. It is 

absorbed and re-radiated as infrared radiation, which 
warms the atmosphere from below.  [2]

c Carbon dioxide absorbs and emits infrared radiation. [1]
 Carbon dioxide absorbs infrared radiation radiated from 

the Earth’s surface, lowering the percentage of radiation 
that escapes into space. [1]

 Also, carbon dioxide re-radiates infrared downwards 
towards the surface. [1]

d GWP describes the ability of the gas to absorb infrared 
radiation and its lifetime in the atmosphere. [2]

 It is measured relative to carbon dioxide, which is assigned 
a GWP of 1. [1]
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 GWP must specify the timescale over which it is measured.
 [1]

e Methane has a much higher GWP than CO2 (72, measured 
over 20 years). [1]

 Therefore, despite its lower concentration, it makes a  
larger contribution to global warming. [1]

f Any four from: rising sea-levels; glacier retreat; changing 
weather patterns; drought; changing crop yields; changing 
soil characteristics; changing availability of land for 
agriculture; changing patterns of disease and pests.  [4]

 Q5 a i Ozone formation: 
  Photolysis of dioxygen: O2 (+ UV 242 nm)  O  + O
  Combination of dioxygen with an oxygen radical: 
  O2 + O  + M  O3 + M (third body M required) [2]
 ii Ozone depletion: 
  Photolysis of ozone: O3 (+ UV 290–320 nm)  O2 + O
  Combination of an ozone molecule with an oxygen 

radical:
  O3 + O   2O2  [2]
b Carbon–halogen bonds in chlorofluorocarbons are very 

strong. [1]
 The frequencies of ultraviolet radiation that can break 

these bonds are absorbed higher in the stratosphere, so are 
unable to dissociate CFCs in the troposphere. [1]

c In the stratosphere, ultraviolet radiation of the correct 
frequencies is available to break the C–Cl bond in CFCs.

 CFCl3 + UV  CFCl2 + Cl  (photodissociation of CFC-11)
 CF2Cl2 + UV  CF2Cl + Cl  (photodissociation of  

CFC-12) [1]
d The C–H bond in hydrochlorofluorocarbons can be broken 

by collision with a hydroxyl radical:
 CHClF2 + HO   CClF2  + H2O [1]
e i 

O O
 [1]

 
ii
 

O O

O O O

O
 

[1]

 The oxygen molecule has an O O double bond, whilst the 
bonds in the ozone molecule are intermediate in strength 
between O O and O O. Photolysis of oxygen therefore 
requires a higher energy photon (shorter wavelength) than 
the photolysis of ozone. [1]

f Initiation steps: photolysis of CFC-11 
 CFCl3 + UV  CFCl2 + Cl  (photodissociation of CFC-11)

 [1]
 Chain propagation steps: breakdown of ozone by chlorine 

atom (radical), followed by regeneration of chlorine atom 
(radical) by collision with an oxygen atom (radical).

 Cl  + O3  ClO  + O2 [1]
 ClO  + O   O2 + Cl  [1]
 Termination steps: formation of chlorine ‘sink’ compounds 

– chlorine nitrate and hydrogen chloride.
 ClO  + NO2   ClONO2 (chlorine nitrate) [1]
 Cl  + CH4  HCl + CH3 [1]
 Cl  + H2  HCl + H  [1]
g Chlorine nitrate; hydrogen chloride [2]
h Little mixing of air at poles leads to very low temperatures 

(polar vortex). [1]
 Water and nitric acid condense to form polar stratospheric 

clouds (PSCs). [1]
 The surface of a PSC catalyses decomposition of chlorine 

sink compounds such as chlorine nitrate. [1]
 Concentration of ClO  radicals increases. [1]
 When sunlight returns in spring ozone depletion by ClO  is 

rapid. [1]

 During summer ClO  radicals are used up, reforming sink 
compounds; [1]

 and PSCs disperse because of increased temperatures. [1]
 Therefore the rate of ozone depletion falls and the hole 

repairs itself through natural ozone formation processes. [1]

 Q6 a  Biolochemical oxygen demand describes the quantity of 
oxygen used when the organic material in the water is 
decayed by microorganisms. [1]

 A small BOD corresponds to a small amount of organic 
matter present, i.e. the water is quite pure. [1]

 A high BOD corresponds to impure water, as much of the 
oxygen present will be used up in decaying the organic 
material, with less available for the fish. [1]

b (CH2O)n(aq) + O2(g)  CO2(g) + H2O(l) [2]
c Process of eutrophication:
 Fertilizer run-off contains nitrogen and phosphorus 

compounds. [1]
 These are nutrients which lead to increased growth of 

algae. [1]
 Algae dies and is consumed by aerobic bacteria. [1]
 Oxygen in water is used up. [1]
 Fish and other higher organisms have insufficient oxygen 

and populations decline. [1]
 Environmental effects: (any three of following):

 water becomes turbid (cloudy) with a green tint
 water has unpleasant taste and smell
 the presence of algae makes water difficult to treat for 

drinking
 leisure activities (fishing, boating) are affected
 decline in fish populations
 increase in organisms such as sludge worms, maggots 

and eels
 formation of foul smelling substances such as 

thioalcohols, ammonia and hydrogen sulfide. [3]
d Higher temperature decreases the solubility of oxygen. [1]
 Microorganisms respire more quickly, speeding up decay 

processes. [1]
 Enzymes in microorganisms may denature leading to 

inability to digest food molecules. [1]
 The change in temperature may effect spawning cycle of 

fish. [1]
e Point source pollution: the source of pollution is clearly 

identifiable at one point. [1]
 Example: a chemical factory releasing toxic substances into 

a river. [1]
 Non-point source pollution: water collects pollutants over a 

larger area, and thus cannot be attributed to single source.
 [1]

 Examples: acid rain, which pollutes lakes; fertilizer run-off, 
where a river accumulates large quantities of nitrogen and 
phosphorus compounds as it flows through farmland. [1]

f Any four of following: heavy metals; pesticides 
(insecticides, herbicides); chemical wastes (dioxins, PCBs); 
organic wastes (sewage); fertilizers. [4]

 Q7 a  Aerobic bacteria are used to oxidize the organic matter in 
waste water. [1]

 A large surface area (e.g. a bed of stones) or constant 
mixing are used to maximize aeration. [1]

 This is necessary for efficient oxidation. [1]
b i Ca2+(resin) + 2Hg+(aq)  Ca2+(aq) + 2Hg+(resin) [2]
 ii Fe3+(aq) + 3OH−(aq)  Fe(OH)3(s) [2]
 iii Ksp = [Fe3+(aq)] [OH−(aq)]3 [2]
 iv [Fe3+(aq)] [OH−(aq)]3 = 4  10−38

  Let [Fe3+] = x 
  [OH−] is therefore 3x



1058 ANSWERS TO EXAMINATION QUESTIONS

  x  (3x)3 = 4  10−38

  27x4 = 4  10−38

  x = 1.96  10−10

  so [Fe(OH)3] = 1.96  10−10 mo dm−3

  Mr (Fe(OH)3) = 107
  Solubility = 1.96  10−10  107 = 2.1  10−8 g dm−3 [3]
 v [Fe3+(aq)] [OH−(aq)]3 =4  10−38

  Let [Fe3+] = y 
  [OH−] is 0.1 (from the sodium hydroxide)
  y  (0.1)3 = 4  10−38

  y = 4  10−35

  so [Fe(OH)3] = 4  10−35 mol dm−3

  M (Fe(OH)3) = 107 g mol−1 
  Solubility = 4  10−35  107 = 4.3  10−33 g dm−3 [3]
 vi Solubility of iron(III) hydroxide in sodium hydroxide is 

much lower. [1]
  Therefore the iron(III) ions will precipitate out of 

solution at much lower concentration. [1]
  Almost all iron(III) can therefore be removed from the 

waste water by addition of sodium hydroxide. [1]

 Q8 a i DDT:
  No –OH groups/benzene rings [1]
  Not water-soluble [1]
  Not removed in urine [1]
  Fat-soluble/accumulates in fatty tissues [1]
 ii 1,4-Dioxin:
  Symmetrical molecule/non-polar molecule [1]
  Not water-soluble  [1]
  Not removed in urine  [1]
  Fat-soluble/accumulates in fatty tissues [1]
b  [3]

O

OO

O
C

S

S

C

CH3

CH3

CH2

CH2

CH2

CHPH3C O
H3C O

OH

OH

HO

HOO

O
C

S

S

C

CH3

CH3

CH2

CH2

CH2

CHPH3C O
H3C O

 Q9 a i Hydrocarbons and oxides of nitrogen.  [2]
 ii Ultraviolet radiation. [1]
 iii It is an oxidizing smog due to the presence of ozone, a 

powerful oxidizing agent. [2]
b i Two from: ketones, aldehydes, peroxyacylnitrates 

(PANs) and nitric acid. [2]
 ii Eye irritation and irritation to the respiratory system. [1]
 iii Promote the use of public transport. [1]
c i NO2  NO + O
  O + H2O  2OH
  OH + NO2  HNO3

  OH + RH  R  + H2O

  R  + O2  ROO
  RCOOO  + NO2  RCOOONO2 [3]
 ii Nitrogen oxides are also responsible for removal of 

ozone. 
NO  + O  NO  + O2 [1] 
Therefore the rate of ozone removal is slower when 
nitrogen oxide concentration falls, so the amount of 
ozone in smog increases. [1]

 Q10 a Clay contains negatively charged sites which can reversibly 
bind metal ions (cations). [1]

 Clay−(s) + M+(aq)  Clay–M(s) [1]
b Hydrogen ions will displace the metal ions and release 

them into aqueous solution. [1]
 Clay–M(s) + H+(aq)  Clay–H(s) + M+(aq) [1]
c H+(aq) + OH−(aq)  H2O (l)
 Amount of NaOH  = 0.023 dm3  0.100 mol dm−3  

= 2.3  10−3 mol
 Amount of H+(aq) in 25.0 cm3 sample = 2.3  10−3 mol
 Amount of H+(aq) in 250 cm3 solution (20 g  of soil)  

= 2.3  10−2 mol
 Amount of H+(aq) in 100 g of soil  = 2.3  10−2  5  

= 0.115 mol
 Mass of H+(aq)  = 0.115 mol  1.01 g mol−1  

= 0.11615 g = 116 mg [3]
d i Aluminium ions release hydrogen ions due to the 

action of hydrolysis:  
[Al(H2O)6]3+(aq)  [Al(H2O)5OH]2+(aq) + H+(aq)

  The addition of hydrogen ions will displace the 
equilibrium to the left, thereby removing the excess 
hydrogen ions. [2]

 ii Humus (soil organic matter) can act as a buffer. [1]
  Any two from: 

chemicals present in the soil.
 

acts as a source of nutrients.
 
e i Pale green iron(II) ions are oxidized to brown iron(III) 

ions. [2]
 ii Silicon and oxygen [2]

26 Food chemistry
 Q1 a i 2H+ + chlorophyll-Mg2+  chlorophyll-2H+ + Mg2+  [1]

 ii chlorophyll-2H+ + Zn2+  2H+ + chlorophyll-Zn2+  [1]
b This can occur because zinc and magnesium ions have 

identical charges and similar ionic radii.  [1] 
(The porphyrin ring presumably can tolerate these 
changes.) 

c Red and blue light are being absorbed;  [1] 
green light is reflected  [1]

d Transitions involving the  electrons of the conjugated 
porphyrin ring.  [1] 
(The metal plays little role in determining the colour of 
the chlorophyll.)

 Q2 a Any two from: toffee, caramel, fudge, milk chocolate.  [2]
b Any named amino acid – e.g. glycine, cysteine or lysine  [1] 

 a named reducing sugar – e.g. glucose or lactose.  [1]
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c Any two from: 
 
 
 

content of the reaction mixture.  [2]
d Production of desirable brown colours;  [1] 

and pleasant smells and flavours   [1]

 Q3 a 

C

CHO

OH
H

D-glyceraldhyde D-alanine

HOH2C
C

COOH

NH2

H
H3C

 

            [1]            [1]
b An equimolar mixture of the enantiomers of the same 

compound.  [1]
c D/L relates to the difference in spatial configuration of the 

enantiomers.  [1] 
+/− or d/l relates to the direction of rotation of plane-
polarized light.  [1]

d L form;  [1] 
tasteless  [1]

e Odour;  [1] 
toxicity  [1]

f  Rotate the plane of  plane-polarized light in opposite 
directions.  [1]

g S  [1]
 

C
COOHH2N

CH3
 [1]

h Glycine  [1] 
It lacks a chiral centre. [1]

 Q4 a Carotenoids/carotenes [1]
b 11 [1]
c In humans: to act as a precursor for vitamin A synthesis. [1] 

In plants: to act as an accessory pigment and prevent 
chlorophyll from damage.  [1]

d i Transitions involving  electrons:   *  [1]
 ii Repeated addition occurs.  [1] 

This causes loss of the double bonds, and hence the 
conjugated  system responsible for the colour.  [1]

e Lycopene is a non-polar molecule due to its hydrocarbon 
structure.  [1] 
It does not possess any polar functional groups that 
would allow hydrogen bonding with water.  [1]

f By reacting with an excited form of molecular oxygen and 
converting it back to the ground state.  [1]

 Q5 a A kinetically stable mixture of one phase in another, largely 
immiscible, phase.  [1]

b i A mixture of a solid in a liquid;  [1] 
starch in warm water  [1]

 ii A mixture of two immiscible liquids, in which one  
liquid is distributed as droplets in the other liquid;  [1] 
cream [1]

 iii   mixture of a liquid and a gas which is dispersed 
through the liquid;  [1] 
shaving foam  [1]

c i It contains hydrophobic and hydrophilic groups 
or soluble in fats/oils and water. [1]

  Acts as an interface between the fat/oil and water  
and reduces the surface tension.  [1]

 ii Lecithin  [1] 
Phospholipid  [1]

 Q6 a Hemoglobin is involved in oxygen transport in blood;  [1] 
myoglobin is involved in oxygen storage in muscle.  [1]

b The lone pairs on the oxygen atom are donated and shared 
with the iron atom.  [1] 
Dative (coordinate) covalent bonds are formed.  [1]

c 2+  [1]
d Purple due to the presence of a heme group containing  

an iron(III) ion.   [1]
e The oxygen converts the myoglobin;  [1] 

into bright red oxymyoglobin. [1]
f i The period of time that maintains the expected quality 

desired by the consumer.  [1]
 ii Two from: flavour, odour, texture, colour, mass  [2]
 iii It coats the meat with antimicrobial compounds that 

prevent bacterial growth. [1]

 Q7 a i Cyanidin chloride  [1]
 ii They all lack covalently bonded sugar residues.  [1]
b i Conjugation is increased.  [1]
 ii  bonding orbital to  antibonding orbital ( *)  [1]
 iii It decreases.  [1]
c Phenol group   [1]
d Temperature  [1] 

The presence of metal ions and the formation of  
complexes.  [1]

27  Further organic 
chemistry

 Q1 a 

I

H3C

CH3

C CH2 CH3

  [1]

 The organic intermediate is a tertiary carbocation.  [1] 
More thermodynamically stable.  [1] 
The three alkyl groups are electron donating/releasing – 
positive inductive effect.  [1]

b  [1]

                                   [1]           [1]
c i Similarities – any two from: both double bonds are 

made up of one  bond and one  bond; the electrons 
are at 120° to the two other bonds attached to the 
carbon atoms; the carbon atom is sp2 hybridized in 
both bonds.  [2]

  Differences – any two from: the shared pair of 
electrons are closer to the oxygen atom in butanal; the 
bond in butanal is polar; the C O bond is shorter and 
stronger than the C C bond. [2]

 ii Butene: electrophilic addition  [1]
  Butanal: nucleophilic addition  [1]

I

H2C

CH3

CH CH2 CH3

I

H3C

CH3

CH CH CH3
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 Q2 a Nucleophilic addition  [2]
 

–  CN  
NC

H   CN
C

H
H

or

[1] [1]
intermediate

[1]
product

H+

H5C2

C2H5

C2H5

C O O–

NC C

H

OH

–+

b C2H5

HOOC C

H

OH

  [1]

c A racemic (50 : 50/equimolar) mixture of enantiomers is 
formed. [1]

 Q3 a The alkyl group (propyl) is electron releasing/causes a 
positive inductive effect.  [1] 
The electron density on the nitrogen atom is greater and 
the lone pair is more available for dative bond formation.
 [1]

b The NO2 groups are electron withdrawing/cause negative 
inductive effect.  [1] 
The negative charge is delocalized around the benzene  
ring. [1]

c CH3I undergoes nucleophilic substitution far more readily 
than C6H5I with hydroxide ions.  [1] 

 In CH3I the incoming nucleophile can approach the carbon 
atom and displace the iodine/the  electrons of the 
benzene ring repel hydroxide ions and prevent attack on 
the carbon atom bonded to the iodine.  [1]

 The carbon–iodine bond in iodobenzene has partial double 
bond character/a lone pair of electrons from the iodine 
atom is partially delocalized into the benzene ring.  [1]

 Q4 a i 

C
H3C

H

H

CH2(CH3)2

C
  [1]

 ii Any two from: 
 

double bond 
 

involve breaking a  bond
 

different so rotation would produce a different 
molecule  [2]

 iii cis [1]; hex-2-ene [1] [2]
b i Electrophilic addition  [1]
 ii CH3C*HBrCHCH2CH2CH3  [1] 

It contains an asymmetric or chiral carbon atom/a 
carbon atom bonded to four different atoms or 
functional groups.  [1]

 iii

C
H3C

H3C
H H

H

H

H

H
Br

Br

C3H7

C3H7C

[1]

[1]

[1]

[1]

–

+
C C

   [4]
 iv The rule states that the hydrogen adds to which ever 

carbon atom in the double bond already has the most 
hydrogen.  [1] 
In this example both carbon atoms have one hydrogen 
atom/the same number of hydrogen atoms/both are 
formed via secondary carbocations [1]

 Q5 a Concentrated sulfuric acid and concentrated nitric acid  [2]
b HNO3 + H2SO4  H2NO3

+ + HSO4
− 

 H2NO3
+  H2O + NO2

+;
 or HNO3 + H2SO4  H2O + NO2

+ + HSO4
−

 or HNO3 + 2H2SO4  H3O+ + NO2
+ + 2HSO4

−   [1]
c 

[1]

[1]

NO2

+

C2H5 C2H5

+
+

+

H+

+H
NO2

C2H5

H
NO2

C2H5

+H
NO2

C2H5

NO2

C2H5

H
NO2

C2H5

d i 

NO2

C2H5

[1]
NO2

C2H5

[1]

 ii 

NO2

NO2
  [1]

e The ethyl functional group, C2H5, is electron-releasing/has 
a positive inductive effect. [1] 
It increases attraction between the  electrons in the ring 
and the active electrophile, NO2

+. [1]

 Q6 a The electrons are spread over, and bond together, more 
than two atoms.  [1]

b Physical: all C C bonds the same length/same strength  [1] 
intermediate between values for double and single  
bonds.  [1]

 Chemical: benzene undergoes electrophilic substitution not 
addition.  [1] 
There is only one isomer of 1,2-dibromobenzene not  
two.  [1]

c Reaction of OH− with (chloromethyl)benzene is faster;  [1] 
similar to aliphatic halogenoalkanes. [1] 
Chlorobenzene does not react because a  orbital on Cl 
interacts with the delocalized  orbital of benzene. [1]
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d 3-chloronitrobenzene [1]
 Chlorination of nitrobenzene is slower than for  

benzene. [1] 
The nitro group deactivates the ring; [1] 
because it is an electron-withdrawing group.  [1] 
It has three highly electronegative atoms and no non-
bonding pair of electrons on the nitrogen/it directs the 
substitution to the 3 and 5 positions.  [1]

 Q7 a CH3CH CHCH3 and CH3CH2CH CH2  [2]
b React a halogenoalkane with fine turnings of  

magnesium set up for reflux/or equation:  
CH3Br + Mg  CH3MgBr [1] 
in a solvent of dry ether – apparatus should be dry and 
protected by a drying agent.  [1]

c CH3CH2C(CH3)(OH)CH3  [1] 
Ketone is CH3CH2COCH3  [1] 
Grignard reagent, e.g. CH3MgBr  [1]

 Q8 a Any two from: 
C bonds in structure B are the same length  

/0.139 (nm) (long).
 C bond 

lengths/0.154 and 0.134 (nm).   
 C bond lengths. [2]
b H 2 =  (6  C H) + (3  C C) + (3  C C)  = 

−5352 kJ mol−1 [1]
 H 4 = −31 kJ mol−1

 H 3 = (6  717) + (3  436) = +5610 kJ mol−1 [1]
 H 1 = 5610 + (−5352) + (−31) = +227 kJ mol−1 = H f    [1]
c Difference is +177 kJ mol−1; the actual structure of benzene 

is not structure A. [1] 
It is more stable/stabilized by delocalization of the  
electron cloud.  [1]

 Q9 a Addition–elimination/condensation  [1]
b 

NN

H

NO2

NO2

[1] [1]+ H2O

c The (crystalline) solid has a characteristic melting point.  [1]

 Q10 a CH3CH2CH2CH2OH  CH3CH2CH CH2 + H2O [1]
phosphoric acid, 180 oC   [1]

 CH3CH2CH CH2 + HBr  CH3CH2CHBrCH3  [1] 
inert solvent  [1]

b CH3CH2COCH3 + HCN  CH3CH2C(OH)(CN)CH3  [1] 
nucleophilic addition  [1]

 CH3CH2C(OH)(CN)CH3  CH3CH2C(OH)(COOH)CH3  [1] 
acid hydrolysis  [1]

 Product is 2-hydroxy-2-methylbutanoic acid  [1]
c i Step 1: alkylation of benzene  [1] 

using C2H5Cl/anhydrous AlCl3  [1]
  Step 2: nitration of ethylbenzene  [1] 

under reflux with nitrating mixture of concentrated 
nitric and sulfuric acids  [1]

 ii Step 1: nitration of benzene  [1] 
under reflux with nitrating mixture of concentrated 
nitric and sulfuric acids  [1]

  Step 2: alkylation of nitrobenzene  [1] 
using C2H5Cl/anhydrous AlCl3  [1]

 iii Step 1: alkylation of benzene  [1] 
using C2H5Cl/anhydrous AlCl3  [1]

  Step 2: acylation of ethylbenzene  [1] 
using C2H5COCl/anhydrous AlCl3  [1]

d Step 1: acylation of methylbenzene  [1] 
using CH3COCl/anhydrous AlCl3  [1]

 Step 2: reaction of product with 2,4-dinitrophenyl-
hydrazine  [1] 
to produce the 2,4-dinitrophenylhydrazone derivative  [1]
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