
22.1 Materials science 
introduction
Essential idea: Materials science involves understanding the properties of a 
material, and then applying those properties to desired structures.

Introduction
■ Materials are classified based on their uses, properties, or bonding and 

structure.
■ The properties of a material based on the degree of covalent, ionic or metallic 

character in a compound can be deduced from its position on a bonding 
triangle.

■ Composites are mixtures in which materials are composed of two distinct 
phases, a reinforcing phase that is embedded in a matrix phase.

Classifying materials
Materials science is the scientific study of the structure and properties of materials 
(substances). Materials can be classified based on their properties, uses, bonding 
or structure. Typically materials are classified as metals, ceramics, polymers or 
composites.

Metals (including alloys formed only of metals) are excellent electrical and 
thermal conductors, are lustrous (shiny), sonorous (emit a bell sound when struck), 
ductile (able to be drawn into wires) and malleable (able to be beaten into thin 
sheets). They have a high tensile strength.

The elements present in ceramics may be metallic or non-metallic. Many ceramics 
are silicate-based containing silicon, oxygen and metals. The structural units are 
ionically or covalently bonded and arranged in a three-dimensional structure. The 
tetrahedral SiO4

4⁻ unit is a ‘building block’ for silicates (Figure 22.1). The structure 
can be modified, for example, silica (SiO2) changed into amorphous glass.

Figure 22.1 Double strands of silicate tetrahedra

Ceramics are hard, with high melting points, are electrical and thermal insulators, 
and are opaque, rather brittle and resistant to corrosion. They are very stable to 
decomposition at high temperatures. Ceramics are made by compressing powders 
into shape and firing them (heating in an oven or furnace).

Option A Materials22

Expert tip

Glasses are amorphous or non-
crystalline. Metals are polycrystalline 
and made of many small crystals 
(known as grains (Figure 22.2).

metal grain

grain boundary

Figure 22.2 Arrangement of metal 
grains

Expert tip

Because the toughness of ceramics 
is low, small defects, e.g. surface 
scratches or lumps, can reduce the 
strength drastically.

 ■ QUICK CHECK QUESTION

1 Deduce the charges on 
silicate anions in CaAl2Si2O8, 
[Ca3Al2(SiO4)3] and (Al2SiO5).
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2 22 Materials

Relationship between physical 
properties and bonding and structure

■■ Melting point
Metals are bonded by sharing of electrons over the lattice of metal cations. The 
effect of this delocalization is to overcome the repulsive forces between the 
positively charged cations, leading to a stable lattice. Because the lattice energy is 
high, metals often have high melting points.

Ceramics usually have a combination of ionic bonding (between a metal and non-
metal) and covalent (between non-metals) bonds within a giant covalent structure 
(usually three-dimensional). Most ceramics have higher melting points than 
metals due to the strong directional bonding in these materials.

In polymers (plastics) without covalent cross-linking, only the weak 
intermolecular forces between the polymer chains need to be overcome and so 
they tend to have relatively low melting points. Cross-linked polymers will have 
higher melting points and often undergo decomposition before melting.

■■ Permeability
Permeability is the ability of a porous material to allow liquids, such as water, and 
gases to pass through it. This depends on the type of particles and bonding within 
the substance, which can attract or repel water molecules, and the size of the 
spaces between the particles in the lattice of the substance.

Metals and most ceramics have tightly packed structures and are impermeable 
to water and gases. However, some ceramics, such as the zeolites and concrete, 
contain pores, and water is able to penetrate them. The majority of polymers 
are generally impermeable to water due to the non-polar nature of the carbon 
backbone. However, they are often quite permeable to small molecules of gases, 
such as oxygen or nitrogen. Increasing the crystallinity of the polymer increases its 
density and decreases permeability to both water and gases.

■■ Conductivity
Metals are excellent thermal and electrical conductors due to the presence of 
delocalized valence electrons that form an electric current when a voltage is 
applied. The majority of ceramics and polymers are non-conducting due to the 
absence of delocalized electrons in the solid state.

film fibres and resin

filmfibres and resin

Figure 22.3 The arrangement of fibres of poly(ethene) in a resin matrix

 ■ QUICK CHECK QUESTIONS

2 Describe how the structure of 
ceramics differs from that of 
metals.

3 Aluminium oxide, Al2O3, 
and silicon nitride, Si3N4, 
are examples of ceramic 
materials. State the name of the 
predominant type of bonding in 
each material.

 ■ QUICK CHECK QUESTION

4 List properties that describe 
ceramics and properties that 
describe metals.

Expert tip

The strength of ionic bonding 
depends on the size of the charge 
on each ion and on the radius of 
each ion. In covalent bonding, the 
greater the number of electron pairs 
being shared between the atoms, the 
greater the force of attraction, and 
the stronger the covalent bond.

Polymers are usually long chain carbon-based molecules. Their structure is 
determined by covalent bonds and the intermolecular forces between chains. The 
polymer molecules may be linear, branched or cross-linked. Most polymers are 
electrical and thermal insulators. Highly cross-linked polymers are often hard and 
brittle (with the exception of rubber).

Composites are mixtures in which materials are composed of two distinct phases; 
a reinforcing phase embedded in a matrix phase. Figure 22.3 shows a composite 
from a bullet-proof vest. Other common composites include ceramic composites, 
fibre-glass, concrete (stones and cement) and bone (minerals and protein fibres).
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22.1 Materials science introduction 3

■■ Elasticity

■■ Initial deformation – elasticity
Elasticity is the defining property of solids. A material is described as elastic when 
it is stretched due to the application of a force, but returns to its original shape 
when the force is removed.

All solids are elastic but they vary enormously in their elastic limit – the amount 
of extension which can take place reversibly. Metals and ceramics show elastic 
properties over small ranges (a few percent at most and often less than 1%), 
whereas rubbers can be elastic to extensions of 500% (and are often described as 
highly elastic).

■■ Failure: brittleness versus toughness
When a material is stressed beyond its elastic limit it undergoes irreversible 
deformation – failure. The bonds between atoms in ceramics and glasses are very 
strong and the lattice is strongly bonded in all directions. Ceramics have very 
small elastic limits and fail by brittle fracture. In contrast, metals are malleable 
and ductile because the close packed layers of cations can slide over each other but 
still maintain metallic bonding.

Most plastics are flexible and undergo reversible deformation at room temperature. 
The polymer is rubbery and the chains can be extended and will readopt their 
shape once the force is removed. However, at low temperatures they become glassy 
solids with the properties of glass, i.e. they become very hard and brittle.

Bond triangle diagrams
The properties of a substance depend, partly, on the degree of covalent, ionic or 
metallic character in the compound. The type of bonding in a compound – ionic, 
metallic, covalent and polar covalent bonding – can be deduced from the van 
Arkel–Ketelaar triangle of bonding diagram.

The position of a binary compound in the triangle is worked out by using the 
electronegativity values of its elements. The difference in electronegativity is 
plotted against the average electronegativity. The different types of bonding are 
rationalized in terms of these two parameters (Figure 22.4). The triangle can also 
be used predictively with unknown binary compounds to predict their bonding 
type. Compounds bordering the metallic region of the triangle typically have 
semiconducting properties.

 ■ QUICK CHECK QUESTIONS

5 Deduce the nature of bonding in the following compounds: 
ICl(s), MgO(s), GaAs(s), Si(s), Cd3Mg(s), P4O10(s), NCl3(l)

6 Determine the percentages of ionic and covalent character in P2H4, Al2Cl6 
and OsO2.

7 Determine the percentage ionic character in magnesium boride (MgB2). 
State the likely type of bonding present.

NATURE OF SCIENCE
The terms Stone Age, Bronze Age (an alloy of copper and tin) and Iron Age 
provide a classification for studying ancient societies. Different countries and 
different cultures entered and left the different ages at different times. The modern 
age is based on metals, alloys, plastics and a wide range of ceramics, many of 
which have been developed following a scientific understanding of their properties 
at the atomic and molecular level.
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4 22 Materials

22.2  Metals and inductively 
coupled plasma (ICP) 
spectroscopy

Essential idea: Metals can be extracted from their ores and alloyed for desired 
characteristics. ICP-MS/OES spectroscopy ionizes metals and uses mass and 
emission spectra for analysis.

Metals and inductively coupled 
plasma (ICP) spectroscopy
■ Reduction by coke (carbon), a more reactive metal or electrolysis is a way to 

obtain some metals from their ores.
■ The relationship between charge and the number of moles of electrons is given 

by Faraday’s constant, F.
■ Alloys are homogeneous mixtures of metals with other metals or non-metals.
■ Diamagnetic and paramagnetic compounds differ in electron spin pairing and 

their behaviour in magnetic fields.
■ Trace amounts of metals can be identified and quantified by ionizing them 

with argon gas plasma in inductively coupled plasma (ICP) spectroscopy using 
mass spectrometry (ICP-MS) and optical emission spectroscopy (ICP-OES).

Extraction of metals from their ores
An ore is a naturally occurring substance from which an element may be 
extracted. The extraction of a metal from its ore involves reduction. The ease of 
reduction depends upon the position of the metal in the activity series.

Metals very low in the activity series are very unreactive and form stable 
compounds. They may be found chemically uncombined (native).

Metals slightly higher up the activity series (Figure 22.5) can be extracted by heating 
the ore strongly or by heating with a chemical reducing agent, such as hydrogen, 
carbon (in the form of coke), carbon monoxide gas or a more reactive metal.

Extraction of metals from their sulfide ores involves a combination of roasting to 
convert them to their oxides, followed by reduction with carbon (coke), for example:

2PbS(s) + 3O2
(g) ➝ 2PbO(s) + 2SO

2
(g)

PbO(s) + C(s) ➝ Pb(l) + CO(g)

The extraction of the most active metals from their compounds requires 
electrolysis. It is an expensive process, but produces very pure metals.

For example, sodium is extracted by the electrolysis of a molten mixture of sodium 
chloride with a small amount of calcium chloride (to lower the melting point of 
sodium chloride).

Cathode: Na+(l) + e− ➝ Na(l)

Anode: 2Cl−(l) ➝ Cl2(g) + 2e−

■■ Extraction of iron
Industry produces iron from its oxide ores in large blast furnaces (Figure 22.6).

Coke (impure carbon) burning in air heats the furnace:

C(s) + O2
(g) ➝ CO

2
(g)

Coke also produces the active reducing agent by reacting with carbon dioxide 
further up the furnace to form carbon monoxide:

C(s) + CO2
(g) ➝ 2CO(g)

Expert tip

The extraction of a metal from its ore 
by a process involving melting and 
a chemical reducing agent is called 
smelting.

Expert tip

Metals below carbon in the activity 
series can be reduced by heating with 
coke (carbon).

extracted by electrolysis of
molten or fused ore

extracted by chemical
reduction in a furnace

potassium
calcium
sodium
magnesium

extracted by thermal
decomposition

copper
silver
gold

aluminium
titanium
chromium
zinc
iron
lead

Figure 22.5 Activity series
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22.2 Metals and inductively coupled plasma (ICP) spectroscopy 5

The carbon monoxide reduces the ore to iron, for example,

Fe
2
O

3
(s) + 3CO(g) ➝ 2Fe(l) + 3CO

2
(g)

When the furnace is hot enough, carbon can also act as the reducing agent:

Fe2O3
(s) + 3C(s) ➝ 2Fe(l) + 3CO(g)

Limestone (calcium carbonate) undergoes thermal decomposition to form calcium 
oxide, which combines with silicon dioxide and other non-metallic impurities to 
form a liquid slag, for example:

CaO(s) + SiO2
(s) ➝ CaSiO

3
(l)

The molten metal and slag sink to the bottom of the furnace. The slag floats on 
the metal so it can be tapped off separately.

■■ Extraction of aluminium
The main ore of aluminium is bauxite, which is impure aluminium oxide. 
Impurities are removed by heating powdered bauxite with concentrated sodium 
hydroxide solution. Aluminium oxide (alumina), which is amphoteric, reacts and 
forms a soluble product. After filtering, small crystals of pure aluminium oxide 
(alumina) are added and hydrated aluminium oxide crystallizes as the solution 
cools. The hydrated crystals are heated to form the anhydrous aluminium oxide. 
Aluminium is obtained by electrolysis (Figure 22.7) of aluminium oxide melted 
with a small amount of sodium aluminium fluoride, Na3AlF6.

Aluminium ions undergo reduction at the cathode:

Al3+(l) + 3e− ➝ Al(l)

 ■ QUICK CHECK QUESTIONS

8 Iron can be obtained from its 
oxide, Fe2O3, by reaction with 
carbon, aluminium or hydrogen. 
Write an equation for the 
reaction in each case.

9 State the raw materials needed 
to produce iron from iron ore in 
the blast furnace.

 Explain why iron produced by 
the blast furnace is not as useful 
as steel.

10 Antimony is a solid element 
that is used in industry. The 
method used for the extraction 
of antimony depends on the 
grade of the ore. Antimony can 
be extracted by reacting scrap 
iron with low-grade ores that 
contain antimony sulfi de (Sb2S3).

a Write an equation for the 
reaction of iron with antimony 
sulfide to form antimony and 
iron(II) sulfide.

b Write a half-equation to show 
what happens to the iron 
atoms in this reaction.

c In the first stage of the 
extraction of antimony from 
a high-grade ore, antimony 
sulfide is roasted in air to 
convert it into antimony(III) 
oxide (Sb2O3) and sulfur 
dioxide. Write an equation for 
this reaction.

d Identify one substance that 
is manufactured directly from 
the sulfur dioxide formed in 
this reaction.

downcomer

receiving hopper

upper sealing valves

lower sealing valves

distributing chute

water-cooled
refractory lining

hot air
blast

slag separation

tap hole
hearth

molten iron
molten slag

charging
conveyor

tuyère

‘bustle main’
ring pipe for
hot air blast

supporting
columns

iron torpedo
ladle

blast furnace
gas to cleansing

plant

Figure 22.6 A diagram of the blast furnace for extracting iron from iron ore 

Chemistry for the IB Diploma Study and Revision Guide © Christopher Talbot and Richard Harwood 2017



6 22 Materials

The aluminium collects at the bottom of the electrolytic cell and is tapped off.

Oxide ions undergo oxidation at the anode:

2O2−(l) ➝ O2(g) + 4e−

Some of the oxygen gas released reacts with the carbon of the anodes forming 
carbon dioxide. The anodes combust away and have to be replaced regularly.

Electrolysis calculations
One mole of any substance contains the Avogadro constant of particles per mole. 
One mole of ions, electrons or atoms contains the Avogadro constant (6.02 × 
1023 mol−1) of particles.

The charge on a unipositive cation, such as the silver(I) ion, is the same as the 
charge on an electron.

Ag+(aq) + e− ➝ Ag(s)

One unipositive cation requires one electron to discharge it as an atom. One mole 
of unipositive cations, for example, Ag+, therefore requires one mole of electrons 
for discharge.

The quantity of electricity required to discharge one mole of unipositive cations 
can be determined by experiment. This quantity of electricity is therefore the 
quantity of electric charge per mole of electrons. It is called the Faraday constant 
(F) and its value is 96 500 C mol−1.

Electrolysis calculations can be performed with the appropriate equations and the 
following expressions:

Charge passed (C) = current (amps) × time(s)

amount of electrons (mol) = charge passed (C)/Faraday constant (C mol−1)

amount (mol) = mass (g)/molar mass (g mol−1)

Expert tip

Any times expressed in minutes or minutes and seconds must be expressed in 
seconds (SI base units).

 ■ QUICK CHECK QUESTIONS

11 Calculate the mass of aluminum 
produced in 1.00 hour by the 
electrolysis of molten AlCl3 if the 
electrical current is 10.0 A.

12 Calculate the mass of 
manganese metal plated out at 
the cathode of an electrolytic 
cell when a current of 235 mA 
is passed through an aqueous 
solution of manganese(II) sulfate, 
MnSO4, for 250.0 minutes.

13 The following series of questions 
relate to the electrolytic extraction 
of aluminium from bauxite.

a Explain the function of cryolite 
in the electrolytic process.

b State the ionic equation for 
the reactions at the anode and 
cathode during the electrolysis.

c Explain with the help of an 
equation why the anode 
decreases in mass.

d Explain how the production 
of pure aluminium from 
bauxite takes advantage of 
the amphoteric nature of 
aluminium oxide.

e State two properties which 
make aluminium a useful metal.

f State why aluminium is not 
obtained from its oxide by 
carbon reduction (smelting).

molten aluminium

carbon anode +

aluminium oxide
dissolved in

molten sodium
aluminium fluoride

(cryolite)

carbon cathodemolten aluminium
tapped off here

– –

Figure 22.7 Cross-sectional diagram of an electrolytic cell for extracting 
aluminium

Expert tip

The presence of sodium aluminium 
fluoride (cryolite) lowers the melting 
point of the aluminium oxide from 
about 2000 °C to about 1000 °C. This 
is a physical effect and reduces the 
cost of extraction and energy use.
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22.2 Metals and inductively coupled plasma (ICP) spectroscopy 7

Alloys
Alloys (Topic 4 Chemical bonding and structure) are homogeneous mixtures of 
metals with other metals or non-metals. Many alloys involve transition metals and/
or carbon. Alloys containing iron, carbon and other metals are known as steels.

Owing to the comparable sizes of transition metal atoms, one metal atom can 
displace another metal atom in the lattice and this results in alloy formation. 
The alloys formed are usually hard and corrosion resistant, and have an increased 
tensile strength with high melting and boiling points. Some properties such as 
density and electrical conductivity do not usually change significantly upon alloy 
formation.

Alloys are usually harder and stronger than the component metals because the 
presence of different sized metal cations makes the arrangement of the lattice less 
regular. This stops the layers of cations from sliding over each other so readily 
when a force is applied (Figure 22.8).

force

pure metal

alloy

layers in lattice slide
across each other

layers cannot slide
very easily

force

Figure 22.8 The effect of a force on a pure metal and an alloy

 NATURE OF SCIENCE
The Bronze Age began when it was discovered that mixtures of two metals, or 
alloys, were stronger than either of the metals taken individually. The discovery 
that tin alloy additions strengthen copper was the basis of the Bronze Age. From 
a technological viewpoint, accidental improvement in properties of metals is very 
different from the intentional mixing of two or more ores or refined (purified) 
metals to obtain an alloy with specific desired properties. However, by 3000bce, 
ancient metallurgists were mixing ores of copper and tin to produce bronze that is 
very similar in composition to modern alloys.

Magnetism
There are two types of magnetic behaviour shown by a given substance. 
Diamagnetic substances are repelled by a magnetic field, due to the absence of 
unpaired electrons. Paramagnetic substances are attracted by a magnetic field, due 
to the presence of unpaired electrons. The magnetic moment increases with the 
number of unpaired electrons.

Expert tip

To determine if the compound of a metal is paramagnetic or diamagnetic then 
draw orbital diagrams (‘electrons in boxes’) for the metal atom or ion and look 
at the valence electrons. Note: all zinc(II) compounds are diamagnetic due to the 
3d10 configuration.

Paramagnetism occurs because an electron spins on its axis and generates a 
magnetic field similar to that of a bar magnet (Figure 22.9).

 ■ QUICK CHECK QUESTION

16 Predict the magnetic properties of iron(II) oxide, FeO, and zinc oxide, ZnO, in 
terms of the electron structure of the metal ion.

 ■ QUICK CHECK QUESTIONS

14 Describe an alloy.

15 Explain why an alloy of copper 
and silver melts at a lower 
temperature than either pure 
silver or pure copper.

N

S

Figure 22.9 A spinning electron 
and its magnetic field; its magnetic 
dipole is pointing in the S to N 
direction

Chemistry for the IB Diploma Study and Revision Guide © Christopher Talbot and Richard Harwood 2017



8 22 Materials

Detection of trace amounts of metals
Very small amounts of metals can be simultaneously detected and determined 
quantitatively by ICP spectrometry, via ICP-OES (Figure 22.10) or ICP-MS. 
Typical uses of ICP spectrometry include analysis of biological samples, geological 
samples, polluted water, food and drinks, and medicinal drugs.

radio
frequency
generator

transfer
optics

ICP
torch

photomultiplier
tube or

charge-coupled
device (CCD)

spectrometer

argon gas nebulizer

spray
chamber

microprocessor
and

electronics

sample

pump

to waste

computer

Figure 22.10 Schematic of an ICP-OES instrumentation

ICP-OES is based upon the emission of photons from atoms and ions 
(Figure 22.11) that have been excited in a plasma at a very high temperature 
(6000–10 000 K). (Excitation takes place by collisions, not because of the radio 
frequency radiation. The radio frequency radiation helps to maintain the 
plasma. The heat of the plasma excites the analytes.) Liquid and gas samples 
may be injected directly into the instrument, while solid samples usually require 
extraction or reaction with acid so that the analytes are present in a solution.

+ energy

excitation
of electron

decay to
ground state

hν

e–
p+ e–

p+ e–
p+

Figure 22.11 Emission of radiation from excited electrons in a metal atom or 
cation as they return to the ground state

The sample solution is converted to an aerosol and directed into the central 
channel of the plasma. At its core, the inductively coupled plasma (ICP) 
maintains a temperature of close to 10 000 °C, so the aerosol is quickly vaporized.

Analyte metals are released as free atoms in the gaseous state. Further collisional 
excitation within the plasma transfers additional energy to the atoms, promoting 
them to excited states. Sufficient energy is often available to convert the atoms to 
ions and then promote the ions to excited states (Figure 22.12).

Determining how much of each metal is present in the sample is done using plots 
of emission intensity versus concentration, termed calibration curves. Solutions 
with known ion concentrations of the metals to be tested are introduced into 
the ICP-OES instrument and the intensity of the characteristic emission for each 
metal element (analyte) is measured.

These intensities can then be plotted against the concentrations of the standards 
to form a calibration curve (Figure 22.13) for each metal. When the emission 
intensity from an analyte is measured, the intensity is compared with that metal’s 
calibration line to determine the concentration corresponding to that intensity.

[ion]

ionization

[atom]

atomization

[gas]

vaporization

[solid]

desolvation
(removal of water)

[aqueous
solution]

M+

M

MX

excitation
M+*

M*

–hn

excitation

(MX)n

M(H2O)+m, X–

–hn

Figure 22.12 The vaporization and 
ionization of metals and metallic 
compounds in an ICP discharge 
(assuming the compound is in 
aqueous solution)

Expert tip

The analytes refer to the elements 
(usually metals) that will be detected 
and their concentrations determined 
by ICP-OES. Virtually all elements in 
the periodic table can be determined 
by ICP-OES or ICP-MS, except for 
the noble gases, hydrogen, oxygen, 
nitrogen and fluorine.

Expert tip

A plasma can be regarded as the 
‘fourth state of matter’. It is a full 
or partially ionized gas consisting 
of cations (with different charges) 
and electrons. The plasma is usually 
neutral overall.
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22.2 Metals and inductively coupled plasma (ICP) spectroscopy 9

Expert tip

In ICP-MS, the positive ions (cations) 
produced in the ICP plasma at high 
temperatures are detected by a mass 
spectrometer according to their mass 
to charge ratio (m/z). In this case, it is 
not the light produced by the analyte 
that is recorded, but the analyte 
itself. Most ions have a +1 charge, 
so each analyte is identified by their 
unique mass.
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Figure 22.13 Calibration curve used for ICP-OES
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Figure 22.14 ICP-OES spectrum of a solution 
containing 60 ng cm−3 Pb and 100 ng cm−3 Cd

The output (Figure 22.14) of an ICP-OES instrument consists of a series of 
emission lines with each wavelength corresponding to a specific metal. The height 
of each emission line is proportional to its amount or concentration.

Comparison of ICP-OES and 
ICP-MS techniques
Table 22.1 shows a comparison of the ICP-MS and ICP-OES techniques for the 
detection and quantification of trace metals.

Table 22.1 A comparison of ICP-MS and ICP-OES for trace metal analysis

ICP-MS ICP-OES

Uses mass spectrometry (MS) for detection

liquid

I+

I+

plasma

Uses optical emission spectroscopy (OES) for detection

liquid

hν

hν

plasma

Ions created in the plasma are sent through a mass spectrometer 
where positive ions are defl ected according to their mass : charge 
ratio (m/z)

Electrons in the atoms are excited in the plasma; they then fall back 
to their ground states, emitting a photon (light). A spectrometer is 
used to determine the wavelength and intensity of light emitted

Masses detected are isotope specifi c: analysing ions with a single 
positive charge

The wavelength of the light emitted is specifi c to a given element (as 
in a fl ame test or a fl ame photometer)

The peak height at each mass is related to amount of isotope 
present

The intensity of light emitted is related to the amount 
(concentration) of element present

Extremely high sensitivity (to 0.001 ppb) Good sensitivity (to 0.1 ppb)

Diffi cult to analyse species having charge > +1 Able to analyse species with different ionic charges

Useful for analysing samples containing unknown elements Useful for quantifying samples where elements are known
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22.3 Catalysts
Essential idea: Catalysts work by providing an alternate reaction pathway for the 
reaction. Catalysts always increase the rate of the reaction and are left unchanged 
at the end of the reaction.

Catalysts
■ Reactants adsorb onto heterogeneous catalysts at active sites and the products 

desorb.
■ Homogeneous catalysts chemically combine with the reactants to form a 

temporary activated complex or a reaction intermediate.
■ Transition metal catalytic properties depend on the adsorption properties of 

the metal and the variable oxidation states.
■ Zeolites act as selective catalysts because of their cage structure.
■ Catalytic particles are nearly always nanoparticles that have large surface areas 

per unit mass.

Expert tip

The techniques of ICP-OES and ICP-MS are very sensitive, particularly the latter 
(see Table 22.1). They are capable of measuring the presence of metal ions to 
concentrations of ‘parts-per-billion’ (ppb). You will be familiar with ppm (parts per 
million) used when discussing the concentration of dilute solutions or air pollution, 
for instance. In terms of solution concentrations, 1 ppm = 1 mg dm−3.

‘Parts per billion’ is a much more sensitive measure of concentration:

1 ppb = 1 μg dm−3 (1 microgram per decimetre cubed)

Accuracy at such levels is important in measuring the pollution of water 
supplies with dangerous trace metals such as lead or cadmium, for instance. 
The maximum contamination level (MCL) for arsenic in drinking water in 
the USA is set at 0.010 ppm (so 0.010 mg dm−3). That is a level of 10 ppb 
(μg dm−3).

 ■ QUICK CHECK QUESTIONS

17 State the purpose of the plasma in ICP-OES.

18 Outline the role of a nebulizer in ICP-OES.

19 Samples of water from a highly corroded galvanized water storage tank 
were analysed for trace metal contamination using ICP-OES. Of particular 
concern were the levels of cadmium present. A series of standard solutions 
of known concentration of cadmium were analysed to construct a 
calibration curve for the instrument.

 The values obtained for these standards are shown in the table below.

Cadmium 
concentration/ μg dm−3

Intensity at λ 
= 216.5 nm

 0.0 0.0

 10.0 5.5

 20.0 11.5

 30.0 18.0

 40.0 22.0

 50.0 28.5

a Using the values in the table, plot a calibration curve.

b The water sample from the contaminated tank gave an intensity 
reading of 9.5 at 216.5 nm. Use your graph to estimate the cadmium 
concentration of the sample in ppb.

Chemistry for the IB Diploma Study and Revision Guide © Christopher Talbot and Richard Harwood 2017



22.3 Catalysts 11

Introduction
Catalysis is very important and 90% of all chemical products use a catalyst during 
their manufacture. Changes in catalysts have a large influence on reaction rates 
and the selectivity of reactions. If there are two competing reactions then there 
will be selective production of the product from the one with the faster rate. A 
catalyst is often specific to one reaction, but can promote more than one product 
if there are competing reactions.

Catalyst
A catalyst is a substance which increases the rate of a reaction without itself being 
consumed during the process. The catalyst is recovered chemically unchanged at 
the end of the reaction. However, a heterogeneous catalyst taken out of reaction 
does have to have some post-treatment/regeneration in order to return it to its 
fresh state.

Catalysts are used in small amounts and increase the rates of reaction by 
decreasing the activation energy barrier (Figure 22.15). They provide an 
alternative pathway (mechanism) which requires less kinetic energy in molecular 
collisions. Catalysts increase the rates of the forward and backward reaction by 
the same factor. Hence, although it increases the rate constant, a catalyst does not 
affect the equilibrium constant.
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y,
 G

Progress of reaction

uncatalysed
reaction

reactants
intermediate
for catalysed

reaction

products

∆Ga (no catalyst)

∆Ga (with catalyst)

TS1

TS

TS2

Figure 22.15 The effect of a catalyst on the Gibbs free energy of activation 
for a reaction (TS, transition state or activated complex)

Types of catalyst
Catalysts may be in the same phase as the reactants, in which case they are 
known as a homogeneous catalyst. In homogeneous catalysis the catalyst, 
reactants and products are often all dissolved in aqueous solution. Homogeneous 
catalysts are often acids or bases, metal salts or radical initiators (for 
polymerization reactions).

A homogeneous catalyst will react with one or more reactants, forming an 
intermediate compound, which then combines with one of the reactants to form 
the products and regenerates the catalyst.

Expert tip

A phase is similar to a state of matter 
except there is a boundary between 
two phases. An aqueous solution is a 
phase but not a state of a matter.

Expert tip

A catalyst is neither a reactant or 
product.

Expert tip

The phenomenon of increase in the 
rate of a reaction in the presence of a 
catalyst is known as catalysis.

Reaction occurs via a catalytic cycle:

reactants + catalyst ➝■complex

complex ➝■products + catalyst
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■■ Heterogeneous catalysis
Heterogeneous catalysis (Figure 22.16) occurs when the reactants and catalyst 
are in different phases. For many industrial processes, this means that the 
catalyst is a solid and the reactants are gases (though some are liquids). It is also 
known as surface catalysis because the reaction occurs on the surface of the 
solid catalyst.

The reactants interact with the surface of the catalyst, either via the 
formation of chemical bonds (chemisorption) or weaker intermolecular forces 
(physisorption). The reactants are brought close together in a favourable 
orientation. The reactants form the products that are adsorbed on the surface 
and later desorbed.

reactants
products

catalyst

heterogeneous catalysis homogeneous catalysis

solvent

Figure 22.16 The difference between a heterogeneous and b homogeneous catalysis

■■ Homogeneous catalysis
Because transition metal ions can exist in more than one stable oxidation 
state they tend to make good homogeneous catalysts. In the reaction between 
peroxodisulfate(VI) ions and iodide ions experimental evidence suggests that the 
iron(II) ions are oxidized to iron(III) ions and then back to iron(II) ions.

S2O8
2−(aq) + 2Fe2+(aq) ➝ 2SO4

2− (aq) + 2Fe3+(aq)

2I− (aq) + 2Fe3+(aq) ➝ 2Fe2+(aq) + I2(aq)

Heterogeneous catalysts in industry
Important examples of heterogeneous catalysts include vanadium(V) oxide, V2O5, 
in the Contact process, iron in the Haber process and platinum, palladium and 
rhodium in the catalytic convertors of cars.

One of the best studied reactions involving heterogeneous catalysis is the catalytic 
hydrogenation (reduction) of alkenes by molecular hydrogen using platinum or 
palladium (Figure 22.17).

An important feature of heterogeneous catalysis is activity, the extent to which 
the catalyst increases the rate of the reaction (per unit area). It depends, partly, 
on the strength of the adsorption of the molecules onto the active sites of the 
catalyst. A larger surface area of the catalyst is preferred.

Common mistake

A common misconception is that a 
catalyst remains unchanged during 
reaction.
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Figure 22.17 Mechanism of heterogeneous catalysed hydrogenation

 ■ QUICK CHECK QUESTION

20 A catalytic convertor can 
convert carbon monoxide in a 
car’s exhaust to carbon dioxide. 

a State and explain what type 
of catalyst is present.

b Outline four steps that occur 
during this type of catalysis.

c Explain why ‘lead-free’ petrol 
must be used.

Expert tip

An active site is a part of the catalytic surface which is 
particularly good at adsorbing molecules and helping them to 
react. Active sites can be blocked by molecules and the catalyst 
will lose its activity. This is known as ‘poisoning’ (Figure 22.18).

degraded catalyst

high temperature
causes the pores to
close and the catalyst
channels to collapse

poisoned catalyst

deposits of poisons
block the pores and
channels of the catalyst

pollutants diffuse in

pollutants diffuse out

catalyst

catalyst

Al2O3/SiO2

Figure 22.18 Structure and operation of a heterogeneous 
catalyst
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Another important feature of heterogeneous catalysis is the ability of a catalyst to 
direct a reaction to yield a particular product, for example:

CO(g) + 2H2(g) CH3OH(g)
Cu/ZnO and Cr2O3

CO(g) + 3H2(g) CH4(g) + H2O(g)
Ni

CO(g) + H2(g) H2CO(g)
Cu

Zeolites
Zeolites (Figure 22.19) are shape-selective catalysts and this property depends upon 
the size and shape of the holes present inside the zeolite and the sizes of the reactant 
and product molecules. Zeolites are a family of cage-like alumino-silicates each with 
specific holes. They are formed from silicate, SiO4, and aluminate, AlO4, tetrahedra. 
A zeolite will only catalyse reactions involving reactant molecules having a shape and 
size comparable to the holes. Zeolites are mainly used in the petrochemical industries 
(for example, catalysing cracking) and ion exchange, (for example, water softening).

Choice of catalyst
When choosing a catalyst for catalysing a chemical reaction the following factors 
should be considered.

■ Selectivity: Will the catalyst produce only the desired product? Or are there 
competing products?

■ Efficiency: Will the catalyst cause a considerable increase in the rate of 
reaction compared to the uncatalysed reaction? Will it continue to work well 
under severe conditions, such as high temperature or high pressure?

■ Environmental impact: Will it be easy to recycle or dispose of the catalyst 
without causing damage to the environment? Some transition metals and lead are 
classed as heavy metals and can cause problems if they enter soil or ground water.

■ Potential for poisoning: Catalysts rely on reactants occupying the active site 
reversibly. A catalyst poison will occupy the active site irreversibly so blocking 
access to reactants.

■ Cost: Industry is focused on generating profits. Many transition metals such as 
rhodium, platinum and palladium and rare earth metals are expensive and the 
cost to benefit ratio needs to be determined.

■ Activity: The increase in the rate of a specified chemical reaction caused by 
an enzyme or other catalyst under specified conditions.

NATURE OF SCIENCE
Although the effects of catalysis have been known from very ancient times, the 
understanding of the phenomena started only in the 18th century. Only after 
chemical thermodynamics had been defined did a rational approach to discover 
new catalytic processes become possible. It took nearly a century before the 
molecular basis of catalytic processes, now widely applied on very larges scales, 
became understood.

Nanocatalysts
A nanocatalyst (Figure 22.20) is a substance or material with catalytic properties 
that has nanoscale dimensions. A nanocatalyst has a very high surface area to 
volume ratio. This increases the efficiency of the catalyst. Nanocatalysts can be 
either heterogeneous or homogeneous, depending on whether a catalyst exists 
in the same phase as the substrate. Nanocatalysts include graphite, carbon 
nanotubes, fullerenes, metal oxides, certain metals and clays.

The benefits of nanocatalysts in industry are summarized in Figure 22.21 and 
include the increased selectivity and activity of catalysis by controlling pore size 
and particle characteristics and replacement of expensive metal catalysts.

 ■ QUICK CHECK QUESTION

22 Identify two concerns of using 
nanoscale catalysts.

large
hole

smaller holes here

Figure 22.19 Outline of the cage 
structure of a zeolite, with formula 
Na12(Al12Si12O48).27H2O

 ■ QUICK CHECK QUESTION

21 Explain how zeolites act as 
selective heterogeneous catalysts.

Expert tip

The supported-metal catalysts 
for hydrogenation are also ‘nano’ 
since they comprise active metal 
nanoparticles supported on an ‘inert’ 
high surface area support.
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22.4 Liquid crystals
Essential idea: Liquid crystals are fluids that have physical properties which are 
dependent on molecular orientation relative to some fixed axis in the material.

Liquid crystals
■ Liquid crystals are fluids that have physical properties (electrical, optical and 

elasticity) that are dependent on molecular orientation to some fixed axis in 
the material.

■ Thermotropic liquid-crystal materials are pure substances that show liquid-
crystal behaviour over a temperature range.

■ Lyotropic liquid crystals are solutions that show the liquid-crystal state over a 
(certain) range of concentrations.

■ Nematic liquid crystal phase is characterized by rod-shaped molecules which 
are randomly distributed but on average align in the same direction.

Liquid crystals
Liquid crystals are fluids with physical properties (optical, electrical, elastic, 
magnetic, etc.) that are dependent on the molecular orientation relative to a fixed 
axis in a material. This is known as anisotropy. They show physical characteristics 
which could be considered those of both a liquid and a solid. For example, a liquid 
crystal might flow like a liquid but exhibit an ordered molecular arrangement a 
little like a solid.

■■ Structural features of molecules that behave as 
liquid crystals

Certain structural features are often found in molecules forming liquid crystal 
phases, and they may be summarized as follows:

■ Normally, one or both of the terminal groups will be a flexible alkyl chain.
■ The molecules are usually elongated. Liquid crystallinity is more likely to occur 

if the molecules have flat segments, e.g. benzene rings.
■ A rigid backbone containing double bonds defines the long axis of the molecule.
■ The existence of strong dipoles and easily polarizable groups in the molecule.

Many substances can exist in the liquid crystal state (under certain conditions) 
including DNA, soap, spider silk, graphite, cellulose, viruses, Kevlar, cholesterol 
molecules in cell membranes and many synthetic molecules with liquid crystal 
properties, such as the biphenyl nitriles (Figure 22.22).

Expert tip

Liquid crystals are not crystals, 
but liquids with some remaining 
crystalline order. They are often 
regarded as an intermediate state 
of matter, but in fact are a separate 
state of matter.

Common mistake

It should also be noted that a 
molecule is not a liquid crystal in the 
same way that a molecule is not a 
solid or a liquid. Liquid crystallinity 
is a bulk property which cannot be 
attributed to a single molecule.

Figure 22.20 Reacting molecules on the surface 
of a nanocatalyst

improved
economy

minimum
chemical

waste

safer
catalysts and

reagents

optimum
feedstock
utilization

waste
water

treatment

reduction
in global
warming

increased
energy

efficiency

nanocatalysis

Figure 22.21 Benefits of nanocatalysts in industry

the molecule is polar because nitrogen
has a higher electronegativity than carbon

C
5
H

11
C N

δ–δ+

Figure 22.22 The structure of 
4´-pentylbiphenyl-4-carbonitrile 
(known as 5CB)
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NATURE OF SCIENCE
In 1888, the Austrian chemist Friedrich Reinitzer was performing experiments 
on a cholesterol-based substance to determine the formula and molecular mass of 
cholesterol. When he tried to determine the melting point, an important indicator 
of the purity of a substance, he observed that the substance seemed to have two 
melting points. At 145.5 °C the solid crystal melted into a cloudy liquid which 
existed until 178.5 °C where the cloudiness suddenly disappeared, giving way to 
a clear transparent liquid. At first Reinitzer thought that this might be a sign of 
impurities in the material, but further purification did not bring any changes to 
this behaviour.

■■ Thermotropic and lyotropic liquid crystals

■■ Thermotropic liquid crystals
Thermotropic liquid crystals, for example, the biphenyl nitriles, are pure 
substances that occur as liquid crystals over a certain temperature range between 
the solid and liquid states of a material. Below this temperature range, the 
substance turns into a solid without fluidity, while above this range, the substance 
turns into a liquid without long-range order (Figure 22.23).

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

Figure 22.23 A representation of the transition of a substance from the solid state to the thermotropic liquid crystal 
state and then to the isotropic liquid

Thermotropic liquid crystals often show liquid crystal mesophase behaviour 
just above the melting point: the compound will flow but it is cloudy rather 
than forming a clear liquid. Various types of mesophases can form. In a nematic 
mesophase, the molecules preferentially point in one direction but there is no 
positional correlation at all, while in smectic mesophases, the molecules are 
loosely correlated into layers, again with orientational correlation.

In the nematic phase all molecules are aligned approximately parallel to each 
other. At each point a unit vector can be defined, parallel to the average direction 
of the long axis of the molecules in the immediate neighbourhood. This vector, 
known as the director, is not constant throughout the whole medium, but is a 
function of space.

Some mesophases have chiral analogues that form when materials that are 
enantiomerically pure (or at least in enantiomeric excess) are used. For example, 
there is a chiral nematic phase which has a helical structure, caused by the fact 
that neighbouring molecules can no longer arrange themselves parallel, rather 
being mutually twisted (Figure 22.24).

■■ Lyotropic liquid crystals
Lyotropic liquid crystals are solutions which show a liquid crystal phase at specific 
concentrations of solvent in the solute (Figure 22.25). For example, a soap solution 
above a certain concentration results in a more ordered orientation of the 
molecules in the soap, creating a liquid crystal phase.

isotropic liquid
the molecules
adopt random
directions

smectic mesophase
the molecules align with
the director but also
form layer structures

nematic mesophase
the molecules point
in the direction of
the director (arrow)

chiral nematic
mesophase
the director changes
direction between
successive layers

Figure 22.24 The different types of 
mesophases formed by liquid crystal 
molecules
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■■ Thermotropic and lyotropic behaviour
In lyotropic liquid crystals, composed of soap or detergent molecules 
(Figure 22.26), the liquid crystal phase tends to be made up of micelles 
(spheres or rods) or bilayers (stacks of sheets) – bilayers can self-organize to form 
a lamellar (layered) phase liquid crystal. Bilayers occur at higher concentrations 
than micelles (Figure 22.27).

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

Figure 22.25 The formation of a lyotropic liquid crystal state by certain substances in solution
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Figure 22.26 a Soap molecules, such as sodium stearate (octadecanoate) 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: long hydrophobic tail and polar, hydrophilic head group
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Thermotropic behaviour in the nematic liquid crystal phase is nearer that of a 
liquid than the smectic phase (higher temperature). The generally rod-shaped 
molecules are distributed randomly in the nematic phase, but, on average, point 
toward one direction (directional order), grouped in a bunch. Seeing as they have 
no defined positional order, these molecules can flow past one another.

If temperature in a nematic phase liquid crystal is increased further, the substance 
will change into an isotropic liquid phase, with freely flowing molecules. If it is 
cooled further, the smectic phase of the liquid crystal will be reached, where the 
molecules have some positional order, and if even further, the substance will turn 
into a solid, with a rigid structure.

Applications of liquid crystals
A liquid crystal thermometer relies on the fact that the pitch (the distance over 
which the helical twist in a chiral nematic liquid crystal repeats) is about the 
same as the wavelength of visible light, leading to diffraction (strictly it is the 
pitch multiplied by the average refractive index). However, the pitch changes with 
temperature and so the colour also changes. By varying the chemical structure of 
the molecules of the liquid crystal or the composition of a mixture of liquid crystals, 
the temperature range over which colour changes can be seen is controlled.

Liquid crystal displays (LCDs) rely on the polar nature of chiral liquid crystal 
molecules, which means that the direction of alignment is influenced by an 
electric field (voltage). The passage of plane polarized light through a thin liquid 
crystal layer (held between two thin glass plates) can be controlled by switching 
the orientation of the molecules in the layer (Figure 22.28).

Te
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crystals and water

Concentration of amphipilic molecules

lamellar liquid
crystal structure forms

fluid behaviour

hexagonal liquid crystal structure

spherical
micelle

Figure 22.27 Typical phase diagram for a typical lyotropic liquid crystal: 
various liquid crystal phases are observed

voltage off (bright)

unpolarized
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liquid crystal molecules

vertical
polarizer

front
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horizontal
polarizer

reflector

liquid crystal molecules

voltage on (dark)

Figure 22.28 Schematic illustration of the operation of a twisted nematic 
liquid crystal display (LCD)
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 ■ QUICK CHECK QUESTIONS

23 Complete the following table by adding yes or no.

Crystalline 
solid

Nematic phase 
liquid crystal

Pure liquid

Positional order of particles

Directional order of particles

24 Biphenyl nitriles, such as the molecule shown below, were the first 
thermotropic liquid crystal molecules to be synthesized.

 

C6H13 CN

 Explain why the nitrile functional group enables these molecules to be used in 
liquid crystal displays (LCDs). State what is meant by a thermotropic liquid crystal.

25 Outline two principles of a liquid-crystal display (LCD) device.

Properties needed for the liquid crystal molecules in LCDs include: chemical 
stability, a nematic phase which is stable over a suitable temperature range, 
polarity so they can change orientation when an electric field is applied, and a 
rapid switching speed which requires low viscosity. It is very important to note 
that the applied field is low and it is this that makes the displays small, flat and 
portable – i.e. small power source.

Expert tip

The properties of polymers are very 
varied. Polymeric materials include 
plastics, elastomers and fibres.

22.5 Polymers
Essential idea: Polymers are made up of repeating monomer units which can be 
manipulated in various ways to give structures with desired properties.

Polymers
■ Thermoplastics soften when heated and harden when cooled.
■ A thermosetting polymer is a prepolymer in a soft solid or viscous state that 

changes irreversibly into a hardened thermoset by curing.
■ Elastomers are flexible and can be deformed under force but will return to 

nearly their original shape once the stress is released.
■ High-density poly(ethene) (HDPE) has no branching, allowing chains to be 

packed together.
■ Low-density poly(ethene) (LDPE) has some branching and is more flexible.
■ Plasticizers added to a polymer increase the flexibility by weakening the 

intermolecular forces between the polymer chains.
■ Atom economy is a measure of efficiency applied in green chemistry.
■ Isotactic addition polymers have substituents on the same side.
■ Atactic addition polymers have the substituents randomly placed.

Types of polymer
Addition polymers are formed when an alkene (or derivative) uses the electron 
pair in a p bond to make a new s bond to the next molecule (Figure 22.29).

CH2 CH2

CH2 CH2 CH2 CH2 CH2 CH2

+ CH2 CH2 + CH2 CH2

ethene poly(ethene)

Figure 22.29 A simplified model of addition polymerization

Condensation polymers are formed when a monomer eliminates a small molecule, 
freeing some bonds to bond to the next molecule.
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■■ Structures of addition polymers
The properties of some addition polymers with substituents on a carbon chain 
depend on the way in which the side-chains are orientated. This is known as 
tacticity.

In isotactic poly(propene), for example, all the methyl substituents are on the same 
side of the carbon chain (backbone) (Figure 22.30). The molecules coil into a 
regular helical shape and pack together to form a crystalline and tough polymer.

There is another form of poly(propene) in which the methyl side groups along the 
polymer chain (carbon backbone) are randomly orientated. This atactic polymer 
has an amorphous (non-crystalline) structure and is rubbery.

H
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Figure 22.30 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 poly(propene)

 ■ QUICK CHECK QUESTION

26 Poly(propene) can exist in two forms. Identify the two forms below. State and explain which of the two forms of 
poly(propene) is more crystalline. Explain why the more crystalline form can be used to make strong fibres for carpets. 
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NATURE OF SCIENCE
Hermann Staudinger’s pioneering theories on the polymer structures of fibres 
and plastics as macromolecules formed the basis for developments in the field 
of materials science and supported the rapid growth of the plastics industry. For 
his work in the field of polymers, Staudinger was awarded the Nobel Prize for 
chemistry in 1953.

■■ Polymerization of 2-methylpropene
2-Methylpropene can undergo addition polymerization to form  
poly(2-methylpropene), known as butyl rubber or polyisobutylene (Figure 22.31). It 
is a synthetic rubber and an elastomer.

CH3

CH3

2-methylpropene poly(2-methylpropene)

CC

H

2n

H

CH3CH3

H n

C

H

C

H

C

CH3CH3

C

H

Figure 22.31 Formation of poly(2-methylpropene) from 2-methylpropene

Typically, monomers join head-to-head and the two methyl groups are placed on 
every alternate carbon atom on the chain. Occasionally, a monomer adds on to 
the carbon chain the other way round (head-to-tail) and two consecutive carbon 
atoms have two methyl side groups (Figure 22.32).

 ■ QUICK CHECK QUESTIONS

27 Consider the hydrocarbon, 
(CH3)2C=CHCH3, which can be 
polymerized. Name the type 
of polymerization involved and 
draw the repeating unit of the 
polymer. Draw the structure 
of an isomer of the monomer 
which shows cis–trans 
isomerism.

28 A polymer’s structure influences 
its physical properties. Describe 
two structural variations that 
are possible for poly(propene) 
but not for poly(ethene).
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Figure 22.32 Head-to-head and head-to-tail polymers of poly(2-
methylpropene)

Classifying plastics
One possible way of classifying polymers is by the effect that heat has on them 
(Figure 22.33).

A thermoplastic can be heated until it softens, and then cooled to harden again, 
repeatedly. Addition polymers, such as nylon and polyesters, are thermoplastics 
and are often melted in the process of manufacture into some useful material.

A thermoset, once heated, hardens as new covalent bonds form and will not 
soften again. Thermosets are often formed by the covalent crosslinking of polymer 
molecules. These are known as prepolymers and are soft solids or viscous liquids. 
The more the polymer is heated (cured), the greater the extent of crosslinking and 
the harder the product.

Some polymers, such as natural rubber, are elastomers. Elastomers can be 
deformed a long way under the application of a force, but will return to their 
original shape and length once the stress is released (Figure 22.34).

a b

Figure 22.33 a Thermosetting and b thermoplastic polymers have different 
properties

chains straight
and

disentangled

Figure 22.34 Unstretched and stretched rubber chains

 ■ QUICK CHECK QUESTION

29 Outline how properties of 
thermosetting polymers differ 
from those of thermoplastics.

Expert tip

Cross-linking during polymerization is 
possible if one of the monomers has 
three functional groups.
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Modification of plastics

■■ Crystallinity
The greater the extent of intermolecular forces operating between adjacent 
polymer chains, the stronger the material will be, and the lower the flexibility. The 
degree of branching (which will limit contact) and the degree of polymer chain 
alignment (crystallinity) will control the properties of a plastic (Figure 22.35).

Crystallinity can be increased by aligning the crystalline areas through ‘cold 
drawing’, stretching the polymer at room temperature (Figure 22.36).

crystalline region amorphous region

Figure 22.35 Crystalline and amorphous regions of a polymer

necked region

Figure 22.36 The cold drawing of 
a polymer forms a neck where the 
polymer chains become aligned

■■ Branching
Depending on the reaction conditions (and hence reaction mechanism), ethene 
can undergo polymerization to form high-density poly(ethene) (HDPE) or low-
density poly(ethene) (LDPE) (Figure 22.37). In HDPE, there is little branching and 
the long chains can fit together closely. This makes it stronger, more rigid and a 
higher density than LDPE.

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 22.37a The branched nature of the chains in low-density poly(ethene), 
LDPE, 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), HDPE, make 
for a more crystalline structure and a more rigid plastic

Properties of polymers and 
structural features
The physical properties of a polymer, such as its strength and flexibility, are 
determined by the structural features of its molecules:

■ Chain length: in general, the longer the chains the stronger the polymer, but 
the more viscous it is in the molten state the harder it is to process.

■ Side groups: polar side groups result in stronger attraction between polymer 
chains, making the polymer stronger.

 ■ QUICK CHECK QUESTION

30 Outline the basic differences 
between the structure and 
properties of low-density and 
high-density poly(ethene).
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■ Branching: straight unbranched chains can pack together more closely than 
highly branched chains, resulting in polymers that have a higher degree of 
crystallinity.

■ Cross-linking: if polymer chains are covalently linked together (curing), the 
polymer is harder and more difficult to melt. Thermosetting polymers have 
extensive cross-linking.

■■ Plasticizers
Another approach to controlling the physical properties of plastics is the use of 
plasticizers. Polymer chains that might normally have relatively strong attractive 
intermolecular forces can be kept apart by the introduction of small molecules, 
giving greater flexibility (Figure 22.38).
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Figure 22.38 a A plasticizer used in the manufacture of poly(chloroethene), PVC, – di-(2-ethylhexyl)hexanedioate. 
b The plasticizer molecules separate the PVC polymer chains, allowing them to move freely past one another 

■■ Volatile hydrocarbons
If pentane is added during the formation of poly(styrene) (Figure 22.39) and the 
product heated in steam the volatile pentane vaporizes producing expanded 
poly(styrene). This material has a low density and is a good thermal insulator and 
has good shock-absorbing properties.

styrene polystyrene
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addition polymerizationmany

Figure 22.39 Formation of poly(styrene) from styrene

■■ Atom economy
Addition polymers have high atom economies as all the monomer molecules 
are incorporated into the polymer chain. Condensation polymers will have 
lower atom economies due to the elimination of small molecules during the 
polymerization process.

22.6 Nanotechnology
Essential idea: Chemical techniques position atoms in molecules using chemical 
reactions whilst physical techniques allow atoms/molecules to be manipulated and 
positioned to specific requirements.

 ■ QUICK CHECK QUESTIONS

31 Explain, in molecular terms, 
why poly(chloroethene) (PVC, 
poly(vinyl chloride)) becomes 
more plastic when a plasticizer 
is added.

32 Explain why poly(chloroethene) 
(PVC, polyvinyl chloride) is less 
flexible than poly(ethene).

 ■ QUICK CHECK QUESTION

33 Plastics have replaced more 
traditional materials such as 
metal and wood. Suggest one 
polymer property, different in 
each case, that makes polymers 
more suitable than iron and 
wood.
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Nanotechnology
■ Molecular self-assembly is the bottom-up assembly of nanoparticles and can 

occur by selectively attaching molecules to specific surfaces. Self-assembly can 
also occur spontaneously in solution.

■ Possible methods of producing nanotubes are arc discharge, chemical vapour 
deposition (CVD) and high-pressure carbon monoxide (HIPCO).

■ Arc discharge involves either vaporizing the surface of one of the carbon 
electrodes, or discharging an arc through metal electrodes submersed in a 
hydrocarbon solvent, which forms a small rod-shaped deposit on the anode.

Nanotechnology
Nanotechnology is the synthesis and study of compounds, devices (Figure 22.40) 
and structures within the range of 1 to 100 nanometres (1 × 10−9 m to 1 × 10−7 m) 
in size. The motor (Figure 22.40) is powered by light and the molecule rotates 
about a carbon–carbon double bond. The groups either side of the double bond are 
identical and ultraviolet radiation causes them to undergo cis–trans isomerization. 
Because of the large size of the groups, which are chiral, the motor can only rotate 
in one direction.

UV light

UV light

∆ ∆

Figure 22.40 The first light 
driven molecular motor

Nano-sized particles have many useful properties that can be different from bulk 
materials, due to, for example, different surface area to size ratios, resulting in a 
higher percentage of atoms at the surface (which enhances their reactivity and 
catalytic effect) and quantum effects which becomes important at this level.

Approaches to nanotechnology
There are two main approaches in nanotechnology:

■ The ‘bottom-up’ approach involves synthesizing materials, structure, 
compounds and devices from individual atoms or molecules. This is also 
termed molecular nanotechnology and involves building organic and 
inorganic structures atom-by-atom or molecule-by-molecule. Self-assembly can 
occur by spontaneous binding of molecules to other molecules or to specific 
surfaces. Self-assembly can also occur spontaneously in solution. Ribosomes 
and viruses are examples of biological structures that are formed by self-
assembly.

■ The ‘top-down’ approach involves constructing or assembling nano-structures 
from larger structures. Examples of ‘top-down’ nanotechnology include 
lithography and etching. Small features are made by starting with larger 
materials, for example, semiconductors and patterning to make nanoscale 
structures with precise patterns.

Expert tip

At these atomic dimensions, quantum 
physics determines the behaviour of 
nano-sized particles. For example, 
the properties of gold nanoparticles 
vary with size and are very different 
from the properties of a bulk sample 
of gold. Gold particles may be any 
colour (depending on size and shape) 
and will react with nitric acid unlike 
gold (in bulk).
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Physical and chemical techniques
■■ Physical techniques

Researchers often use physical techniques that allow atoms, ions and molecules to 
be manipulated and positioned to specific locations, within a nano-structure, or a 
surface. The atom force microscope (AFM), the scanning tunnelling microscope 
(STM) and focused electron beam induced processing are all examples of physical 
techniques used in nanotechnology.

■■ Atomic force microscope
The AFM (Figure 22.41) generates a topological (three-dimensional map) image 
by moving a sharp tip held at the end of a cantilever across a surface (within air 
or liquid) which is on top of a piezoelectric block. Small changes in voltage across 
the block allow tiny but accurate and precise movements that allow very prescise 
scanning.

As the tip tracks the surface, the force between the tip and surface causes the 
cantilever to bend. The deflection of the cantilever is measured optically by 
means of a laser beam and a photo detector, which measures changes in position 
of the incident laser beam as small as 1 nm. Atomic resolution is possible.

■■ Scanning tunnelling microscope
The scanning tunnelling microscope (STM) (Figure 22.42), gives images of 
individual rows of atoms. Like the AFM, it is based on a fine-tipped probe that 
scans across a small area of a surface and the probe’s scanning movement is 
controlled to within 0.001 nm by piezoelectric transducers. The probe is held at a 
small constant potential (voltage), with the tip held at a fixed height of no more 
than 1 nm above the surface so that electrons ‘tunnel’ across the gap. If the probe 
tip moves near a raised atom or across a dip in the surface, the tunnelling current 
increases or decreases respectively due to a respective decrease or increase of the 
gap width.

processing unit

potential barrier

tip of probe

movement of
probe
surface atoms

■■ Chemical techniques
Carefully controlled and specific chemical reactions can also be used to synthesize 
particular molecules and nanostructures (Figure 22.43). A wide variety of chemical 
reactions can be used to synthesize and stabilize nanoparticles including chemical 
reduction, reactions in micelles and emulsions, photochemical reduction, synthesis 
at low temperatures (cryochemical synthesis) and polymerization reactions.

NATURE OF SCIENCE
The scanning tunnelling microscope (STM) is among a number of instruments 
that allows scientists to view and manipulate nanoscale particles, atoms and small 
molecules. Atomic force microscopes (AFMs) gather information by ‘feeling’ the 
surface with a mechanical probe. These microscopes make use of tiny but exact 
movements to enable precise mechanical scanning.

Figure 22.42 Principle of 
the scanning tunnelling 
microscope (STM)

Expert tip

As the cantilever approaches the 
surface, there are weak attractive 
London (dispersion) forces between 
the surface and the cantilever. As the 
cantilever is pushed into the surface 
they become repulsive forces, since 
the cantilever is trying to displace 
atoms on the surface. Both forces 
displace (move) the cantilever and can 
be used to measure topography.

Expert tip

In constant height mode, the change 
of current is used to generate an 
image of the surface provided 
the probe’s vertical position is 
unchanged. In constant current 
mode, the change of current is 
used to move the probe vertically 
upwards or downwards respectively 
until the gap width and the current 
are the same as before. The vertical 
resolution is of the order of 0.001 nm, 
much smaller than the size of the 
smallest atom. The principle of 
tunnelling is based on the wave 
nature of particles.

photo detector

laser

cantilever arm

sample

piezoelectric
scanner

Figure 22.41 Atomic force 
microscopy (AFM)
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polycrystals
(three dimensional)

films and coats
(two dimensional)

clusters nanotubes,
fibres and rods

(one dimensional)

Figure 22.43 Types of nanocrystalline materials classified by size of their 
structural elements

■■ Carbon-60
Carbon-60 (Figure 22.44) is an allotropic form of carbon. A total of 60 sp2 
hybridized carbon atoms are present, forming a sphere consisting of five-carbon 
and six-carbon atom rings arranged in the same pattern as the seams on a modern 
soccer ball. There are 20 hexagons and 12 pentagons, with a carbon atom at the 
vertices (corners) of each polygon and a bond along each polygon edge.

The bonding within a single molecule of buckminsterfullerene is very strong. The 
carbon-60 molecule is not easily squashed, deformed or broken apart during a 
collision.

Carbon-60 is a simple molecular substance whose lattice is due to the presence of 
London (dispersion) forces. It is a soft black solid with a low sublimation point and 
dissolves in non-polar solvents to form coloured solutions.

In carbon-60 the carbon atoms are all joined by delocalized π bonds, but the 
delocalization is reduced by the curvature. Transfer of the current (π electrons) from 
one molecule to the next does not occur because of the large band gap (between the 
conduction and valence band). Carbon-60 behaves like a semiconductor.

Carbon-60 can be prepared by electrically heating graphite rods in an inert 
atmosphere of helium at low pressure. The sublimate contains carbon-60, which 
will dissolve in organic solvents.

■■ Carbon nanotubes
Carbon nanotubes are structurally related to carbon-60. These are cylindrical in 
structure and resemble a rolled-up sheet of graphene, with the carbon molecules 
arranged in repeating hexagons. They have a diameter of a few nanometres and 
can be open at both ends, sealed at one end or sealed at both ends. Both single 
and multi-walled graphene tubes (Figure 22.45), made from concentric carbon 
nanotubes, have been prepared.

Expert tip

The presence of pentagonal rings 
prevents the graphite sheet from 
being planar (flat).

Figure 22.44 A model 
showing the geometry 
of carbon-60
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Carbon nanotubes (Figure 22.46) have a very high tensile strength (in bulk), may 
have very good electrical conductivity and a relatively high thermal conductivity.

The high tensile strength is due to the effective overlap between p orbitals on 
the small carbon atoms leading to effective π delocalization across the surface 
of the nanotubes. The large surface area to volume ratio means that there are 
extensive London (dispersion) forces operating between carbon nanotubes 
arranged in bundles.

The electrical and thermal conductivity is also due to the presence of delocalized 
π electrons, but there is a wide range of electrical conductivity depending on the 
length and width of the carbon nanotube and how the graphene sheet was rolled 
to form the nanotube.

Carbon nanotubes can be used as semiconductors, ‘molecular wires’, catalysts and 
in composite materials. Applications suggested include their use to make tiny 
mechanical devices, molecular computers as well as extremely strong materials.

■■ Graphene
Graphene is a single layer of carbon in the form of graphite, with its layered 
structure of hexagonal rings of carbon atoms. Graphene can also be considered as 
a two-dimensional nano-material because it is only one atom thick. 

Graphene has a high thermal stability (like graphite, up to 3000 °C if no oxygen 
present), high electrical conductivity (due to extensive π delocalization), a high 
optical transparency, high mechanical strength and is chemically relatively inert.

Production of carbon nanotubes
Carbon nanotubes can be prepared by arc discharge, chemical vapour deposition 
(CVD) and high-pressure carbon monoxide (HIPCO).

■■ Arc discharge
Graphite electrodes are placed a small distance apart and a large electric current 
is passed through the electrode which creates an electric arc between the two 
electrodes. An inert helium or argon atmosphere is present inside the apparatus to 
prevent formation of oxides of carbon (Figure 22.47).

Alternatively, two metal electrodes are placed a small distance apart in a liquid 
hydrocarbon solvent (Figure 22.48). A large current creates an arc between the 
electrodes, causing the hydrocarbon molecules to decompose to release carbon 
atoms. This is catalysed by iron or nickel. A small rod-shaped structure containing 
carbon nanotubes is deposited at the anode (negative electrode).

Expert tip

A carbon nanotube can be closed by the presence of pentagons, which introduce 
curvature into graphene.

Figure 22.45 Graphene wall of a carbon nanotube

 ■ QUICK CHECK QUESTION

34 Describe the structure and 
properties of carbon nanotubes.

Figure 22.46 Open ended single-
walled carbon nanotubes (computer 
generated)

soot

deposit of
fullerenes

and nanotubes

graphite rod
� electrode

graphite rod
� electrode

Figure 22.47 Arc discharge method 
for carbon nanotube production
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The oxidation state of carbon in a hydrocarbon is always negative (hydrogen is less 
electronegative), but in carbon nanotubes (an elemental form) it is zero, therefore 
this process involves the oxidation of carbon.

■■ Chemical vapour deposition (CVD)
CVD production of carbon nanotubes involves flowing a hydrocarbon or 
alcohol gas into a chamber containing a heated inert object (with a transition 
metal catalyst) to be coated. Chemical reactions occur on and near the hot 
surfaces, resulting in the deposition of a thin film of nanotubes on the surface, 
accompanied by the production of chemical by-products that are exhausted 
out of the chamber along with unreacted precursor gases. Inert nitrogen gas is 
introduced to ensure the apparatus (Figure 22.49) is free of air and to prevent 
oxidation of carbon to its oxides. Depending on the precursor and conditions, 
single-walled and multi-walled carbon nanotubes can be formed.

pressure
sensor

gas inlet

quartz boat

heat waves

furnace

quartz tube

gas out (exhaust)

substrate with
catalyst

C2H2 N2

Figure 22.49 Chemical vapour deposition

■■ HIPCO
The high-pressure carbon monoxide method, or HIPCO, results in the rapid 
synthesis of high-quality single-walled carbon nanotubes. In this process in 
the continuous-flow gas phase carbon monoxide acts as a feedstock and the 
iron(0) pentacarbonyl complex, Fe(CO)5, as a catalyst. The HIPCO process runs 
continuously and allows the reuse of carbon monoxide.

During the HIPCO process the iron complex decomposes to form iron 
nanoparticles:

Fe(CO)5(g) ➝ Fe(s) + 5CO(g)

The iron nanoparticles provide a catalytic nucleation site for the conversion of 
carbon monoxide into carbon atoms during the growth of the carbon nanotubes:

xCO(g) ➝ C(s) (of carbon nanotube) + 1
2

× CO
2
(g)

where x is typically several thousand. This is a disproportionation reaction.

Problems, implications and issues 
associated with nanomaterials
There are concerns that nanoparticles may have undiscovered harmful side 
effects, for example if they are breathed in or orally ingested, so there may be 
health and safety issues. Any such side effects are not yet fully understood, so 
these new materials should be tested for possible toxicity and carcinogenicity. 
Nanoparticles are small enough to be absorbed by the skin so could cause 
irritation. They may also have unexpected catalytic effects inside the body and 
there is the possibility that the human immune system may be unable to mount 
a response against nanoparticles. Self-cleaning windows, sunscreen and modern 
hard drives are applications that use nanoparticles.

metal (Ni or Fe)
electrodes

hydrocarbon
solvent

Figure 22.48 Experimental 
apparatus for arc discharge using 
metal electrodes and a hydrocarbon 
solvent

 ■ QUICK CHECK QUESTION

35 Identify the catalyst, conditions 
and product of high-pressure 
catalytic decomposition of 
carbon monoxide (HIPCO).

 ■ QUICK CHECK QUESTION

36 Outline the concerns over the 
possible harmful effects of the 
use of nanotechnology.
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22.7  Environmental impact –  
plastics

Essential idea: Although materials science generates many useful new products 
there are challenges associated with the recycling of, and the high levels of 
toxicity of, some of these materials.

Environmental impact of plastics
■ Plastics do not degrade easily because of their strong covalent bonds.
■ Burning of polyvinyl chloride releases dioxins, HCl gas and incomplete 

hydrocarbon combustion products.
■ Dioxins contain unsaturated six-membered heterocyclic rings with two oxygen 

atoms, usually in positions 1 and 4.
■ Chlorinated dioxins are hormone disrupting, leading to cellular and genetic 

damage.
■ Plastics require more processing to be recycled than other materials.
■ Plastics are recycled based on different resin types.

Environmental issues with plastics

■■ Depletion of non-renewable resources
Nearly all artificial polymers are organic (carbon-based) and currently crude oil 
(petroleum) is the major source of chemicals for the synthesis of plastics. Fossil 
fuels are in a limited supply, but the bulk is used as fuels, rather than as feedstock 
for plastics (which currently consumes about 5% of all crude oil extracted).

■■ Disposal and degradation
Because of their lack of chemical reactivity partly due to the presence of relatively 
strong covalent bonds that resist cleavage, most plastics are not biodegradable. 
Some plastics can be recycled after plastic waste is sorted and separated. Some 
plastics are weakened and eventually broken down (degraded) by the action of 
ultraviolet radiation.

Plastics can be incinerated (combusted), but at low temperatures toxic dioxins, 
carbon monoxide, hydrogen cyanide (from urethanes) and hydrogen chloride 
(from chlorine-containing plastics, such as PVC) may be produced.

To help reduce the risk of this occurring during a house fire, many plastics are 
modified with fire-retarding additives but these have their own environmental 
impact. Low-smoke zero halogen cabling is often used in electrical wiring in public 
spaces.

The equations below describe the complete combustion of polythene, PVC and 
one repeating unit of poly(methylmethacrylate) (PMMA).

(CH2)n + 11
2

nO2 ➝ nCO2 + nH2O

(CH2CHCl)n + 21
2

nO2 ➝ 2nCO2 + nHCl + nH2O

C5H8O2 + 6O2 ➝ 5CO2 + 4H2O

■■ Biodegradability
The majority of synthetic plastics are not degraded by the action of bacteria 
and fungi and persist in the environment, including landfills. Biodegradable 
condensation polymers can be synthesized that are hydrolysed to release lower 
molecular weight fragments which can cross cell walls and be bio-assimilated.

Expert tip

A variation in the complete 
combustion reaction is shown by 
the hydrogen-deficient polymer 
PTFE ((C2F4)n) which requires the 
addition of water as a reactant in the 
stoichiometric equation:

C2F4 + O2 + 2H2O ➝ 2CO2 + 4HF

 ■ QUICK CHECK QUESTIONS

37 Suggest why incomplete 
combustion of plastics, such 
as polyvinyl chloride (PVC) is 
common during house fires.

38 Write equations for the 
combustion of polyethene and 
polyvinyl chloride (PVC) and 
explain why these polymers are 
first separated before combustion.

39 Suggest a reason, with a 
reference to bonding, why 
many adults in developed 
countries have measurable 
concentrations of phthalates 
(used as plasticizers in PVC) in 
their bodies.
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■■ Resin identification code
The resin identification code (RIC) was developed to facilitate plastic sorting 
and separating by identifying specific plastics with a numbered label to improve 
the efficiency of plastic recycling (Table 22.2) and disposal. Plastics require more 
processing to be recycled than other materials, such as metals and paper.

Table 22.2 Plastic resin identification codes

Resin identification 
code (RIC) Plastic and properties Applications Recycling

PET

1
Poly(ethylene terephthalate) is clear, 
tough and solvent resistant.

Used for rigid sheets and fibres.

Good barrier to gases and liquids.

Resin can be spun into threads.

Carbonated soft drink bottles, 
food jars, carpet fibres, microwave 
trays, fruit juice bottles, pillow and 
sleeping bag filling, textile fibres

Drinks bottles, clothes, detergent 
bottles, laminated sheets, carpet 
fibres, clear packaging films

HDPE

2
High-density polyethylene (HDPE) is 
hard to semi-flexible and opaque.

Relatively impermeable to gas and 
moisture.

Freezer bags, milk bottles, bleach 
bottles, hard hats, buckets, 3D 
printing, milk crates, wire cable 
covering

Pipes for farms, pallets, bins, 
extruded sheet, garden edging, 
household bags, oil containers

PVC

3
Plasticized polyvinyl chloride (PVC) 
is flexible, clear and elastic; can be 
solvent welded.

Unplasticized PVC is hard and rigid; 
may be clear and can be solvent 
welded.

Garden hoses, shoe soles, cable 
sheathing, car gaskets, shower 
curtains, gloves, pipes, blood bags 
and tubing, credit cards, watch 
straps

Pipe and hose fittings, garden 
hose, electrical conduit, shoes, road 
cones, drainage pipes, ducting, 
detergent bottles

LDPE

4
Low-density polyethylene (LDPE) 
is soft and flexible; surface is 
translucent; withstands solvent.

Rubbish (garbage) bags, squeezy 
bottles, cling wrap, hot and cold 
drinks cups, flexible container lids, 
rubbish bins

Concrete lining and bags

PP

5
Polypropylene is hard, flexible and 
translucent (can be transparent) and 
has good chemical resistance.

Film, carpet fibre, carts, bottles, 
caps, furniture, rigid packaging, 
yoghurt containers, takeaway 
containers, fishing nets, toilet seats

Crates, boxes, plant pots, compost 
bins, garden edging

PS

6
Polystyrene is clear, glassy, rigid, 
brittle, opaque, semi-tough and 
affected by fats and solvents.

Expanded polystyrene is foamed, 
lightweight and thermally resisting.

Refrigerator bins, stationery 
accessories, coat hangers, medical 
disposables, trays, cartons, vending 
cups, plastic cutlery, yoghurt 
containers

Industrial packaging, coat 
hangers, moulded products, office 
accessories, spools, rulers, video 
cases, printer cartridges

OTHER

7
Other plastics includes all other 
resins, laminates, acrylonitrile 
butadiene styrene, acrylic, nylon, 
polyurethane and polycarbonates.

Automotive (car), aircraft, boating, 
furniture, electrical and medical 
parts

Agricultural piping, furniture 
fittings, wheels and castors, fence 
posts, pallets and outdoor furniture, 
marine structures

Infrared spectroscopy can also be used to identify plastics whose molecules 
contain specific functional groups that strongly absorb specific infrared 
radiations. For example, PET can be recognized by strong absorption in the 
region 1700–1750 cm−1, due to the presence of the carbonyl group, >C=O. PVC 
shows an absorption due to the stretching of the C–Cl bond between 600 and 
800 cm−1.

The use of phthalate esters (Figure 22.50), as plasticizers, is being phased out 
because of their toxicity and their correlation with birth defects via disruption of 
the endocrine system.

O

O

OR

OR’

Figure 22.50 Generalized structure 
of phthalate esters
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■■ Dioxins and polychlorinated biphenyls
Dioxins can be formed when polymers are combusted unless the temperature is 
very high. They can also be released into the air during natural processes, such as 
forest fires and volcanoes.

They do not decompose in the air and water and are absorbed and stored in fat tissue 
and, therefore, accumulate (Figure 22.51) and undergo biomagnification as they pass 
along food chains. More than 90% of human exposure to dioxins is through food.

time

Bioaccumulation

Biomagnification

POP contaminant
levels

POP contaminant
levels

Figure 22.51 Bioaccumulation and biomagnification

The chlorinated dioxins are carcinogenic and can disrupt the endocrine system, 
which secretes hormones. Dioxins contain a heterocyclic six-membered ring where 
two carbon atoms have been replaced by oxygen atoms (in positions 1 and 4, or less 
commonly 1 and 2). Examples of dioxins include polychlorinated dibenzo-p-dioxins 
(PCDDs) and polychlorinated dibenzofurans (PCDFs) (Figure 22.52).

OCln

ClnClm

Clm

O O

O

Oa b c

Figure 22.52 The generalized structures of a PCDFs, b PCDDs and c dioxin 
(where m and n refer to different numbers of chlorine atoms)

Polychlorinated biphenyls (PCBs) contain two linked benzene rings where more 
than one hydrogen atom has been substituted by chlorine atoms (Figure 22.53). 
They do not have a 1,4-dioxin ring in their structure, but have the same toxic 
effect as dioxins and so can be described as dioxin-like. PCBs were used in 
transformers and capacitors, as insulators.

Expert tip

The most toxic PCB is the 2,3,7,8-tetrachlorodibenzo-p-dioxin, TCDD, also known 
(inaccurately) as ‘dioxin’ shown in Figure 22.54. It was a contaminant in some 
herbicides.

Cl

Cl

Cl

Cl

O

O

Figure 22.54 Structure of 2,3,7,8- tetrachlorodibenzo-p-dioxin

Expert tip

Some dioxins endure a long time 
and are extremely resistant to 
environmental degradation. They are 
therefore are classified as persistent 
organic pollutants (POPs).

Cln

Clm

Figure 22.53 Generalized structure 
of polychlorinated biphenyls (PCBs)
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22.8  Superconducting metals 
and X-ray crystallography

Essential idea: Superconductivity is zero electrical resistance and expulsion of 
magnetic fields. X-ray crystallography can be used to analyse structures.

Superconducting metals and 
X-ray crystallography
■ Superconductors are materials that offer no resistance to electric currents 

below a critical temperature.
■ The Meissner effect is the ability of a superconductor to create a mirror image 

magnetic field of an external field, thus expelling it.
■ Resistance in metallic conductors is caused by collisions between electrons and 

positive ions of the lattice.
■ The Bardeen–Cooper–Schrieffer (BCS) theory explains that below the 

critical temperature electrons in superconductors form Cooper pairs, which 
move freely through the superconductor.

■ Type 1 superconductors have sharp transitions to superconductivity whereas 
Type 2 superconductors have more gradual transitions.

■ X-ray diffraction can be used to analyse structures of metallic and ionic 
compounds.

■ Crystal lattices contain simple repeating unit cells.
■ Atoms on faces and edges of unit cells are shared.
■ The number of nearest neighbours of an atom/ion is its coordination number.

Superconductors
When mercury (purified by repeated distillation) is cooled to 4.2 K (at 
standard pressure) the electrical resistance drops sharply at 4.5 K to zero 
(Figure 22.55). The loss of resistance is the result of it entering what we call 
the superconducting state.
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0.100
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0.050

0.025

4.0 4.1 4.2 4.3 4.4
0

Resistance/Ω

Temperature/K

R/R0

Tc

T

Pt

Figure 22.55 Plots of resistance versus temperature for mercury and 
platinum
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Many other elemental metals and alloys were also found to exhibit zero resistance 
when their temperatures were lowered below a certain characteristic temperature 
of the material, called the critical temperature, Tc. In addition, these materials lose 
their superconducting behaviour above a certain temperature-dependent critical 
magnetic field, Hc.

If a superconductor is cooled below its critical temperature while in a magnetic field, 
the magnetic field surrounds but does not penetrate the superconductor. The magnet 
induces current in the superconductor which creates a counter-magnetic force that 
causes the two materials to repel. This can be seen as the magnet is levitated above 
the superconductor (Figure 22.57) and is known as the Meissner effect.

A zero internal magnetic field is the result of superconductivity. The Meissner 
effect can be visualized as involving the expulsion of the applied magnetic field 
from inside the superconductor, by creating a mirror image of the magnetic 
field (Figure 22.58). In the superconductor electrons are circulating round the 
sample and this is what creates an equal and opposite upward magnetic field to 
counteract the downward magnetic field. Electrons are moving into the paper 
on the right of the circle of the superconductor and out of the paper on the left. 
The essential difference between the two cases is the absence of scattering in 
the superconductor: the reason the electrons in the normal metal have random 
directions is because they scatter into a random direction (connected with the 
metal’s resistance) before they can get very far.

■■ Type 1 and Type 2 superconductors
Superconductors can be divided into two types: Type 1 and Type 2 (Figure 22.59). 
Both types of superconductor show a sharp transition in resistance at the critical 
temperature. Type 1 superconductors exhibit complete diamagnetism unless a 
certain critical magnetic field is applied – then superconductivity disappears 
sharply. Type 1 superconductors tend to be metals and metalloids and are likely to 
show a sharp transition to the superconducting state.
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Figure 22.59 The behaviours of Type 1 and Type 2 superconductors (mixed 
state refers to a phase where some of the material is in the normal state 
and part still superconducting)

Figure 22.57 The Meissner effect: 
the floating magnet is only in 
contact with air 

 ■ QUICK CHECK QUESTIONS

40 Outline the cause of electrical 
resistance in metallic 
conductors.

41 Describe the Meissner effect.

Expert tip

When an electric current flows in a conductor, some of the electrical energy is 
transformed into heat. This is known as the heating effect of an electric current 
and is due to the resistance of the conductor. As the temperature decreases, the 
cations vibrate less (smaller amplitude) and resistance drops (Figure 22.56).

at lower temperatures metal
ions (cations) vibrate with a
lower amplitude and lower
frequency

at higher temperatures
metal ions (cations) vibrate
with a higher amplitude and
higher frequency

electron

electron

electron

electron

electron

electron

+
+
+

+

+

+

Figure 22.56 The effect of temperature on resistance

S

N

Figure 22.58 An ordinary 
conductor (left) shows random 
electron movement because of 
collisions and so allows magnetic 
field penetration, but in a 
superconductor (right) electrons 
have no collisions and so can 
circulate so as to exclude any 
magnetic field penetration, creating 
a mirror image of an applied 
magnetic field

Expert tip

The ferromagnetic metals: iron, 
cobalt and nickel do not show 
superconductivity.
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Type 2 superconductors tend to be metallic compounds, alloys or ceramics. As 
an applied magnetic field is increased, Type 2 superconductors go into a part-
superconducting ‘mixed’ state, where small parts of the sample are normal but 
the rest is superconducting. They can stay in this state up to much higher critical 
fields. This means that they can carry much higher current densities while 
remaining in a superconducting state.

NATURE OF SCIENCE
Superconductivity (zero electrical resistance and perfect diamagnetism) was 
discovered in 1911 but an explanation of the behaviour of some types of 
superconductors was only developed in 1957. BCS theory was a paradigm shift 
involving a quantum many-body effect, i.e. interactions between electrons were 
the crucial factor to explain superconductivity.

The first ceramics found to be superconducting are those based on yttrium–barium 
and copper oxide, YBa2Cu3O7 (Figure 22.60). They have a relatively high critical 
temperature and can be cooled to their critical temperature by liquid nitrogen. 
Liquid helium is used to cool the more traditional types of superconductors.

Cu(1)
O(1)

O(4)

O(3) O(2)

Cu(2)

Ba Ba

Ba

Y
Y

Ba

Cu(2)

Cu(1)

copper oxygen

Key:

Figure 22.60 Idealized structure of YBa2Cu3O7

■■ Bardeen–Cooper–Schrieffer (BCS) theory
A central feature of BCS theory is the formation of a bound two-electron state 
called a Cooper pair (Figure 22.61). It consists of a pair of interacting electrons 
with opposite spins. The Cooper pair has a spin of zero. It explains the behaviour 
of some types of superconductors at temperatures close to absolute zero.

spin down spin up

–p

p
e–

e–

Figure 22.61 A Cooper pair: the arrows represent direction of movement 
and p represents momentum (mv); spin down and spin up can be 
interpreted as clockwise and anticlockwise directions of spin

 ■ QUICK CHECK QUESTIONS

42 When yttrium(III) oxide, barium 
carbonate and copper(II) oxide 
are mixed, heated and cooled 
in an oxygen atmosphere, 
YBa2Cu3O6.5 is formed. Deduce 
an equation to show its 
formation. Barium carbonate is 
decomposed to barium oxide 
(and carbon dioxide).

43 YBa2Cu3O6.5 can be converted 
to YBa2Cu3O7 by heating and 
then cooling it in a stream of 
oxygen gas. State the name of 
the structure it adopts in the 
crystalline state. State the type 
of superconducting behaviour it 
exhibits.
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Part of the resistance of a metal is due to collisions between free electrons 
and cations of the metal lattice, and part is due to scattering of electrons from 
impurities or defects in the metal.

The behaviour of electrons inside a superconductor is very different. The 
impurities and lattice framework are still there, but the movement of the 
superconducting electrons is a very different cooperative process.

An overall attraction between two electrons can occur if the electrons interact 
with each other via the motion of the crystal lattice as the lattice structure is 
momentarily deformed by a passing electron. Figure 22.62 shows two electrons 
moving through the lattice of a metallic superconductor, where the cations can 
move as if attached by ‘stiff springs’.

electron 2
–

electron 1

lattice cation

–

Figure 22.62 The basis for the attractive interaction between two electrons 
via the lattice deformation in a superconducting metal

The movement of electron 1 causes nearby cations to move inward toward the 
electron, resulting in a slight increase in the concentration of positive charge 
in this region. Electron 2 (the second electron of the Cooper pair), approaching 
before the cations have had a chance to return to their equilibrium positions 
(dashed circles), is attracted to the distorted (positively charged) region. The 
overall effect is a weak delayed attractive force between the two electrons, 
resulting from the movement of the cations.

Expert tip

Since the interaction is relatively weak, the Cooper pair exists only at relatively 
low temperatures. BCS theory does not fully account for the observed properties 
of the high-temperature superconducting perovskite-based ceramics.

 ■ QUICK CHECK QUESTIONS

44 State the relationship between spin and momentum of the electrons in a 
Cooper pair.

45 Explain the behaviour of mercury below temperature X in terms of the 
Bardeen–Cooper–Schrieffer (BCS) theory.

R
es
is
ta
nc
e
/Ω

X

copper mercury

Temperature/K
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X-ray crystallography

■■ Diffraction
X-rays are high-energy electromagnetic radiation whose wavelength is close to 
10−10 m. They can be diffracted, like all waves. Diffraction occurs whenever a wave 
meets a barrier that has an opening similar in size to its wavelength (Figure 22.63).

gap ≈ λ gap > λ

Figure 22.63 Diffraction of plane waves through a single gap

Layers of atoms, ions and molecules in crystals are separated by distances small 
enough to cause X-rays to diffract.

Atoms are able to produce diffraction patterns because the electric field of the 
X-ray interacts with the electrons around an atom. Large atoms have more 
electrons and these atoms produce the strongest patterns.

When a beam of X-rays falls on a crystal plane composed of a regular arrangement 
of atoms or ions, the X-rays are diffracted. Waves from the diffracted X-rays may 
produce constructive interference (waves ‘add up’) or destructive interference 
(waves ‘cancel out’) (Figure 22.64).

narrow
slit these waves

cancel out

these waves reinforce
each other

narrow
slit

Figure 22.64 After waves pass through a narrow slit there are directions in 
which they reinforce (constructive interference) and directions in which they 
cancel out (destructive interference). The overall pattern is a diffraction pattern.

■■ Bragg equation
For constructive interference, the path difference must be equal to an integral 
(whole number) multiple of the wavelength. 2d sin θ = nλ is known as the 

Expert tip

The small hydrogen atom with its 
single electron has little effect on 
X-rays.
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Bragg equation, where d = distance between planes (layers); λ = wavelength of 
X-rays, n = 1, 2, 3… order of reflection and θ = reflection angle, it increases with 
increasing order of reflection (Figure 22.65).

q

q

q

q

wave 1

wave 1

wave 2

wave 2

d = distance
between planes

d sin q d sin q

Figure 22.65 The extra distance travelled by X-ray wave 2 is 2 × 2d sin θ and 
for constructive interference nλ = 2d sin θ

X-ray diffraction patterns can be obtained by directing X-rays at a single crystal or 
a fine powder made by grinding a crystal. The intensity of the spots on an X-ray 
diffraction photograph depends on the electron densities of the atoms or ions.

 ■ QUICK CHECK QUESTIONS

46 a X-rays with a wavelength of 154 pm are used in a diffraction experiment 
with silver. A first order diffraction beam is observed at an angle of 
10.91°. Determine the spacing (in pm) between the planes of silver atoms.

b X-rays from a copper X-ray tube (λ = 154 pm) were diffracted at an angle 
of 14.22° by a crystal of silicon. Assume first order diffraction (n = 1 in the 
Bragg equation). Determine the interplanar spacing in silicon (in metres).

47 Explain the principles of operation of an X-ray diffractometer.

■■ Unit cells
The unit cell of a crystal lattice is the basic three-dimensional ‘building block’ of 
a crystal (Figure 22.66). Unit cells fit together to make up an entire crystal lattice. 
They have the full symmetry of the crystal.

■■ Types of unit cell
There are three cubic unit cells (Figure 22.67):

■ simple unit cell in which the atoms are present only at the corners
■ face-centred cubic in which atoms are present at the centre of each face in 

addition to atoms at the corner
■ body-centred cubic in which the atoms are present at the centre of the cube in 

addition to atoms at the corners.

The unit cell adopted by a particular crystal will depend on the radii of the atoms, 
or ions forming the structure.

simple cubic face-centred cubic body-centred cubic

Figure 22.67 Cubic unit cells

Expert tip

IB questions will only involve first order 
reflections, so n will always be 1.

Expert tip

You will only be required to apply 
the Bragg equation to simple cubic 
structures in which the value of d is 
equal to the length of the unit cell.

Worked example

X-rays of wavelength 0.154 nm are 
diffracted from a metal crystal at 
an angle of 14.17°. Assuming that 
n = 1, determine the distance (in 
pm) between layers in the crystal.

nλ = 2d sin θ

   d = 
1 × 154 pm
2 × sin 14.17

 = 314.54 pm

Figure 22.66 A crystal lattice with 
the shaded portion representing 
the unit cell (a simple cubic unit cell)
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In counting the effective number of atoms or ions in a unit cell (Figure 22.68):

■ atoms at each corner count as 1
8

■ atoms on an edge count as 14

■ atoms at each face count as 12
■ atoms within the unit cell count as 1.

a b c

Figure 22.68 Calculating number of particles in a unit cell

Expert tip

In a cube there are 8 corners, 12 
edges and 6 faces.

The number of atoms per unit cell are:

• simple cubic, 8 × 1
8

 = 1 atom

• face-centred cubic, (8 × 
1
8) + (6 × 

1
2

) 
= 4 atoms

• and in body-centred cubic, 1 + (8 × 
1
8) 

= 2 atoms.

Worked example

For a unit cell with X at the eight 
corners of the cubic unit cell, Y at 
the centre of the cube, and Z at 
the centre of each face, deduce the 
formula of the compound.

Each atom at the corner of a cube 
counts as 1/8 in the unit cell. Each 
atom on a face counts as ½ in the 
unit cell. Each atom in the centre 
of the unit cell counts as 1. The 
formula for the compound is XYZ3.

Figure 22.69 Close packing of atoms

 ■ QUICK CHECK QUESTIONS

48 Metallic uranium crystallizes in a body-centred cubic lattice, with one 
uranium atom per lattice point.

a Deduce the number of atoms there are per unit cell.

b If the edge length of the unit cell is found to be 343 pm, deduce the 
metallic radius of uranium in pm.

49 The unit cell of a compound of uranium and oxygen that crystallizes in 
a cubic unit cell is shown in the diagram below, where the gray spheres 
represent uranium ions and the red spheres represent oxide ions. Deduce 
the chemical formula of the compound. Determine the coordination number 
of the uranium ions in the crystal.

50 An unknown metal X has a density of 10.5 g cm−3. An X-ray diffraction 
experiment measured the edge of the face-centred cubic unit cell as  
4.09 × 10−10 m. Identify X from its molar mass.

Packing in solids
Packing in solids refers to the close-packed arrangement of atoms, which behave 
as hard spheres. Crystals can be generated by stacking one layer over another. 
In a close-packed structure (Figure 22.69), the atoms stack together occupying 
maximum space and leaving minimum empty space.

The packing percentage is the percentage of volume occupied in a lattice. It is 
independent of the radius of the atoms and depends only on the type of packing. 
There are four types of packing.

■■ Square based or simple cubic
The atoms are arranged so that the centres of all the atoms in any row are in a 
straight line (Figure 22.70). The coordination number within the layer is four. The 
packing percentage is 52%.
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■■ Body-centred packing
The coordination number is 8. The atoms of the second layer are placed between 
the empty spaces of the first layer. The packing percentage is 68%.

■■ Hexagonal close packing and cubic close packing
In both structures, the coordination number is 12. Each atom is in direct contact 
with six others in its own layer, three other in each layer above and below it. In 
both structures the packing percentage is 74%.

In hexagonal close packing (Figure 22.71) the packing pattern is ABABABAB and 
in cubic close packing the packing pattern is ABCABCABC (Figure 22.72).

a b

Figure 22.71 Schematic representation of two close packed layers arranged 
in A (blue) and B (green) positions. The alternative stacking of the B layer is 
shown in a and b

The spaces enclosed between the packed atoms are known as voids or holes.

Expert tip

In crystals with directional covalent bonds, the coordination number is lower 
compared to crystals with non-directional bonds in metals and ionic compounds. 
Table 22.3 summarizes the simple cubic, body-centred and face-centred cubic 
crystal structures (Figure 22.73).

Table 22.3 Summary of simple cubic, body-centred and face-centred cubic 
crystal structures for metals

Unit cell

Number of 
particles 
involved

Number of 
particles 
per unit cell

Coordination 
number

Percentage of 
cell volume 
occupied by 
atoms

Simple cubic 8;1 at each 
corner

1 6 52

Body-centred 
cubic

9;1 at each 
corner and a 
central atom

2 8 68

Face-centred 
cubic

14;1 at each 
corner and 1 
on each face

4 12 74

a b c

Figure 22.73 Space filling models of simple cubic, body-centred and face-
centred cubic crystal structures

row 1

row 2 layer 1

row 3

Figure 22.70 Simple cubic packing

A

C

B

Figure 22.72 Schematic 
representation of the three close 
packed layers in a cubic close packed 
arrangement: A (blue), B (yellow) 
and C (green)

 ■ QUICK CHECK QUESTION

51 Distinguish between cubic 
closest packed (ccp) and 
hexagonal closest packed (hcp) 
structures.
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Determining the density of a metal 
from X-ray crystallography data
This type of calculation requires the metallic radius and the type of lattice 
structure. One approach is:

1 Determine the volume of one atom of the metal. The volume of a sphere is 
given by the formula 4/3πr3.

2 Determine the volume of one mole of the metal atoms. Multiply the volume of 
one metal atom by the Avogadro constant.

3 Determine the volume of a lattice containing one mole of metal atoms. 
Multiply the volume of one mole of metal atoms by the percentage of available 
space (for that type of lattice).

4 Determine the density using the molar mass.

Alternatively, the density of the substance/unit cell can be calculated from the 
following expression:

d = zM
a3NA

 

where a = cell edge, z = number of atoms per unit cell, M = molar mass and  
NA = Avogadro constant.

Table 22.4 summarizes the calculation of the volume of a unit cell from its crystal 
structure. These expressions are based on applying Pythagoras’s theorem to a 
three-dimensional drawing of the unit cell.

Table 22.4 Crystal structures and unit cell volume expressions

Crystal structure Volume of unit cell

Simple cubic 8r3

Face-centred cubic 16 √2r 3

Body-centred cubic 64
3√3r 3

Ionic crystals
An ionic crystal is made up of two oppositely charged ions; both may have 
different sizes and charges. Opposite charges attract each other and ions of one 
type of charge will group around ions of the opposite charge.

The coordination number is the number of nearest oppositely charged ions 
surrounding a central ion.

In AB type (cation to anion mole ratio is 1:1) solids, there are three types of 
lattices. The type of lattice is determined by the relative sizes of the cation and 
anion (ionic radii ratio).

■■ Rock salt structure
Sodium ions, Na+, are present at the centre of each edge and at the body centre 
while chloride ions, Cl−, are present at the corners as well as the centre of each 
face. This is a simple cubic structure (Figure 22.74).

The number of Na+ ions per unit cell = 1 + (1
4

 × 12) = 4.

The number of Cl− ions per unit cell = (1
8  × 8) + (1

2
 × 6) = 4.

There are four formula units present per unit cell (Figure 22.74). Rock salt has 6:6 
coordination, meaning each ion has a coordination number of 6.

The distance between the cation and anion is given by the following expression:

r+ + r − = a
2

where a = cell edge, r+ = cation radius and r − = anion radius

Worked example

Calculate the percentage of cell 
volume occupied by atoms (packing 
factor) in the simple cubic structure 
of polonium.

Atoms contact along unit cell edges. 
2R atoms along edge length a. 
Volume of atoms = 4

3
 π R3. One 

atom per unit cell; unit cell volume, 
a3 = 8R3. Packing factor = (43 π R3)/(8 
R3) = 4π

6
 = 52.3%.

Worked example

Calculate the density (in g cm−3) 
of polonium. It has a unit cell 
dimension of 3.352 × 10−10 m and a 
molar mass of 209 g mol−1.

Unit cell edge length = 3.352 × 
10−10 m; radius = 1.676 × 10−10 m; 
209 g mol−1/6.02 × 1023 mol−1 = 
3.471 × 10−22 g atom−1; 1 atom per 
unit cell, hence 3.471 × 10−22 g/unit 
cell. Unit cell volume = (3.352 × 
10−10 m3). (3.471 × 10−22)/(37.6627 × 
10−24) = 9.216 g cm−3.

 ■ QUICK CHECK QUESTION

52 Silver crystallizes with a face-
centred cubic lattice. The unit cell 
edge length is 408.7 pm. Calculate 
the density of silver (in g cm−3).

Cl– ionNa+ ion

Key:

Figure 22.74 The sodium chloride 
lattice showing 6:6 coordination
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■■ Caesium chloride
The caesium chloride lattice is a body-centred cubic structure (Figure 22.75). The 
chloride ions, Cl −, are at the corners, while the caesium ion, Cs+, is at the centre 
of the cube. The lattice shows 8:8 coordination, the coordination number of each 
ion is 8.

Cl− ion

formula, CsCl

Cs+ ion

Key:

Figure 22.75 Caesium chloride unit cell

Number of Cs+ ions per unit cell = 1.

Number of Cl− ions per unit cell = (1
8

 × 8) = 1.

The ions touch each other along the unit cell diagonal and the distance between 
the cation and anion is given by the following relationship:

r+ + r − = √3
2  a

■■ The sphalerite (zinc blende) structure
This is a 4:4 coordination lattice with four formula units per unit cell. Each sulfide 
ion is tetrahedrally surrounded by four zinc ions and each zinc ion is surrounded 
tetrahedrally by four sulfide ions (Figure 22.76).

■■ Fluorite structure
The AB2 (fluorite) type lattice (Figure 22.77) shows 8:4 coordination with the 
calcium ions having a face-centred cubic lattice. (The A2B (antifluorite) is a 4:8 
coordination lattice. Each has four formula units per unit cell.)

■■ Perovskite structure
Perovskite (Figure 22.78) is a mineral with the formula CaTiO3. The calcium ions, 
Ca2+, lie at the corners of a cube. The oxide ions, O2 −, lie on the faces of the cube, 
and the titanium(IV) ion, Ti4+, lies at the centre of the cube. High-temperature 
type 2 cuprate superconductors have structures based on perovskite.

oxide ions, O2−

formula: CaTiO3

calcium ions, Ca2+

titanium ion, Ti4+

Key:

Figure 22.78 Unit cell of the perovskite structure

Expert tip

The CsCl structure can be thought 
of as two interlocking cubic 
arrangements of the two ions.

 ■ QUICK CHECK QUESTION

53 Depending on temperature, 
rubidium chloride, RbCl, can 
exist in either the rock salt or 
caesium chloride structure.  
State the coordination number 
of the anion and cation in each 
of these structures.

= sulfide
ions, S2–

= zinc
ions, Zn2+

formula ZnS

Key:

Figure 22.76 Zinc blende structure

Expert tip

The structure of zinc blende is similar 
to that of diamond. In diamond all 
the positions are occupied by carbon 
atoms.

calcium ions

fluoride ions

formula CaF2

a

b
Key:

Figure 22.77 The fluorite structure

Expert tip

Perovskite crystalline structures 
of many superconductors can be 
analysed by X-ray crystallography but 
these will not be assessed.

 ■ QUICK CHECK QUESTION

54 Confirm that in perovskite the 
stoichiometry is consistent 
with the structure shown in 
Figure 22.78.

Chemistry for the IB Diploma Study and Revision Guide © Christopher Talbot and Richard Harwood 2017



42 22 Materials

22.9 Condensation polymers
Essential idea: Condensation polymers are formed by the loss of small molecules 
as functional groups from monomers join.

Polymers
■ Condensation polymers require two functional groups on each monomer.
■ NH3, HCl and H2O are possible products of condensation reactions.
■ Kevlar® is a polyamide with a strong and ordered structure. The hydrogen 

bonds between O and N can be broken with the use of concentrated sulfuric 
acid.

Condensation polymers
Condensation polymers are formed from monomers that contain at least two 
reactive functional groups within their molecules. A long chain can be formed 
because bifunctional molecules with reactive sites at each end can link up 
indefinitely (under appropriate conditions).

■■ Polyamides
Polyamides, such as the nylons (Figure 22.79), are formed when a diamine 
molecule undergoes a condensation reaction with a dicarboxylic acid molecule. A 
dimer is initially formed and a water molecule is eliminated. The resulting dimer 
has an amine group at one end and an acid group at the other so it can keep 
growing by further condensation reactions.
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Figure 22.79 a The polymerization of 1,6-diaminohexane and hexane-1,6-
dioic acid to form nylon b the structure of nylon-6,6

■■ Polyesters
Polyesters are joined together by ester linkages. The acid commonly used is 
benzene-1,4-dicarboxylic acid because polyesters made from the alkyl (aliphatic) 
acids are soluble and have a low melting point. The commonest polyester is 
Terylene (Figure 22.80) or (poly(ethylene terephthalate)) (PET).

Expert tip

Condensation polymers are given this 
name because when the monomers 
bond together, water or some 
other small stable molecule, such as 
hydrogen chloride or occasionally 
ammonia is eliminated.

Expert tip

The nylon is numbered depending 
on how many carbon atoms there 
are between each amide linkage. 
The one in Figure 22.79b is formed 
from two small molecules each with 
six carbons atoms in it and hence is 
named nylon 6,6.

 ■ QUICK CHECK QUESTIONS

55 Synthetic polyamides are 
produced by the reaction of 
dicarboxylic acids with compounds 
such as H2N(CH2)6NH2. Name the 
compound H2N(CH2)6NH2 and 
draw the repeating unit.

56 Distinguish between addition 
and condensation polymers in 
terms of how the monomers 
react together during the 
polymerization process.
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benzene-1,4-dicarboxylic acid

* further reaction can occur at both ends
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heat

+
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Figure 22.80 The formation of the condensation polymer PET (Terylene)

■■ Fibres
Fibres are long thin threads that form material such as wool and polyester fabrics. 
Examples of synthetic polymers used to make fibres are polyesters, polyamides 
(including Kevlar) and the addition polymer, polypropylene. Synthetic polymers 
are spun into fibres by forcing the hot molten polymer through small holes or by 
pushing a solution through small holes into a bath which contains a liquid (often 
water) which precipitates the polymer as a fibre.

 ■ QUICK CHECK QUESTION

57 The repeating unit of a polymer is shown below.

     O CH
2

CH
2

CH
2

O CH
2

CH
2

CH
2

C C

O O

 Draw the structures of the monomers used to produce this polymer and 
state the type of polymerization that has taken place.

■■ Differences between addition and condensation 
polymers

Table 22.5 summarizes the differences between addition polymers and 
condensation polymers.

Table 22.5 Differences between addition polymerization and condensation 
polymerization

Addition polymers Condensation polymers

Monomers are alkenes or alkene derivatives 
with a carbon–carbon double bond

Monomers are not alkenes, and typically 
contain polar functional groups

Monomers undergo polymerization without 
the loss of small molecules

Each time two monomers bond together 
a small molecule is eliminated (except 
polyurethanes)

The empirical formula and percentage 
composition by mass is the same as that of 
the monomer (repeating unit) – ignoring 
end groups

The empirical formula and percentage 
composition by mass is not the same as that 
of the monomers (unless polyurethanes)

Typically only one monomer is used (but 
co-polymerization may involve two addition 
monomers)

Typically two different monomers are used

Monomer needs a reactive π bond as part 
of a carbon–carbon double bond

Monomers typically contain two reactive 
functional groups at the ends of the molecules

Polymer chains contain mostly non-polar 
groups with strong bonds and usually 
chemically inert and not usually biodegradable

Polymer chains contain polar groups 
(typically ester and amide linkages) that 
may be slowly hydrolysed and may be 
slowly biodegradable

Expert tip

The traditional names for these 
monomers are terephthalic acid 
and ethylene glycol. Hence the 
commercial name Terylene for one 
brand of polyester in the form of 
fibres.
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■■ Kevlar
Kevlar is a very strong polyamide made by condensing 1,4-diaminobenzene 
with benzene-1,4-dicarbonyl chloride. Kevlar forms a strong three- dimensional 
structure due to hydrogen bonding between the long, rigid chains (Figure 22.81). 
The molecules are essentially flat due to π delocalization.
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Figure 22.81 a The formation of Kevlar from its monomers. b The structure 
of Kevlar showing the hydrogen bonding between chains

In strongly acidic solution, Kevlar can act as a lyotropic liquid crystal. This means 
that the alignment of its molecules depends upon the concentration of Kevlar 
molecules.

In solutions with a very low pH the oxygen and nitrogen atoms in the amide 
linkage become protonated and this disrupts the hydrogen bonding between the 
chains (Figure 22.82). The positively charged chains will experience repulsion and 
the Kevlar will dissolve in the acid solvent. In concentrated sulfuric acid some 
of the amide linkages can be hydrolysed and Kevlar loses its strength and liquid 
crystal properties.

Expert tip

Kevlar is an example of an aramid: 
a polymeric aryl amide, where aryl 
refers to a benzene ring.

 ■ QUICK CHECK QUESTIONS

59 Kevlar is a very tough 
condensation polymer made 
from 1,4-diaminobenzene and 
benzene-1,4-dicarboxylic acid.

a State a use for Kevlar.

b Describe the polymerization 
reaction that forms Kevlar and 
state the structural feature 
that is primarily responsible 
for its strength.

60 Kevlar is insoluble in most 
solvents but dissolves in 
concentrated sulfuric acid.

a Explain how this happens.

b Suggest why Kevlar is less 
elastic than nylon.

 ■ QUICK CHECK QUESTION

58 The following structures are the repeating units of two different 
condensation polymers. For each example, name the type of condensation 
polymer. Give a common name for a polymer of this type. Explain why the 
second polymer has a higher melting point than the first polymer.

CH
2

CH
2

O

C

O

C

OH

N

H

N
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Figure 22.82 Protonated repeating unit of Kevlar

Green polymers
The major environmental issue with addition polymers is their lack of 
biodegradability due to the presence of strong and non-polar carbon–carbon single 
bonds which are not hydrolysed or recognized by enzymes. In polyamides and 
polyesters, the linkages will hydrolyse slowly in the presence of acid or alkali.

Green chemistry principles can be used to make polymers, such as poly(lactic acid) 
(Figure 22.83) made from renewable sources, such as starch. The ester linkages 
between the monomers can be slowly hydrolysed under normal conditions by 
bacteria.

H+

n

O O

O
O

O
OOH

OH
nHOnHO

Polyester: acid-catalysed hydrolysis degrades the
polymer backbone by breaking ester C    O bonds

+ (n – 1)H2O+  

Figure 22.83 Poly(lactic) acid – a copolymer used for self-dissolving sutures

22.10  Environmental impact –  
heavy metals

Essential idea: Toxicity and carcinogenic properties of heavy metals are the 
result of their ability to form coordinated compounds; heavy metals have various 
oxidation states and act as catalysts in the human body.

Environmental impact – heavy metals
■ Toxic doses of transition metals can disturb the normal oxidation/reduction 

balance in cells through various mechanisms.
■ Some methods of removing heavy metals are precipitation, adsorption and 

chelation.
■ Polydentate ligands form more stable complexes than similar monodentate 

ligands due to the chelate effect, which can be explained by considering 
entropy changes.

Heavy metals
Heavy metals that exist as ions in polluted water include cadmium, iron, arsenic 
(a metalloid), mercury, lead, chromium, nickel, copper and zinc; their sources are 
varied.

The heavy metals affect the cell membrane and membrane bound structures 
inside cells and some enzymes involved in metabolism, detoxification and damage 
repair. Heavy metal ions interact with DNA and nuclear proteins, causing DNA 
damage and changes that may lead to cancer or death of the cell.

 ■ QUICK CHECK QUESTION

61 Explain why polyamides are 
degraded by sodium hydroxide 
whereas polymers such as 
poly(ethene) are not.

Expert tip

Composites maximize the properties 
of two separate materials, for 
example, Kevlar fibres in a matrix of 
epoxy resin or polyester.

Expert tip

Heavy metals are naturally occurring 
elements that have a high relative 
atomic mass and a density at least 
5 times greater than that of water.
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Sources of heavy metals
Arsenic-containing compounds have been used to manufacture such substances as 
insecticides, herbicides, fungicides, sheep dips, wood preservatives and dye-stuffs. 
They have also been used in veterinary medicine for the removal of tapeworms in 
sheep and cattle. Cadmium is involved in the production of alloys and pigments. 
It can be found in the effluent (waste water) near zinc mining and in nickel–
cadmium rechargeable batteries and certain paints. Mercury is used as a fungicide 
in seed dressings, utilized in the electrical industry (switches and thermostats) 
and used as an electrode in the industrial production of chlorine via electrolysis 
of sodium chloride. Lead used to be used in paints and leaded petrol (to improve 
engine performance) and is still used as electrodes in lead acid batteries in cars, as 
an X-ray shield, to make solder and as a roofing material.

Other heavy metals originate from specific industrial processes, for example, 
chromium(III) sulfate is used for tanning leather and chromium is required for 
stainless steel making and biocides (e.g. copper(II) compounds used in woodworm 
treatment).

Removing heavy metals 
from polluted water

■■ Adsorption
Various solid substances such as zeolites, waste iron, activated carbon (charcoal), 
clay minerals and certain transition metal oxides can be added to solution 
containing heavy metal ions. The metal ions are adsorbed to the surface of the 
solid and removed from solution. The adsorbed particles can be separated from the 
water by filtration.

■■ Precipitation
Transition metals tend to form insoluble hydroxides, so the addition of substances 
like calcium oxide, CaO, which reacts with water to form hydroxide, (Ca(OH)2, 
causes the heavy metal hydroxides to form and precipitate from the solution. For 
example

Cr3+(aq) + 3OH−(aq) ➝ Cr(OH)3(s)

It is also possible to precipitate certain heavy metals like mercury by bubbling 
hydrogen sulfide gas through the solution to form insoluble sulfides. This is most 
effective under alkaline conditions. For example

Zn2+(aq) + H
2
S(aq) ➝ ZnS(s) + 2H+(aq)

These precipitates are dense, settle if the water is still, and can be separated easily 
by sedimentation and filtration.

■■ Solubility equilibria
No ionic substance is totally insoluble; there will always be some small amount 
in solution. Ionic compounds that have a very limited solubility in water are 
described as sparingly soluble.

When increasing quantities of a sparingly soluble ionic solid are added to water, 
a saturated solution is eventually formed. A saturated solution is a solution that 
contains the maximum possible quantity of dissolved solid (at a given temperature).
The solubility can be expressed in grams per cubic centimetre (g cm−3) or moles per 
cubic decimetre (mol dm−3) and interconversion is via the molar mass.

■■ Solubility product
A sparingly soluble ionic solid, in contact with a saturated solution of its own ions 
is an example of a chemical equilibrium (Figure 22.84).

 ■ QUICK CHECK QUESTIONS

62 Describe the processes of 
adsorption and chelation of 
heavy metal ions from waste 
water.

63 Deduce the structure and 
shape of the complex ion 
formed by the reaction of three 
diaminoethane molecules with a 
nickel(II) ion.
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solid silver
chloride

(a) (b)

Ag+

Ag+Ag+

Ag+

Ag+

Ag+Ag+

Ag+

Ag+

Ag+

AgCl
AgCl AgCl AgCl

AgCl

Cl–

Cl–Cl–

Cl–
Cl–

Cl–Cl–

Cl–

Cl–Cl–

Figure 22.84 a The formation of a dilute (unsaturated) solution of silver 
chloride and b a solution when excess silver chloride has been added to a 
saturated solution (at constant temperature)

The equilibrium constant for the process is the solubility product.

AB(s) ⇌ Ax+(aq) + xB−(aq)

Ksp = [Ax+(aq)] [B− (aq)]x(aq)

for example, Ksp = [Ag+(aq)] [Cl−(aq)]

The solubility product of an ionic compound can be determined from its solubility, 
the unit of solubility must be moles per cubic decimetre, mol dm−3. The flow chart 
in Figure 22.85 shows the steps involved in calculating the solubility for a sparingly 
soluble ionic compound from its solubility product and vice versa via a balanced 
dissociation equation and the concentration of ions at equilibrium.

solubility
product, Ksp

concentration
of ions in
moldm−3

solubility of
compound
in moldm−3

solubility of
compound
in gdm−3

Figure 22.85 The interconversion between solubility product and solubility

The product of ionic concentrations other than those occurring at an equilibrium 
is called the ionic product. A saturated solution is formed when the ionic product 
equals the solubility product. Precipitation of a salt will occur when its ionic 
product exceeds the solubility product (Figure 22.86).

(a) [Ca2+(aq)] = 10–5moldm–3

[CO3
2–(aq)] = 10–5moldm–3

[Ca2+(aq)][CO3
2–(aq)] = 10–10mol2dm–6

this is less than 5.0 × 10–9mol2dm–6

no precipitate

(b) [Ca2+(aq)] = 10–4moldm–3

[CO3
2–(aq)] = 10–4moldm–3

[Ca2+(aq)][CO3
2–(aq)] = 10–8mol2dm–6

this is greater than 5.0 × 10–9mol2dm–6

precipitate forms

Figure 22.86 The use of Ksp to determine whether a precipitate will form 
a solution of a sparingly soluble ionic compound, (for example, calcium 
carbonate)

Figure 22.86 shows this principle being applied to calcium carbonate, Ksp = 5.0 × 
10 −9 (at 298 K). Below [Ca2+(aq)] [CO3

2−(aq)] = 5.0 × 10 −9, no precipitate is formed.

■■ Common ion effect
An ion in common with one of the ions already present in the equilibrium is 
termed the common ion. For example, when solid sodium fluoride is added to a 
solution of calcium fluoride, the common ion is the fluoride ion.

Expert tip

The number of ions in the water is 
the same regardless of how much 
silver chloride solid is in the beaker.

Key definition
Solubility product [of a sparingly 
soluble ionic compound] – the 
product of the equilibrium 
concentrations of its ions, 
each raised to the power of its 
coefficient in the dissociation 
equation.

 ■ QUICK CHECK QUESTION

64 Write the chemical equation 
showing how the substance 
dissociates and write the Ksp 
expression for aluminium 
phosphate, barium sulfate and 
cadmium sulfi de.

 ■ QUICK CHECK QUESTIONS

65 Calculate the solubility 
product Ksp for Ce(IO3)4, 
given that its molar solubility is 
1.80 × 10 −4 mol dm−3.

66 Calculate the Ksp for Mg3(PO4)2, 
given that its molar solubility is 
3.57 × 10 −6 mol dm −3.

67 Determine the Ksp of 
nickel sulfide (NiS), given 
that its solubility is 
2.97 × 10–10 g/100 cm3.

Worked example

Silver chloride, AgCl, has a Ksp = 
1.77 × 10−10. Calculate its solubility 
in moles per cubic decimetre.

AgCl(s) ⇌ Ag+(aq) + Cl −(aq); Ksp = 
[Ag+] [Cl −]; 1.77 × 10−10 = [Ag+][Cl −]; 
[Ag+] = x = [Cl −]; 1.77 × 10 −10 = x2; x 
= 1.33 × 10−5 mol dm−3.
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The common ion effect reduces the solubility of a sparingly soluble ionic 
compound when a soluble compound that contains an ion in common is added. 
The common ion effect operates via Le Châtelier’s principle (Figure 22.87).

For example, the presence of either calcium ions, Ca2+(aq) or fluoride ions, F−(aq) 
in a solution reduces the solubility of calcium fluoride, CaF2, shifting the solubility 
equilibrium of CaF2 to the left:

CaF2(s)     Ca2+ (aq) + 2F- (aq)

a

addition of Ca2+ or F- shifts
equilibrium, reducing solubility
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Figure 22.87 a Applying Le Châtelier’s principle to the solubilty of calcium 
fluoride, CaF2. b The effect of the concentration of NaF on the solubility of 
CaF2 demonstrates the common-ion effect

■■ Chelation
Chelation occurs when a ligand containing non-bonding (lone) pairs of electrons 
bonds to a central metal atom or ion forming two or more coordinate bonds. 
Chelating agents are polydentate ligands and usually organic compounds.

Two important chelating agents are ethane-1-2-diamine (Figure 22.88) and the 
ethylenediaminetraacetate ion, EDTA4− (Figure 22.89). The ethane-1-2 diamine 
molecule contains two non-bonding (lone) pairs of electrons, one on each of the 
nitrogen atoms and so is a bidentate ligand. EDTA4− contains six non-bonding 
(lone) pairs of electrons, two on nitrogen atoms, and four on charged oxygens, so 
is a hexadentate ligand forming very stable complexes.

–O C CH2

O

N–O C CH2

O

CH2 CH2 N
CH2 C

O

O–

CH2 C

O

O–

Figure 22.89 EDTA is a hexadentate ligand

Polydentate ligands form much more stable complexes than similar monodentate 
ligands as measured by the size of the equilibrium constant. From the expression 
ΔG = − RT ln K, a high value for the equilibrium constant will give a large 
negative value for the Gibbs free energy change.

The reaction will be highly spontaneous (under standard conditions). From the 
Gibbs equation, ΔG = ΔH − TΔS and hence the large negative value for ΔG is 
largely due to the large positive entropy change, ΔS, as the system becomes more 
highly ordered than when monodentate ligands react with the same metal ion or 
atom.

Worked example

Determine the solubility of silver(I)
iodide, AgI, in a 0.274 mol dm−3 
solution of sodium iodide, NaI.  
(Ksp of AgI = 8.52 × 10−17).

Dissociation equation:  
AgI(s) ⇌ Ag+(aq) + I−(aq)

Ksp expression: Ksp = [Ag+] [I−]

Substituting into the Ksp expression:

8.52 × 10−17 = (x) (0.274)

[Ag+] = 3.11 × 10−16 mol dm−3

Expert tip

The chelate effect describes the 
enhanced affinity of chelating ligands 
for a metal ion compared to the 
affinity of a collection of similar non-
chelating (monodentate) ligands for 
the same metal ion.

 ■ QUICK CHECK QUESTION

68 Explain why a solution of Cu2+ 
in the presence of EDTA is not 
toxic to phytoplankton.

N
H

H
C C N

H

H

H

H

H

H

Figure 22.88 Ethane-1-2-diamine is a 
bidentate ligand
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Consider the reaction where six ammonia ligands (6 nitrogen donor atoms) are 
replaced with three ethane-1-2-diamine ligands (6 nitrogen donor atoms).

[Co(NH3
)
6
]2+(aq) + 3H

2
NCH

2
CH

2
NH

2
(aq) ⇌  [Co(H

2
NCH

2
CH

2
NH

2
)
3
]2+(aq) 

+ 6NH
3
(aq)

The enthalpy change will be relatively small because there are the same 
number and similar types of coordinate bonds on both sides (ignoring 
interactions with solvent molecules). However, the reaction in the forward 
direction is favoured because it involves an increase in entropy (four particles 
forming seven particles).

■■ Haber–Weiss and Fenton reactions
A simple mixture of hydrogen peroxide and an iron(II) salt produces hydroxyl 
radicals. This is known as the Fenton reaction.

Fe2+ + H2O2 ➝ Fe3+ + •OH + OH−

In the presence of trace amounts of iron, superoxide ions can then reduce iron(III) 
ions to molecular oxygen and iron(II) ions:

Fe3+ + O2
− ➝ Fe2+ + O2

The sum of these two equations produces molecular oxygen, hydroxyl radicals and 
hydroxide ions from superoxide ions and hydrogen peroxide, in the presence of 
catalytic amounts of iron(II) ions – the so-called Haber–Weiss reaction:

O2
− + H2O2 ➝ O2 + •OH + OH−

Iron complexes will catalyse the Fenton reaction if the iron(III) complex can 
be reduced and the iron(II) complex has a reduction potential that allows it to 
transfer an electron to a hydrogen peroxide molecule (Figure 22.90).

Fenton reaction

Haber–Weiss reaction
O2

M(n+1) Mn

•OH + H2OH2O2

O2
•−

H+

H+
HO•

2

Figure 22.90 Fenton and Haber–Weiss reactions

Fenton’s reagent is a solution of hydrogen peroxide and iron(II) sulfate used 
to treat water with a wide variety of organic pollutants. The iron(II) ions and 
hydrogen peroxide molecules generate hydroxyl and peroxyl radicals:

Fe2+ + H2O2 ➝ Fe3+ + •OH + OH−

Fe3+ + H
2
O

2
 ➝ Fe2+ + •OOH + H+

The hydroxyl radicals undergo a variety of reactions involving the organic 
pollutants which ultimately result in the formation of carbon dioxide and water. 
The overall process is exothermic and rapid. Fenton’s reagent is also used as an 
oxidizing agent in organic chemistry.

 ■ QUICK CHECK QUESTION

69 The iron-catalysed Haber–Weiss reaction may occur in cells. State the 
equations for this process.
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