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3A – 1 The nature of ionic bonding  
THE FORMATION OF CATIONS AND ANIONS 

Some ionic compounds can be formed by the direct combination of two elements. 

FORMATION OF SODIUM AND CHLORIDE IONS 

For example, sodium chloride can be formed by burning sodium in chlorine: 

 

2Na(s) + Cl2(g) → 2NaCl(s) 

 

We can represent the reaction that occurs by two ionic half-equations: 

2Na→ 2Na+ + 2e and Cl2+ 2e→ 2C1- 

 

Each sodium atom has lost one electron to become a positive sodium ion. The chlorine molecule has gained two 

electrons to become two chloride ions. 

 

We can represent the electronic changes involved by dot-and- cross diagrams. 

 

FORMATION OF MAGNESIUM AND OXIDE IONS 

Here is the equation for the formation of magnesium oxide:  

2Mg(s) + O2(g) → 2MgO(s) 

THE NATURE OF IONIC BONDING 

Ionic bonding occurs in solid materials consisting of a regular array of 

oppositely charged ions extending throughout a giant lattice network. 

 

The most familiar ionic compound is sodium chloride, NaCl. It consists 

of a regular array of sodium ions, Na+, and chloride ions, Cl, as shown in fig C. 

 

The electrostatic interaction between ions is not directional: all that matters is the distance between two ions, not 

their orientation with respect to one another. (Compare this with covalent bonding in Topic 3B.) 

When ions are present, the electrostatic interaction between them tends to be dominant.  

THE STRENGTH OF IONIC BONDING 

You can determine the strength of ionic bonding by calculating the amount of energy required in one mole of solid 

to separate the ions to infinity (i.e. in the gas phase). When they are at an infinite distance from one another, the 

ions can no longer interact. 
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Table A below shows the energy required to separate to infinity the ions in one mole of various alkali metal halides. 

 
 

For ions of the same charge, the smaller the ions the more energy is required to overcome the electrostatic 

interactions between the ions and to separate them. 

 

The size of the ions is one factor that affects the strength of ionic bonding, which in turn determines how closely 

packed the ions are in the lattice. 

 

There is no simple mathematical relationship to describe the effects that ionic radius and ionic charge have on the 

strength of ionic bonding. The situation is complicated by the way in which the ions pack together to form the 

lattice, and by the extent to which there are covalent interactions between the ions. In general, however, the 

smaller the ions and the larger the charge on the ions, the stronger the ionic bonding. 

EVIDENCE FOR THE EXISTENCE OF IONS 

Ionic compounds can conduct electricity and undergo electrolysis 

when either molten or in aqueous solution. This is the most 

convincing evidence for the existence of ions. 

 

For example, when you pass a direct electric current through molten 

sodium chloride (fig D), sodium is formed at the negative electrode 

and chlorine is formed at the positive electrode. 

 

The explanation for this phenomenon is that: 

• the positive sodium ions migrate towards the negative electrode where they gain electrons and become 

sodium atoms 

• the negative chloride ions migrate towards the positive electrode where they lose electrons and become 

chlorine molecules. 
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We can demonstrate the movement of ions by passing a direct current through copper(II) chromate (VI) solution 

(fig E). Aqueous copper(II) ions, Cu2+ (aq), are blue and aqueous chromate(VI) ions, CrO4
2- (aq), are yellow. 

 

The Cu2+(aq) ions migrate towards the negative electrode and the solution around this electrode 

turns blue. The CrO4
2- (aq) ions migrate towards the positive terminal and the solution around this electrode turns 

yellow. 

 

Further evidence for the existence of ions is supplied by electron density maps. 

Fig F is an electron density map for sodium chloride. 

 

3A – 2 Ionic radii and polarization of ions  
TRENDS IN IONIC RADII 

Ionic radii are difficult to measure accurately and vary according to the environment of the ion. For example, it is 

important how many oppositely charged ions are touching it (i.e. the co-ordination number). The nature of the ions 

is also important. 

 

There are several different ways of measuring ionic radii and they all produce slightly different values. If you are 

going to make reliable comparisons using ionic radii, all the values must come from the same source. 

 

Remember that there are quite large uncertainties when using ionic radii. Trying to explain things in detail is made 

difficult because of those uncertainties. 
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POLARISATION AND POLARISING POWER OF IONS 

In an ionic lattice, the positive ion will attract the electrons of the anion. If the electrons are pulled towards the 

cation, the anion is polarised since the even distribution of its electron density has been distorted. 

 

The extent to which an anion is polarised by a cation depends on several factors. The two main factors are known 

as Fajan's rules and are summarised here. 

Polarisation will be increased by: 

• high charge and small size of the cation (i.e. high charge density of the cation)  

• high charge and large size of the anion. 

HIGH CHARGE AND SMALL SIZE OF CATIONS 

The ability of a cation to attract electrons from the anion towards itself is called its polarising power. A cation with a 

high charge and a small radius has a large polarising power.  

 

An approximate value for the polarising power of a cation can be obtained by calculating its charge density. The 

charge density of a cation is the charge divided by the surface area of the ion. If the ion is assumed to be a sphere, 

its surface area is equal to 4πr2, where r is the ionic radius. 

 

An approximation to the charge density can be determined by dividing the charge by the square of its ionic radius. 

 

HIGH CHARGE AND SMALL SIZE OF ANIONS 

The ease with which an anion is polarised depends on its charge and its size. Anions with a large charge and a small 

size are polarised the most easily. 
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In an ionic lattice, the polarisation of the anions creates some degree of sharing of 

electrons between the two nuclei. That is, some degree of covalent bonding exists. 

You will learn more about this concept in Topic 12B (Book 2: IAL). 

 

 
 

3A – 3 Physical properties of ionic compounds  
 

Ionic compounds typically have the following physical properties:  

•  high melting temperatures 

• brittleness 

•  poor electrical conductivity when solid but good when molten often soluble in 

water. 

HIGH MELTING TEMPERATURES 

Ionic solids consist of a giant lattice network of oppositely charged ions (see Topic 

2B.2). There are many ions in the lattice and the combined electrostatic forces of 

attraction among all of the ions is large. 

 

A large amount of energy is required to overcome the forces of attraction sufficiently for the ions to break free 

from the lattice and slide past one another. 

BRITTLENESS 

If a stress is applied to a crystal of an ionic solid, then the layers of ions may slide over one another. 

 
 

ELECTRICAL CONDUCTIVITY 

Solid ionic compounds do not, in general, conduct electricity. This is because there are no delocalised electrons and 

the ions are also not free to move under the influence of an applied potential difference. 

 

However, molten ionic compounds will conduct since the ions are now mobile and will migrate to the electrodes of 

opposite sign when a potential difference is applied. If direct current is used, the compound will undergo 

electrolysis as the ions are discharged at the electrodes. 
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SOLUBILITY 

Many ionic compounds are soluble in water. We will explain this solubility more fully in Topic 12A including the part 

played by entropy changes. 

 

At the moment, you just need to understand that the energy required to break apart the lattice structure and 

separate the ions can, in some instances, be supplied by the hydration of the separated ions produced. Both 

positive and negative ions are attracted to water molecules because of the polarity that water molecules possess 

(see Topic 3B for an explanation of polarity). 

 

 

3B – 1 Covalent bonding  
FORMATION OF COVALENT BONDS 

A covalent bond forms between two atoms when an atomic orbital containing a single electron from one atom 

overlaps with an atomic orbital, which also contains a single electron, of another atom. The two electrons in the 

area of overlap are the bonding electrons.  

 

They are sometimes referred to as a 'shared pair of electrons'. The covalent bond is the electrostatic attraction 

between the two nuclei of the bonded atoms and the pair of electrons shared between them. 

 

The atomic orbitals involved can be any of those found in the atoms, but we shall limit our discussion to those 

involving only s- and p-orbitals. 

 

Fig A shows three ways in which these orbitals may overlap. 
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EXAMPLE 1. HYDROGEN 

A hydrogen atom has an electronic configuration of 1s1. 

When two hydrogen atoms bond together to form a hydrogen 

molecule, the two s-orbitals overlap to form a new molecular 

orbital. The two electrons then exist in this new orbital. The 

highest electron density is between the two nuclei. 

EXAMPLE 2. CHLORINE 

 

EXAMPLE 3. π BOND FORMATION 
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3B – 2 Electronegativity and bond polarity 
WHAT IS ELECTRONEGATIVITY? 

Electronegativity is the ability of an atom to attract a bonding pair of electrons. 

The electronegativity of elements, in general: 

• decreases down a group of the Periodic Table, that is, from top to bottom  

• increases from left to right across a period. 

This is demonstrated in the following section of the Periodic Table (fig A). 

 

DISTRIBUTION OF ELECTRON DENSITY 

If two atoms of the same element are bonded together by the overlap of atomic 

orbitals, the distribution of electron density between the two nuclei will be 

symmetrical. This is because the ability of each atom to attract the bonding pair 

of electrons is identical. 

The diagram in fig B is an electron density map for chlorine (Cl2): 

POLAR COVALENT BONDS 

However, if the two atoms bonded together are from elements that have 

different electronegativities, then the distribution of electron density will 

not be symmetrical about the two nuclei. This is shown in fig C by the 

electron density map for the hydrogen chloride (HCl) molecule. 
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CONTINUUM OF BONDING TYPE 

Polar covalent bonds can be thought of as being between two ideals of bonding types. These ideals are:  

• pure (100%) covalent 

• pure (100%) ionic. 

Consider a polar covalent bond as a covalent bond that has some degree of ionic character. 

 

If the electronegativity difference is large enough, then the main type of bonding is ionic. 

 

A very approximate measure of the degree of ionic bonding in a compound is given in table A. 

 

 

3B – 3 Bonding in discrete (simple) molecules  
DISCRETE MOLECULES 

A discrete (simple) molecule is an electrically neutral group of two or more atoms held together by covalent bonds. 

DOT-AND-CROSS DIAGRAMS 

Covalent and polar covalent bonding in discrete molecules can be shown by dot-and-cross diagrams. 

 

Fig A shows the example of hydrogen, H2. 

 

Further examples of dot-and-cross diagrams are shown in table A. 
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THE OCTET RULE 

You might read that in order to form a stable compound, the outer shell of each atom must have the same number 

of electrons as the outer shell of a noble gas. In most cases this will be eight electrons. This has led to a rule that is 

often referred to as the 'octet rule'. 

 

This is not always true, as you can see from the examples in table B. In each case, the outer shell of the central 

atom of the molecule does not contain eight electrons. 
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3B – 4 Dative covalent bonds  
DATIVE COVALENT BOND FORMATION 

A dative covalent bond is formed when an empty orbital of one atom overlaps with an orbital containing a non-

bonding pair (lone pair) of electrons of another atom. 

 

The bond is often represented by an arrow from the atom providing the pair of electrons, to the atom with the 

empty orbital. Below are three examples of dative covalent bonds. 
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Two AICI3, molecules bond together. One of the atomic orbitals of a chlorine atom of one AICI3, molecule that 

contains a lone pair overlaps with the empty orbital of the aluminium atom of a second AICI3, molecule. The same 

happens between the chlorine atom of the second molecule and the aluminium atom of the first molecule. 

One chlorine atom from each molecule acts as a bridge connecting the two molecules with dative covalent bonds. 

 

 
 

3C – 1 Shapes of molecules and ions  
ELECTRON PAIR REPULSION THEORY 

The electron pair repulsion (EPR) theory states that: 

• the shape of a molecule or ion is caused by repulsion between the pairs of electrons, both bond pairs and 

lone (non-bonding) pairs, that surround the central atom 

• the electron pairs arrange themselves around the central atom so that the repulsion between them is at a 

minimum 

• lone pair-lone pair repulsion > lone pair-bond pair repulsion > bond pair-bond pair repulsion. 

THE SHAPES OF MOLECULES AND IONS 

To obtain the shape of a molecule or ion it is first necessary to obtain the number of bond pairs and lone pairs of 

electrons around the central atom. 

 

The easiest way to do this is by drawing a dot-and-cross diagram. You can then apply the guidelines listed in table 

A. 
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MOLECULES WITH MULTIPLE BONDS 

To determine the shape of a molecule containing one or more multiple bonds, treat each multiple bond as if it 

contained only one pair of electrons. 

EXAMPLE 1. CARBON DIOXIDE, CO2 

The displayed formula for carbon dioxide is O=C=O. There are no lone pairs on the carbon atom. 
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3C – 2 Non – polar and polar molecules  
SHAPE AND POLARITY 

The drift of bonded electrons towards the more electronegative element (see Topic 3B.2) results in a separation of 

charge. This separation of charge is called a dipole. 

 

Each of the bonds in a molecule has its own dipole associated with it. The overall dipole of a molecule depends on 

its shape. Depending on the relative angles between the bonds, the individual dipoles can either reinforce one 

another or cancel out each other. 

 

• If the cancellation is complete, the resulting molecule will have no overall dipole and is said to be 'non-polar'. 

• If the dipoles reinforce one another, the molecule will possess an overall dipole and is said to be 'polar'. 

DIATOMIC MOLECULES 

Hydrogen and chlorine are examples of diatomic molecules that are non-polar. The two atoms in each molecule are 

the same and so have the same electronegativity. The distribution of electron density of the bonding electrons in 

either molecule is totally symmetrical (see Topic 3B.2). The bond in each is therefore non- polar, making the 

molecules non-polar. 

 

However, the bond in the hydrogen chloride molecule is polar because the electronegativity of chlorine (3.0) is 

greater than that of hydrogen (2.1). 
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3D – Metallic bonding  
THE NATURE OF METALLIC BONDING 

Metals typically have the following physical properties:  

• high melting temperatures 

• good electrical conductivity 

• good thermal conductivity  

• malleability 

• ductility. 

Any theory of the way that the atoms in a metal are bonded together 

must explain the above properties. 

Metals typically have one, two or three electrons in the outer shell of 

their atoms and have low ionisation energies.  

 

The electrical conductivity of a metal generally increases as the 

number of outer-shell electrons increases. 

 

Since electrical conductivity depends on the presence of mobile 

carriers of electric charge, we can build a picture of a metal as 

consisting of an array of atoms with at least some of their outer-shell 

electrons removed and free to move throughout the structure.  

 

The electrons are said to be delocalised since they are free to move throughout the structure and are not confined, 

i.e. localised, between any pair of cations. 

There are electrostatic forces of attraction between the cations and the delocalised electrons. This is known as 

metallic bonding. 

EXPLAINING THE PHYSICAL PROPERTIES OF METALS 
MELTING TEMPERATURE 

In order to melt a metal, it is necessary to partially overcome the forces of attraction between the cations and the 

delocalised electrons to such an extent that the cations are free to move around the structure. Metals have a giant 

lattice structure where many of these forces must be overcome. The energy required to do this is usually very large, 

so the melting temperatures are typically high. 

 

The number of delocalised electrons per cation plays a part in determining the melting temperature of a metal. 

• Group 1 metals have low melting temperatures. 

• Group 2 metals have higher melting temperatures. 

• Metals in the d-block typically have high melting temperatures because they have more delocalised electrons per 

cation. 

 

Another factor that affects the melting temperature is the charge-to-radius ratio of the cation. The greater the 

charge-to-radius ratio, the stronger the attraction for the delocalised electrons. Therefore, for two cations of the 

same charge, the smaller cation will attract the delocalised electrons more strongly. This is why, for example, the 

melting temperature of lithium is greater than that of sodium. 
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ELECTRICAL CONDUCTIVITY 

When a potential difference is applied across the ends of a metal, the delocalised electrons will be attracted to, and 

move towards, the positive terminal of the cell. This flow of electrons constitutes an electric current. 

THERMAL CONDUCTIVITY 

Two factors contribute to the ability of metals to transfer heat energy. 

1 The free-moving delocalised electrons pass kinetic energy along the metal. 

2 The cations are closely packed and pass kinetic energy from one cation to another. 

 

The conduction by the delocalised electrons is by far the more significant of the two factors. 

MALLEABILITY AND DUCTILITY 

Metals can be hammered or pressed into different shapes (malleability). They can also be drawn into a wire 

(ductility). Both of these properties depend on the ability of the delocalised electrons and the cations to move 

throughout the structure of the metal. 

When a stress is applied to a metal, the layers of cations may slide over one another (fig B). 

 

 

3E – 1 Introduction to sold lattices  
METALLIC LATTICES 

Metallic lattices are composed of a regular arrangement of positive metal ions (cations) surrounded by delocalised 

electrons. 

Substances that have a giant metallic lattice typically have the following properties: 

• high melting and boiling temperatures 

• good electrical conductivity 

• good thermal conductivity  

• malleability 

• ductility. 

We explained these properties in Topic 3D. 
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GIANT IONIC LATTICES 

Giant ionic lattices are composed of a regular arrangement of positive and negative ions. Substances that consist of 

giant ionic lattices typically have the following properties:  

•  fairly high melting temperatures 

• brittleness 

• poor electrical conductivity when solid but good when molten 

•  often soluble in water. 

We explained these properties in Topic 3D. 

GIANT COVALENT LATTICES 

Giant covalent lattices are sometimes called network covalent lattices. They consist of a giant network of atoms 

linked to each other by covalent bonds. 

Four of the most common giant covalent substances are:  

• diamond 

•graphite 

•graphene 

•silicon (IV) oxide (not discussed below). 
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GRAPHENE 

Graphene is pure carbon in the form of a very thin sheet, one atom thick (fig C). The carbon atoms are bonded in 

exactly the same way as in graphite and it can, therefore, be described as a one-atom thick layer of graphite. 

 

PHYSICAL PROPERTIES OF MOLECULAR SOLIDS 

Molecular solids will, in general, have low melting and boiling temperatures. In order to melt a molecular solid, it is 

not necessary to break the covalent bonds within the molecule (the intramolecular bonds); it is only necessary to 

overcome the intermolecular forces of attraction.  

 

Since intermolecular forces of attraction tend to be much weaker than covalent bonds, little energy is required to 

either break down the lattice structure of the solid and cause it to melt, or to separate the molecules and cause the 

liquid to boil and vaporise. 

 

Intermolecular forces tend to increase with both an increase in the number of electrons per molecule and also with 

increasing length of molecule. This means that a macromolecular solid such as poly(ethene) will have a much 

higher melting temperature than its monomer, ethene. 
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3E – 2 Structure and properties  

 

PREDICTING PHYSICAL PROPERTIES 

The physical properties of a substance are determined by the type of bonding and structure it has. 

Fig A allows you to determine the type of bonding and structure in a substance by considering some of its 

properties. 
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Revision questions 
1. This question is about covalent bonds. State what is meant by the term covalent bond. 

 

2. This question is about aluminium chloride. Aluminium chloride exists as a dimer, Al2Cl6, just above its boiling 

temperature.  

 

(i) Draw a diagram to show how two AlCl3 molecules are joined together in the dimer. 

ii) State the type of bond that joins the two AlCl3 molecules together. 

 

3. State what is meant by the term electronegativity and hence explain the polarity, if any, of the bonds in chlorine 

trifluoride, ClF3. 

 

4. 
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5. This is a question about water. Explain why both water and carbon dioxide molecules have polar bonds but only 

water is a polar molecule. 

 

6. 

 
 

7. This question is about crystalline solids. Iodine and diamond are crystalline solids at room temperature. Explain 

why diamond has a much higher melting temperature than iodine. 

 

8. This question is about the thermal stability of Group 1 and Group 2 nitrates and carbonates. Calcium carbonate is 

thermally decomposed during the manufacture of cement.  

 

(i) Write an equation, including state symbols, for the thermal decomposition of calcium carbonate.  

 

(ii) Name all the types of bond present in calcium carbonate.  

 

(iii) Give a reason, in terms of the bonding, why a high decomposition temperature is required.  

 

9. Boron and aluminium are in the same group of the Periodic Table. Both form compounds with chlorine and with 

fluorine.  

 

Aluminium fluoride and aluminium chloride are both crystalline solids at room temperature. Aluminium fluoride 

sublimes to form a gas at 1291°C (1564 K), whilst aluminium chloride sublimes at 178°C (451 K). Use the Pauling 

electronegativity values in the Data Booklet to explain these differences in sublimation temperature. 


