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Chemical bonding and properties of molecules

This chapter assumes knowledge of atomic structure.

Chemical bonding properties
Most elements do not consist of isolated atoms but are made up of atoms held together by chemical bonds. 
A bond is an electrostatic force of attraction between positively and negatively charged species. There are 
three general ways that atoms are bonded – ionic bonding, covalent bonding and metallic bonding.

Ionic bonding
When electrons are transferred between atoms, electrically charged particles called ions are formed. The 
force of attraction between positive ions (cations) and negative ions (anions) is called an ionic bond. 
Monatomic cations (having only one atom) form from metal atoms, and monatomic anions are formed 
from non-metal atoms.

Covalent bonding
When electrons are shared between two atoms, a covalent bond is formed. The bonding electrons ‘belong’ 
to both atoms at the same time. Covalent bonds form between the atoms of non-metals.

Metallic bonding
In metals, each atom is bonded to all neighbouring atoms by the electrostatic attraction between the 
loosely-held valence electrons and the positive metal ions (cations) that form when the valence electrons 
move away from the metal atom.

Lewis structures and shapes of molecules
Lewis structures (also called electron dot diagrams) can be used to represent the arrangement of 
electrons in species that contain covalent bonds.

A Lewis structure only shows the valence electrons, as these are the only ones involved in bonding. A Lewis 
structure must account for all the valence electrons of all the atoms in the molecule or ion.

bonding electrons

+
covalent
bondingClCl Cl Cl or Cl — Cl

non-bonding electron pair

The shared electrons are called bonding electrons. The electrons not involved in bonding are called 
non-bonding electrons or lone pairs of electrons. Shared electrons are usually represented by a line; 
e.g. chlorine, Cl2 , is Cl–Cl



Polar covalent bonds
A polar covalent bond forms when electrons are shared unequally between atoms. The shared electrons are 
more attracted to (and thus found closer to) one atom than the other. Polar covalent bonds are formed 
between non-metal atoms with different electronegativities.

The atom that has the greater attraction for the bonding 
pair(s) is said to be more electronegative than the other 
atom.

• Electrons are found closer to the more electronegative 
atom – this atom will have a slightly negative charge 
(shown by –). 

• The less electronegative atom will have the electrons 
drawn away from it – this atom will have a slightly 
positive charge (shown by +).

This charge separation across the bond is called a dipole. 
A polar bond has a bond dipole, or dipole moment.

Example: Hydrogen chloride
The Cl atom is more electronegative than 
the H atom.

ClH

– bonding electrons 
nearer to the 
chlorine nucleus,
resulting in a 
slight build-up 
of negative charge

The polar bond may be represented as 
+ –

H – Cl

Shapes of molecules
The shape of a molecule is determined by the arrangement of electrons around the central atom. Electrons 
can exist in bonding electron pairs – these pairs of electrons can make up single (one electron pair), double 
(two electron pairs) or triple (three electron pairs) bonds; electrons can also exist as non-bonding electron 
pairs, sometimes known as lone electron pairs.

The groups of electrons pairs in single or multiple bonds or in non-bonding electron pairs on each atom in 
a molecule will take the shape which minimises repulsion between the groups of electrons. The repulsion 
between groups of electron pairs gives rise to three-dimensional molecular shapes.

• If there are four groups of electron pairs around 
the central atom, these repel each other to give a 
tetrahedral shape. The bond angle in a tetrahedron 
is 109°.

109°

• If there are three groups of electron pairs around 
the central atom, these repel each other to give a 
trigonal planar shape. The bond angle will be 120°.

120°

• If there are two groups of electron pairs around the 
central atom, these repel each other to give a linear 
shape. The bond angle is 180°. 180°

For drawing 3-D structures, the following conventions are used:

• X ––– Y both atoms in the plane of the page

• X  Y X in the plane of the page, Y is pointing ‘out’ (in front of the page)

• X  Y X in the plane of the page, Y is pointing ‘into’ the page (behind the page).

To determine the shape of a molecule
Step 1: Draw the Lewis structure of the molecule.

Step 2:  Determine the number of groups of electrons around the central atom and identify their 
geometrical arrangement. 

Step 3:  Determine the number of bonded groups of electrons and describe the resulting molecular shape.
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The total number of groups of bonded electron pairs and non-bonded electron pairs is used to determine 
the overall shape.

Number of regions 
of electrons around 

the central atom

Geometry of regions 
of electrons around 

the central atom

Number of 
bonded electron 

regions
Molecular shape Example

2 linear 2 linear CO2

3 trigonal planar
3 trigonal planar SO3

2 bent (120°) SO2

4 tetrahedral
4 tetrahedral CH4

3 trigonal pyramidal NH3

2 bent (109°) H2O

Example: The shape of a molecule of water

Step 1: Lewis structure of water.

Step 2:  There are four electron groups around the 
oxygen atom, giving a tetrahedral geometry 
when the electron groups repel each other as 
far as possible.

O
H

H

Step 3:  There are 2 bonded electron groups – 
molecular shape is bent or V-shaped, with an 
angle close to 109°.

O
HH

Polarity of molecules
Polar molecules
Polar molecules have an uneven charge distribution over the 
whole molecule (when it is considered three-dimensionally). 
Polar molecules contain polar bonds. The uneven charge 
distribution occurs when the symmetry of the molecule 
or the arrangement of the bonds around the central atom 
means the bond dipoles do not cancel each other out. As a 
result, part of the molecule is slightly negative, part is slightly 
positive – a molecular dipole exists.

Example
Water contains polar 
bonds, with oxygen atoms 
being more electronegative 
than hydrogen atoms. When the molecule 
is considered three-dimensionally, it has an 
uneven charge distribution; since the bond 
dipoles are unevenly arranged, they do not 
cancel. Therefore, the molecule is polar.

Non-polar molecules
When the charge distribution over the whole molecule is even, the molecule is non-polar. This occurs for 
tetrahedral, trigonal planar and linear molecules for which all the bond dipoles in the molecule are identical.

Examples
1.  The bond between the chlorine atoms in a chlorine molecule, Cl2, is non-polar – the charge 

distribution over the whole molecule is even, so the molecule is non-polar.

2.  Tetrachloromethane, CCl4, contains polar bonds (each C–Cl bond is polar), 
but when the whole molecule is considered in three dimensions, the charge 
distribution is even – the polarities of the bonds cancel each other. The molecule 
is therefore non-polar. This occurs because the polar bonds are evenly arranged 
around the central atom, so the symmetry of the molecule means the dipole 
moments cancel each other out.

Other non-polar molecules include: oxygen, O2 ; cyclohexane, C6H12 ; hexane, C6H14 ; nitrogen, N2 ; 
hydrogen, H2

non-bonded electron pair

bonding electron pair

H O H

O
HH+ +

–

C
Cl

Cl

Cl

Cl
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 Questions: Chemical bonding and molecular properties

 Question One 
a. Draw the Lewis structure for each of the following molecules and name their shapes.

Molecule CS2 NOCl CH2F2

Lewis structure

Name of shape

b. CH2O and NF3 have the same number of atoms in their formulae, but have different shapes and bond 
angles.

Molecule CH2O NF3

Lewis structure C
HH

O

F

FF N

Shape Trigonal planar Trigonal pyramid

Bond angle 120° 109.5°

 Justify the shapes and bond angles of CH2O and NF3.

 Year 2020 
Ans. p. 125
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Naming alkanes
Straight-chain alkanes
Ending (suffi x) is ane.

Beginning of name (prefi x) depends 
on the number of carbons.

Number of carbons Prefi x Alkane name

1 meth methane

2 eth ethane

3 prop propane

4 but butane

5 pent pentane

6 hex hexane

7 hept heptane

8 oct octane

The molecular formula shows the identity and number of atoms in the molecule (e.g. molecular formula 
for propane is C3H8).

The structural formula (also known as constitutional formula) 
represents how the atoms in a molecule are arranged, e.g. 
structural formula for propane (shown alongside).

The ‘stick’ between the carbon and the hydrogen represents a 
shared pair of electrons (i.e. a single covalent bond).

 H H H 

H — C — C — C — H

 H H H

For convenience, a condensed structural formula is mostly used, e.g. CH3CH2CH3

Branched-chain alkanes
Alkanes with more than 3 carbon atoms can also have a branched-chain molecular structure.

Branched chains are called alkyl groups, e.g. methyl, CH3– ; ethyl, CH3CH2–. Other alkyl groups are named 
accordingly, e.g. propyl, butyl, etc.

When naming branched-chain 
molecules, a number is used to indicate 
the position of the branch on the longest 
carbon chain in the molecule. The parent 
chain is numbered to give the lowest 
possible number for the branch.

Example 
 H H H H H

H — C — C — C — C — C — H

 H  H H H
    CH3

 1  2  3  4  5

Longest chain of carbon 
atoms is 5, so pentane. The 
methyl group (methyl) is 
attached to carbon number 
2 (2-methyl) of the 5-C 
chain (pentane).

      2-methylpentane

For identical branches:

• di if there are 2 branches the same

• tri if there are 3 branches the same

• tetra if there are 4 branches the same.

A comma is placed between numbers.

Example
 H H H H H

H — C — C — C — C — C — H

     CH3      CH3

 1  2  3  4  5

H H

There are two (di) methyl 
groups attached at positions 
2 and 4 (2,4-dimethyl) of 
the 5-C chain (pentane).

   2,4-dimethylpentane

Naming alkenes
Ending (suffi x) is ene.

The beginning of the name (prefi x) depends on the 
number of carbons (as for alkanes); e.g.

H H

 C == C

H  H

  is ethene

If there are four or more carbon atoms in the chain, the position of the double bond must be included in 
the name.
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Questions: Organic reactions and structures

  Question One
a. Complete the following table.

Compound IUPAC (systematic name)

butan-2-amine

CH3 — CH2 — CH2 — CH — CH3

CH3 — C  CH — CH2 — CH2 — CH3

iodoethane

b. Classify the alcohol in the table above as primary, secondary, or tertiary, and explain your choice.

 Year 2020 
Ans. p. 131

OH

CH3
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c. Depending upon the conditions in which it is used, sulfuric acid, H2SO4, can enable the two reactions 
below to occur.

 alcohol  alkene

 alkene  alcohol

 i.  In the boxes below, draw the structural formula for a molecule containing two carbon atoms that 
could be used in the reactions above.

Alcohol Alkene

 ii.  Elaborate on how sulfuric acid is used in the conversion of both an alcohol to an alkene, and an 
alkene to an alcohol.

  In your answer you should:

  • state the conditions required for each reaction

  • state the type of reaction occurring in each case, and justify your choices.
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For solutions, 
using a more 
concentrated 
solution will 
increase the rate 
of reaction.

Concentrated acidDilute acid

H
+
 ions

magnesium
metal

Few H+ ions in a 
given volume of 
solution, so few 
collisions occur 
between H+ and Mg.

More H+ ions in the 
solution, so more 
collisions occur 
between H+ and Mg. 
Reaction is faster than 
in more dilute acid.

For gases, 
increasing the 
pressure or 
introducing more 
of the reactant gas 
into the container 
will increase 
concentration of 
gases.

gas jar

Sulfur burning in air Sulfur burning in oxygen

sulfur
burning

deflagrating spoon

nitrogen

oxygen
In pure oxygen, all 
particles colliding 
with the sulfur are 
oxygen molecules.
Reaction is faster 
than in air.

In air, only one in 
five particles 
colliding with 
sulfur is an 
oxygen molecule.

Surface area
Increasing the surface area means exposing a greater part of one reactant to the other reactant, e.g. using 
a powder instead of a lump. Because there is an increase in the surface area exposed, the frequency of 
collisions increases and hence the rate of reaction increases. Stirring and shaking can expose the surface of 
reactants. This also increases the frequency of collisions.

Lump of calcium
carbonate

2 g lump of calcium
carbonate, fewer
particles exposed to H+.

Powdered calcium
carbonate

2 g of powdered calcium
carbonate, more particles
exposed to H+.
Reaction is faster when
reactant is powdered.

CaCO3

particles
exposed to H+

CaCO3 particles
not exposed to

H+

H+ ions

Temperature
Temperature is a measure of the average kinetic energy of particles. At higher temperatures, the collisions 
are more energetic (effective) and since more reacting particles will have greater energy than the activation 
energy, the reaction is faster. If temperature is increased, particles also move faster and there is more chance 
of collisions. As a result, the frequency of collisions increases and hence the rate of reaction increases.

Catalyst 

2H2O2

2H2O + O2

H = –189 kJ

EA for uncatalysed 
reaction = 75 kJ

Reaction proceeds

reactant
Energy

products

EA for catalysed 
reaction = 50 kJ

A catalyst can speed up a reaction. A catalyst increases 
the rate of reaction by lowering the activation energy for 
the reaction. This means that collisions are more effective 
as more particles have suffi cient energy to react. A catalyst 
is not used up by a reaction and does not change the 
products formed. It provides an alternative pathway 
for the reaction. Biological catalysts are proteins called 
enzymes (e.g. amylase in the mouth is involved in 
digestion, breaking starch down into glucose).
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Questions: Rates of reactions

  Question One
When oxalic acid solution, H2C2O4(aq), reacts with purple acidifi ed 
potassium permanganate solution, H+ / MnO4

–(aq), the purple colour 
fades and the reaction is complete when the mixture turns colourless.

The picture shows the colour changes after 45 seconds for three 
different temperatures.

a. Explain how the rate of reaction for this experiment is affected by 
the temperature at which the reaction occurs.

 In your answer refer to the information in the picture, collision 
theory, and activation energy.

 Year 2020 
Ans. p. 136

20 °C 40 °C 60 °C

Colour change after 45 seconds
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b. Three solutions of hydrochloric acid labelled A, B and C have the concentrations given in the table below.

Solution Concentration / mol L–1

A 1.29

B 0.0158

C 0.00115

 2.0 g of powdered calcium carbonate, CaCO3(s), is added to each of the three solutions, A, B, and C, 
above. The volume of acid in each solution is the same.

 Identify which solution would have the highest rate of reaction with CaCO3(s).

 Explain your answer, with reference to collision theory.
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 Achievement Standard 91164 (Chemistry 2.4):
Demonstrate understanding of bonding, 
structure, properties and energy changes

2.4 Chemical bonding and molecular 
properties

 Question One

a. Molecule CS2 NOCl CH2F2

Lewis 
structure CS S

ON Cl

or

NO Cl

CH F

F

H

Name of 
shape Linear Bent Tetrahedral

b. CH2O molecules have 3 electron clouds / regions of electron 
density around the central C atom. To minimise repulsion, 
these arrange as far apart as possible by taking a trigonal 
planar arrangement shape, with an angle between the clouds 
of around 120°. Since all 3 of the electron regions are bonds, 
the shape of the molecule is also trigonal planar.

  NF3 molecules have 4 electron clouds / regions of electron 
density around the central N atom. To minimise repulsion, 
these arrange as far apart as possible by taking a tetrahedral
arrangement, with the angle between the clouds of around 
109.5°. Since there are only 3 bonding regions of electrons 
(and 1 lone pair), the shape of the molecule is a trigonal 
pyramid, with a bond angle of approximately 109.5°.

c. i. Polar: Bent.     Non-polar: Linear.

 ii  Since X and Z have different electronegativity, the X–Z 
bonds will be polar (i.e. they have bond dipole / an 
uneven distribution of charge density along the bond). 

   In a linear arrangement, the polarity of the bonds / the 
bond dipoles will cancel, since the bonds are arranged 
evenly around the central atom / the arrangement of the 
bonds is symmetrical. Hence, the molecule will be non-
polar.

   In a bent arrangement the polarity of the bonds / the 
bond dipoles do not cancel out, since the bonds are not 
evenly / asymmetrically arranged around the central 
atom. Hence, the molecule will be polar.

(A – some of: correct Lewis structures, correct shapes, recognises shape is related to regions of 
electrons on the central atom, describes polarity in relation to electronegativity; M – links shape 
/ angle to number of electron clouds or links bond polarity to electronegativity and polarity of 
molecules to polarity of bonds and shape of molecule; E – full explanations for shape and polarity)
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 Question Two

a. i. Molecule CH4 NCl3 OF2

Lewis 
structure

CH H

H

H
N

Cl

Cl Cl O
F F

Name of 
shape

Tetrahedral
Trigonal 
pyramid

Bent

 ii.  Each molecule has four electron clouds / regions of 
electron density around the central atom. To minimise 
repulsion, these take a tetrahedral shape, with an angle 
between the clouds of around 109.5°. Hence, although 
there are different numbers of bonds, the arrangement 
of the total number of regions of electron density around 
the central atom (bonding and non-bonding) will 
determine the bond angle.

   In CH4 all the regions of electrons are bonding, so 
the shape will be tetrahedral. However, for NCl3 there 
are only 3 bonding regions (and 1 lone pair), so the 
observed shape is a trigonal pyramid. In OF2 there are 
2 bonding regions (and 2 lone pairs), so the observed 
shape is bent.

b. i. CHCl3 is polar. NH3 is polar.

 ii.  For CHCl3, the molecules have a tetrahedral arrangement 
of the bonds around the central atom. However, all the 
bonded atoms are not the same, with the H and the 
Cl atoms having different electronegativities. Since the 
Cl atoms are more electronegative than the H atoms, 
they will attract the bonded atoms to a greater extent, 
causing the C–Cl bonds to be more polar than the C–H 
bond. (This means that the electron density in the C–H 
bond lies closer to the C atom than the electron density 
in the C–Cl bonds.) Hence, the electron density around 
the central C atom is not evenly spread / the bond 
dipoles do not cancel and the molecule is polar. (The 
molecule will be more negative near the Cl atoms ( –), 
leaving it more positive close to the H atom ( +) (i.e. the 
molecule is polar).)

   For NH3, the N–H bonds are polar, since the atoms N and 
H have different electronegativities. However, the shape of 
the molecule is a trigonal pyramid, so the bond polarities 
do not cancel (the polar bonds are not evenly arranged 
around the central atom). Hence, the molecule is polar.

(A – some of: correct Lewis structures, correct shapes, recognises shape is related to regions of 
electrons on the central atom, describes polarity in relation to electronegativity; M – links shape 
/ angle to number of electron clouds or links bond polarity to electronegativity and polarity of 
molecules, different polarity of bonds; E – full explanations for shape and polarity)

p. 7
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 Question Three
a. Molecule H2S NH3 BF3

Lewis 
structure

SH H
NH H

H
B

F F

F

Name of 
shape

Bent or 
V-shaped

Trigonal 
pyramid

Trigonal 
planar

Approximate 
bond angle 
around the 
central atom

109.5° 109.5° 120°

b. NH3 has 4 electron clouds/regions of electron density around the 
central atom. To minimise repulsion, these take a tetrahedral
shape with the angle between the electron clouds of around 
109.5°. There are only 3 bonds, so the shape observed will be 
a trigonal pyramid with an angle of approximately 109.5°.

  BF3 has 3 electron clouds/regions of electrons around the 
central B atom. To minimise repulsion, these will take a 
trigonal planar arrangement, with the angle between the 
electron clouds being 120°. Since all the electron clouds are 
bonds, the shape of the molecules is trigonal planar.

  Although both molecules have 3 bonds to the central atom, 
the ammonia molecule has 4 regions of electrons and the 
boron trifl uoride has only 3 regions of electrons so the 
electron geometry around the central atom is different.

c. In CO2 molecules, the bonds are polar since the 
electronegativity of the bonded atoms, C and O, are different. 
Since the shape of the molecule is linear, the polarity of the 
bonds is cancelled (as they are equal and opposite).

  In HCN, the polarities of the C–H and the C–N bonds are 
different – the electron density in the C–N bond is more 
strongly attracted to the more electronegative N atom. This 
causes a charge separation across the molecule and so the 
molecule will be polar.

 Or : The polarity of the C–N bond is greater than that of the 
C–H bond as the N atom is more electronegative than the 
H atom. Hence, the polarity of the bonds do not cancel, 
causing a dipole and hence a polar molecule.

(A – some of correct Lewis structures, correct shapes, recognises shape is related to regions of 
electrons on the central atom, describes polarity in relation to electronegativity; M – links shape/
angle to number of electron clouds or links bond polarity to electronegativity and polarity of 
molecules; E – full explanations for shape and polarity)

 Question Four

a. i. Molecule HOCl COCl2 NF3

Lewis 
structure

OH Cl

O

C

Cl Cl

NF F

F

Name of 
shape

Bent or 
V-shaped

Trigonal 
planar

Trigonal 
pyramid

Approximate 
bond angle 
around the 
central atom

109.5°  120° 109.5°

 ii.  Shape and bond angle are determined by the number 
of electron clouds / regions of electron density on the 
central atom. These are arranged as far apart as possible to 
minimise repulsion between the electron clouds. HOCl – 
central atom, O, has 4 electron clouds / regions of electron 
density around the central O atom. These take a tetrahedral
shape with the angle between the electron clouds of around 
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109.5°. There are only 2 bonds, so the shape observed will 
be bent or V-shaped with an angle of approximately 109.5°.

   COCl2 has 3 electron clouds / regions of electrons on 
the central C atom. These will take a trigonal planar 
arrangement with the angle between the electron 
clouds being 120°. Since all the electron regions on the 
central atom are bonds, the shape of the molecule is also 
trigonal planar.

b. i. Dichloromethane – polar.

  Tetrachloromethane – non-polar.

ii.  CH2Cl2 has two different bonds – i.e. C–Cl and C–H. Each 
bond will be polar, since there are different atoms present; 
however, the C–Cl bond will be more polar since the 
Cl atom has greater electronegativity than the H atom. 
This means that the Cl atom will attract the electrons in 
the C–Cl bond to a greater extent than the H atom in the 
C–H bond will. Hence the charge separation / bond dipole 
in the C–Cl bond is greater than for the C–H bond. The 
bonds are evenly distributed around the C atom, but the 
different polarities mean that the electron density is not 
evenly spread around the C atom, the bond polarities / 
dipoles do not cancel and the molecule is polar.

   In CCl4, all the bonds are polar since the electronegativity 
of the C and Cl atoms is different. Since all the bonds are 
identical and the shape is tetrahedral, the polar bonds 
are evenly spread and the dipoles / bond polarities will 
cancel. Hence the molecule is non-polar.

(A – some of: correct Lewis structures, correct shapes, recognises shape is related to regions of 
electrons on the central atom, polarity of bonds or molecules; M – links shape/angle to number of 
electron clouds or links bond polarity to electronegativity or polarity of molecules to their shape; 
E – full explanations for bond angles and polarity)

 Question Five

a. i. Molecule H2O CS2 PH3

Lewis 
structure

OH H CS S
H

H—P—H

Name of 
shape

Bent Linear
Trigonal 
pyramid

Approximate 
bond angle 
around the 
central atom

109.5° 180° 109.5°

 ii.  PH3 and H2O: both have 4 electron clouds/regions 
of electron density on the central atom. To minimise 
repulsion, the electron clouds / regions of electron density 
take a tetrahedral shape with an angle of around 109.5°.

   In H2O, there are 2 bonds with an angle of approximately 
109.5°, so the shape observed will be bent.

   In PH3 there are 3 bonds with a bond angle of 
approximately 109.5°, so the shape observed 
is a trigonal pyramid.

   CS2 has 2 electron clouds / regions of electrons around 
the central C atom. To minimise repulsion, the electron 
clouds / regions of electron density will take a linear 
arrangement with an angle of 180°. Since all the electron 
regions on the central atom are bonds, the shape of the 
molecule is also linear with an angle of 180°.

b.  Ammonia has a trigonal pyramid shape (see explanation for 
PH3 in a. ii.). Borane has a trigonal planar shape since there 
are three regions of electrons all of which are bonding. (These 
regions of electrons take a trigonal planar shape in order to 
minimise repulsion.)

p. 12
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