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4.1 Lattice enthalpy

In this topic, the lattice enthalpy of simple ionic compounds will be considered based 
on a Born-Haber cycle. Enthalpy of solution will also be examined. 

Mathematical content
Calculation of missing values from a Born-Haber cycle using algebraic expressions will 
be expected.

Learning outcomes
• define and understand the term lattice enthalpy;

• construct Born-Haber cycles and carry out associated calculations, such as the 
halides and oxides of Groups I and II; and

• define and understand the enthalpy changes associated with the dissolving of ionic 
compounds in water, and carry out associated calculations.
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Born-Haber cycles enthalpy changes
Born–Haber cycles are energy cycles based on Hess’s law. They were named after 
and developed by the two German scientists Max Born and Fritz Haber. The cycle is 
concerned with the formation of an ionic compound often from the reaction of a metal 
with a halogen. Born Haber cycles give an insight into the theoretical energy changes 
associated with the formation of ionic solids. They also provide a means of calculating 
lattice enthalpies as these cannot be determined directly by experiment. 

To draw a Born-Haber cycle you must recall and understand the definitions for the 
following and be able to write equations including state symbols.
 
Enthalpy of atomisation (ΔaH°) is the enthalpy change when one mole of gaseous 
atoms is formed from the element in its standard state.

e.g. Na(s) → Na(g)
 Ca(s) → Ca(g)
 Mg(s)  → Mg(g) 

For metals, metallic bonding is broken. 

By definition, enthalpy of atomisation produces one mole of gaseous atoms, hence for 
diatomic elements the equation to represent this must produce one mole, so ½X2 is 
used where ½X2 represents half a mole of the diatomic element. 

e.g. ½Cl2(g)   →   Cl(g)
 ½O2(g)   →   O(g)

Bond enthalpy/Bond dissociation enthalpy is the energy needed to break one 
mole of a specific bond.

e.g.  Cl2(g)   →   2Cl(g) 

The bond dissociation enthalpy for chlorine is +242 kJ mol-1 and this means that 
242 kJ of energy are required to convert 1 mol of chlorine molecules (containing 
1 mole of the covalent bond) into 2 mol of gaseous chlorine atoms. The bond 
dissociation enthalpy for iodine is +152 kJ mol-1, it is lower than the value for 
chlorine as iodine has a lower bond enthalpy. Bond dissociation enthalpy is always 
endothermic as it is for breaking the bond.

Bond dissociation enthalpy is twice the enthalpy of atomisation for diatomic 
elements.

Cl2(g)   →   2Cl(g)  bond dissociation of chlorine = +242 kJ mol-1

½Cl2(g)   →   Cl(g) atomisation enthalpy of chlorine = +121 kJ mol-1

Enthalpy of atomisation of chlorine = ½ × bond dissociation enthalpy of chlorine
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Tip
The value for the bond dissociation enthalpy for the diatomic molecules is twice the value 
for the enthalpy of atomisation of these elements. This is important in deciding what value 
to use in a Born-Haber cycle.

First ionisation energy - this is the energy required to convert one mole of gaseous 
atoms into gaseous ions with a single positive charge.

e.g.  Na(g)   →   Na+(g) + e-

For the formation of X2+ ions, second ionisation energy is also required.

Second ionisation energy - this is the energy required to convert one mole of gaseous 
ions with a single positive charge into gaseous ions with a double positive charge.

e.g. Mg+(g)   →   Mg2+(g) + e-

Tip
The change Ca(g) to Ca2+(g) represents a total of the first and second ionisation enthalpies.

The first ionisation enthalpy of calcium is +590 kJ mol-1. The second ionisation enthalpy of 
calcium is +1150 kJ mol-1. 
The change in enthalpy required for Ca(g)   →   Ca2+(g) + 2e- is +590+1150 = +1740 kJ mol-1.

First electron affinity – this is the enthalpy change when one mole of gaseous atoms 
is converted into gaseous ions with a single negative charge.

e.g. Cl(g) + e-   →   Cl-(g)

Note that 2Cl(g) + 2e-   →   2Cl-(g) is 2 x first electron affinity of chlorine.

For the formation of ions X2- the second electron affinity values must be considered. 

Second electron affinity – this is the enthalpy change when one mole of gaseous ions 
with a single negative charge is converted into gaseous ions with a double negative charge.

These values are positive since an electron is being gained by a species that is already 
negatively charged O-(g) + e-   →   O2-(g), and there is repulsion.

Lattice enthalpy – the enthalpy change when one mole of an ionic compound is 
converted to gaseous ions.

e.g. NaCl(s)   →   Na+(g) + Cl-(g)     lattice enthalpy =  +776 kJ mol-1
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This is an endothermic reaction since energy is needed to overcome the attractive 
forces between the ions and separate them. Ionic compounds are generally solids. 

Note that the enthalpy change for Na+(g) + Cl-(g)   →   NaCl(s) is the reverse of the 
lattice enthalpy for sodium chloride and its value is -776 kJ mol-1

Values for the lattice enthalpies for the calcium halides, in kJ mol-1 are shown in the 
table below.

They decrease as Group 7 is descended. This is because the size of the halide ion 
increases and there is less attraction between the ions. 

Standard Enthalpy of formation (ΔfH°) is the enthalpy change when one mole of a 
compound is formed from its elements under standard conditions. 

e.g. Na(s) + ½Cl2(g)   →   NaCl(s)

Tip
Remember that ΔH represents an enthalpy change. Standard conditions are 
represented by the symbol ° which is used after ΔH to indicate that an enthalpy 
changes occurs at 298 K, 100 kPa pressure, all solutions of concentration 1 mol dm-3 
and all substances are present in their standard states. 

CaF2 CaCl2 CaBr2 CaI2

+2630 +2258 +2176 +2074
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Test yourself 4.1.1
Write equations including state symbols for the process that has an enthalpy change 
equal to the following processes:
1: (a) first ionisation energy of magnesium
 (b) first electron affinity of bromine 
 (c) lattice enthalpy of MgBr2
 (d) second ionisation energy of calcium
 (e) atomisation enthalpy of calcium
 (f) bond dissociation enthalpy of fluorine
 (g) first electron affinity of iodine
 (h) 2 x first electron affinity of chlorine

2: Name the enthalpy changes represented by the following equations:
 (a) Ba+(g)   →   Ba2+(g) + e-
 (b) Li(s)   →   Li(g)
 (c) Cl(g) + e-   →   Cl-(g)
 (d) K(s) + ½F2(g)   →   KF(s)
 (e) MgCl2(s)   →   Mg2+(g)  +  2Cl-(g)   
 (f)  F2(g)   →   2F(g)
 (g)  ½Cl2(g)   →   Cl(g) 

Born-Haber cycles
Lattice energy cannot be found by experiment and so is calculated using a Born Haber 
cycle using other quantities which can be found experimentally.

In the simple cycle below ΔH represents all the enthalpy changes needed to change 
Na(s) to Na+(g) and ½Cl2(g) to Cl-(g); this includes enthalpy of atomisation of sodium 
and chlorine, first ionisation energy of sodium and first electron affinity of chlorine. 

Na(s)   +   ½Cl2   →   Na+(g)   +   Cl-(g)

NaCl(s)

ΔH = enthalpy of formation + lattice enthalpy

A Born-Haber cycle includes all of the enthalpy changes. The Born-Haber cycle for 
sodium chloride is shown. Look carefully at it and consider the points below, to aid you 
in drawing the cycle.

ΔH

enthalpy of formation lattice enthalpy
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Born-Haber cycle for a Group I halide
Start your cycle with the elements in their standard states – this is often called the 
zero line. For sodium chloride (NaCl), Na(s) and ½Cl2(g) are written on the line – if it was 
a cycle for calcium chloride (CaCl2) then the elements used would be Ca(s) and Cl2(g). 

Immediately below this draw in a line and write in the formula for the ionic solid 
(e.g. NaCl(s)); this change, moving from elements in their standard states to one mole 
of the ionic solid should be labelled as the enthalpy of formation. It is exothermic.

It is then often useful to insert the following steps in order:

• atomise the metal – Enthalpy of atomisation of the metal

• ionise the metal – Ionisation energy (1st or 1st and 2nd) of the metal

• atomise the non-metal – Enthalpy of atomisation 

• ionise the non-metal – Electron affinity (exothermic)

• lattice enthalpy of the ionic solid

A Born-Haber cycle for sodium chloride, with each energy value (in kJ mol-1) inserted, 
is shown;

Na+(g)  +  Cl(g)  +  e-

Enthalpy of atomisation of chlorine

Na+(g)  +  ½Cl2(g)  +  e- 

Na(g)  +  ½Cl2(g) Na(g)  +  ½Cl2(g) 

Na(s)  +  ½Cl2(g) 

NaCl(s)

First ionisation energy of sodium

Enthalpy of atomisation of sodium

Enthalpy of formation of 
sodium chloride

Lattice enthalpy 
of sodium chloride

Na+(g)  +  Cl-(g)

+121

+500

+108

-411

-364

First electron affinity of chlorine



CHEMISTRY

pg 8

Lattice enthalpy

The cycle is not to scale but any route around the cycle will give the same energy 
change. Note that arrows going up represent endothermic processes and arrows going 
down represent exothermic processes. You must take into account the direction of the 
arrows, if the direction is reversed then the negative of the values must be taken.

Lattice enthalpy = +411 +108 +500 +121 -364 = +776 kJ mol-1 

Born-Haber cycles for metals in Group II with a +2 oxidation state are more complex; 
an extra enthalpy change must be included – second ionisation energy.

Born-Haber cycle for a Group II halide
Draw a Born-Haber for magnesium chloride and use the enthalpy values in the table 
below to calculate the value for the first electron affinity of chlorine.

Remember when drawing the cycle for a Group 2 halide that the standard atomisation 
enthalpy of the non-metal is multiplied by two as there are two chlorine atoms 
required.
 
The first electron affinity is also multiplied by two, as two chloride ions are needed for 
MgCl2.
 

Enthalpy change Value in kJ mol-1

Enthalpy of formation of magnesium chloride -642

Enthalpy of atomisation of magnesium +150

First ionisation energy of magnesium +736

Second ionisation energy of magnesium +1450

Enthalpy of atomisation of chlorine +121

Lattice enthalpy of magnesium chloride +2492
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Tip
When drawing a Born-Haber cycle for a Group 2 halide, look carefully at the 
information supplied. If the bond dissociation of the halogen is given X2(g)   →   2X(g)  
then use this value, as for a Group 2 halide two halogen atoms are required. However, 
if the enthalpy of atomisation of the halogen is given ½X2(g)   →   X(g) then this value 
must be multiplied by two.

Mg2+(g)  +  2Cl(g)  +  2e-

2 × Enthalpy of atomisation 
of chlorine

Second ionisation energy 
of magnesium

Enthalpy of atomisation 
of magnesium

Enthalpy of formation 
of magnesium chloride

First ionisation energy 
of magnesium

Lattice enthalpy of 
magnesium chloride

Mg2+(g)  +  Cl2(g)  +  2e- 

Mg+(g)  +  Cl2(g)  +  e-  

Mg(s)  +  Cl2(g)  

Mg(g)  +  Cl2(g)  +2492

2 × First electron affinity 
of chlorine

Mg2+(g)  +  2Cl-(g)

2 × +121

+1450

+150

-642

+736

MgCl2(s)  

2 x first electron affinity = – (2 x enthalpy of atomisation of chlorine) – (second 
ionisation energy of Mg) – (first ionisation energy of Mg) – (enthalpy of atomisation 
of magnesium) + (enthalpy of formation of MgCl2) + (lattice enthalpy of magnesium 
chloride)

2 × first electron affinity = – (2 x 121) – (1450) – (736) – (150) + (-642) + (2492)

2 × first electron affinity = -728

First electron affinity = -364 kJ mol-1
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Born-Haber cycle for a Group II oxide
Draw a Born-Haber for magnesium oxide and use the enthalpy values in the table 
below to calculate the value for the lattice enthalpy of magnesium oxide.

Tip
The cycle for a Group II metal oxide is slightly different as it includes the second 
electron affinity of oxygen, which is endothermic. 

Enthalpy change Value in kJ mol-1

Enthalpy of formation of magnesium oxide -602

Enthalpy of atomisation of magnesium +150

First ionisation energy of magnesium +736

Second ionisation energy of magnesium +1450

Enthalpy of atomisation of oxygen +248

First electron affinity of oxygen -142

Second electron affinity of oxygen +844
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Mg2+(g)  +  O2-(g)

Mg2+(g)  +  O-(g)  +  e-Mg2+(g)  +  ½O2(g)  +  2e- 

Mg+(g)  +  ½O2(g)  +  e- 

Mg(g)  +  ½O2(g) 

MgO(s) 

Mg(s)  +  ½O2(g) 

Second electron 
affinity of oxygen 

+844

First electron 
affinity of oxygen

Enthalpy of atomisation 
of oxygen

Second ionisation 
energy of magnesium

First ionisation energy 
of magnesium

Lattice enthalpy of 
magnesium oxide

Enthalpy of formation 
of magnesium oxide

Enthalpy of 
atomisation of 

magnesium

-142+248

+1450

+736

-602

+150

Mg2+(g)  +  O(g)  +  2e-

Lattice enthalpy = – (enthalpy of formation of MgO) + (enthalpy of atomisation of 
Mg) + (first ionisation energy of Mg) + (second ionisation energy of Mg) + (enthalpy of 
atomisation of oxygen) + (first electron affinity of oxygen) + (second electron affinity 
of oxygen) 

Lattice enthalpy = – (-602) + (150) + (736) + (1450) + (248) + (-142) + (844) 
= + 3888 kJ mol-1
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Test yourself 4.1.2
1. Using a Born-Haber cycle, calculate the lattice enthalpy for caesium chloride, CsCl.

2. Calculate the lattice enthalpy for sodium oxide Na2O.

Enthalpy change Value in kJ mol-1

Standard enthalpy of formation of caesium chloride -433

Standard enthalpy of atomisation of caesium +78

First ionisation energy of caesium +376

Standard atomisation enthalpy of chlorine +121

First electron affinity of chlorine -364

Enthalpy change Value in kJ mol-1

Standard enthalpy of formation of sodium oxide -414

Standard enthalpy of atomisation of sodium +108

First ionisation energy of sodium +500

Standard atomisation enthalpy of oxygen +248

First electron affinity of oxygen -142

Second electron affinity of oxygen +844

Dissolving ionic compounds in water
When calcium chloride dissolves in water the temperature of the solution increases 
as this is an exothermic process. When ammonium nitrate dissolves in water the 
temperature of the solution falls as this is an endothermic process. 

The standard enthalpy change of solution is the enthalpy change when one mole 
of a solute dissolves in water.
 
e.g.  KCl(s) + aq   →   K+(aq)  +  Cl-(aq)

The process of dissolving can be exothermic or endothermic.
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Tip
It is acceptable to write + ‘aq’ to represent the addition of water on the left, but it can 
be left out. Do not write ‘+ H2O’.

When an ionic compound dissolves in water two processes occur:

1. Energy has to be taken in to break up the lattice and separate the positive and 
negative ions. This is the lattice enthalpy. It is endothermic.

 KCl(s)   →   K+(g) + Cl-(g)

2. The ions become surrounded by solvent and bonds form – energy is released when 
these ions form bonds with water molecules. This is called the hydration enthalpy. 
The positively charged ions are attracted to the polar oxygen of water and the 
negatively charged ions are attracted to the polar hydrogen atoms in water. Different 
ions have different enthalpy changes of hydration. 

Enthalpy of hydration – the enthalpy change when one mole of gaseous ions is 
converted to one mole of aqueous ions. (This is called the solvation energy if the 
solvent is not water).

 Na+(g) + aq   →   Na+(aq)

 Cl-(g)  + aq   →   Cl-(aq)

The balance of the break-up of the ionic lattice and the bonds forming with water 
determines the enthalpy of solution. 

The process of dissolving can be represented on an energy cycle.

EXAMPLE
Calculate the enthalpy of solution of sodium chloride using the data in the table below.

Enthalpy change Value in kJ mol-1

Lattice enthalpy of sodium chloride +776

Hydration enthalpy of Na+ -407

Hydration enthalpy of Cl- -364
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A typical enthalpy cycle for sodium chloride is shown below:

   NaCl(s)    Na+(aq)         +         Cl-(aq)

Na+(g)      +        Cl-(g)

Enthalpy of solution = lattice enthalpy of NaCl + hydration enthalpy of Na+ + hydration 
enthalpy of Cl-

           = 776 – 407 – 364
           = + 5 kJ mol-1. 

For Group 2 halides remember that 2x enthalpy of hydration of the halide ions is 
needed.

As ionic radius becomes smaller the value of the hydration enthalpy becomes more 
negative because the smaller ions exert more attraction on water molecules and more 
energy is released. For example, the hydration enthalpy of chloride ion is -364 kJmol-1 
but the hydration enthalpy of the larger iodide ion is -295 kJmol-1.

As ionic charge increases, there is a greater attraction for water molecules and hence 
the hydration enthalpy is more negative. For example, the hydration enthalpy of a 
sodium ion is -407 kJmol-1 but the hydration enthalpy of the smaller aluminium ion is 
-4665 kJmol-1.

enthalpy of solution 
of sodium chloride

lattice enthalpy 
of sodium 
chloride                        

hydration 
enthalpy 

for sodium 
ion                       

hydration 
enthalpy for 
chloride ion                                               

Test yourself 4.1.3
1. Define the following:

(a) Hydration enthalpy 
(b)  Enthalpy of solution 
(c)  Lattice enthalpy

2. Name these enthalpy changes:
(a) Mg2+(g) + 2Cl-(g)   →   MgCl2(s)
(b) MgCl2(s) + aq   →   MgCl2(aq)
(c) Cl-(g)  + aq   →   Cl-(aq)
(d) The values are: (a) -2493 kJmol-1, (b) -153 kJmol-1, (c) -364 kJmol-1.    

 Calculate the enthalpy change of hydration of Mg2+.
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4.2 Enthalpy, entropy and 
free energy
In this topic entropy as a measure of disorder is introduced with a link between 
enthalpy change (ΔH) and entropy change (ΔS). Free energy (ΔG) is calculated using 
ΔG = ΔH – TΔS and an understanding that for a reaction to be feasible ΔG must be less 
than zero.

Mathematical content
Conversion between units required when calculating ΔG and manipulation of 
quantities in terms of the number of moles present.

Learning outcomes
• recall that enthalpy change is not sufficient to explain feasible change, for example 

the endothermic reaction between ammonium carbonate and ethanoic acid;

• recall that the balance between entropy change and enthalpy change determines 
the feasibility of a reaction; 

• recall that entropy is a measure of disorder; 

• calculate the standard entropy change, ΔS, in a chemical reaction using standard 
entropy data; 

• use the equation ΔG = ΔH -TΔS to calculate standard free energy changes;

• recall that processes are spontaneous when the free energy change is negative; and

• recall that when the enthalpy change and the entropy change have the same 
sign the feasibility of the process depends on the temperature, and calculate the 
temperature at which these processes start/cease to be feasible.
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Entropy
Entropy is a measure of the disorder (randomness) of a system.

Some reactions occur without having energy supplied from the environment; they are 
spontaneous. Endothermic reactions take in heat from the surroundings in order to 
occur, hence they should not occur spontaneously – some do however, for example 
the reaction between ammonium carbonate and ethanoic acid is endothermic yet 
spontaneous. A feasible reaction is one which can take place spontaneously without 
any external help.

The enthalpy change on its own is not enough to determine whether or not a reaction 
will be feasible, there is another factor besides energy change which determines 
feasibility. This factor is entropy.

The Second Law of Thermodynamics states that the state of entropy of the entire universe, as an isolated system, will 
always increase over time. This student's bedroom shows disorder which increases over time.
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Entropy and changes of state
In gases the particles are moving freely and randomly so gases are more disordered 
than liquids and solutions and have a high entropy. In solids the particles are vibrating 
about fixed positions, and the system is highly ordered with a low entropy. 

Entropy increases when a solid changes state to a liquid or to a gas as there is an 
increase in randomness. For example, when water changes state from liquid to gas 
there is an increase in entropy of +109 J K-1 mol-1.

Entropy also increases if there is an increase in the number of gas molecules, for 
example in the reaction of calcium and hydrochloric acid, hydrogen is produced which 
is more disordered. 

e.g.  Ca(s)  +  2HCl(aq)   →   CaCl2(aq)  +  H2(g)

The reaction between ammonium carbonate and ethanoic acid shows an increase in 
disorder as a solid and solution produce a gas and solution, hence there is an increase 
in entropy. The reaction is feasible, despite being endothermic. 

(NH4)2CO3(s)  +  2CH3COOH(aq)   →   2CH3COONH4(aq)  +  H2O(l)  +  CO2(g)

It is the balance between entropy change and enthalpy change that determines the 
feasibility of a reaction. Any reaction that results in the formation of a gas, or an 
increase in the number of gaseous moles will result in an increase in entropy. 

solid liquid gas
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Calculating change in entropy
Entropy is given the symbol S and standard entropy change is ΔSo.

Entropy is measured in J K-1 mol-1.

Tip 
Remember that the units for entropy are J K-1 mol-1 not kJ K-1 mol-1. 

Entropy values change with temperature and so the temperature at which they are 
measured must be specified. 

The entropy change for a reaction is the difference between the total (∑) entropies of 
the products and the total entropies of the reactants.
 
 ΔSo = ∑So products – ∑So reactants

EXAMPLE 1
Calculate the standard entropy change for the following reaction using the given 
standard entropy values.   

  2NaHCO3(s)   →   Na2CO3(s)  +  CO2(g)  +  H2O(l)

ΔSo = ∑So products – ∑So reactants

ΔSo = (135.0 + 213.6 + 69.9) – (2 x 101.7) = + 215.1 J K-1 mol-1

Note that entropy values are given per mole, so as there are two moles of sodium 
hydrogencarbonate used in the equation the entropy value for it must be multiplied by 
two. 

In this example the entropy has increased because a solid (ordered) produces three 
new substances one of which is a gas (more disordered) and another a liquid (more 
disordered).

Tip 
When all the reactants and products are in the same state, there may be an increase in 
entropy if the number of moles in the same state, increases, 
e.g. 4NH3(g)  +  5O2(g)   →   4NO(g)  +  6H2O(g) shows an increase in entropy.

NaHCO3(s) Na2CO3(s) CO2(g) H2O(l)

So / J K-1 mol-1 101.7 135.0 213.6 69.9
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Test yourself 4.2.1
1. Predict the sign of ΔS for each of the following reactions:

(a) 2SO2(g)  +  O2(g)   →   2SO3(g) 
(b)  2H2(g)  +  O2(g)   →   2H2O(l)
(c)  MgCO3(s)  +  2HCl(aq)   →   MgCl2(aq)  +  CO2(g)  +  H2O(l)
(d)  2K(s)  +  Cl2(g)   →   2KCl(s)
(e)  CaO(s)  +  2NH4Cl(s)   →   CaCl2(s)  +  2NH3(g)  +  H2O(l)
(f)  NaCl(s)   →   Na+(aq)  +  Cl-(aq)

2. Calculate the entropy change for the following reactions, using the entropy values   
     given in the table: 

(a) N2(g)  +  3H2(g)   →   2NH3(g)
(b) 2NO(g)  +  O2(g)   →   N2O4(g)

N2(g) H2(g) NH3(g) NO(g) O2(g) N2O4(g)

So / J K-1 mol-1 192 131 193 211 205 304
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Free Energy 
To determine if a reaction is feasible or not, three factors must be considered:

The temperature T in kelvin (K)

The entropy change (ΔS)

The enthalpy change (ΔH)

The relationship between these three factors is expressed by a term known as free 
energy change (ΔG). It is sometimes referred to as the ‘Gibbs free energy’ after the 
American physicist Josiah Willard Gibbs. 

ΔGo = ΔHo - TΔSo

A spontaneous/feasible reaction is one with ΔG < 0. 

ΔG is measured in kJ mol-1.

ΔS is usually given in J K-1 mol-1 and often values given must be changed to  
kJ K-1 mol-1 by dividing by 1000 before using the free energy equation.

ΔH is measured in kJ mol-1.

T is measured in kelvin (K).

Josiah Willard Gibbs (1839 -1903) derived the equation for Gibbs free energy, which determines the reaction conditions 
under which a reaction can occur. In 1863, Yale awarded Gibbs the first American doctorate in engineering. At this time, he 
was praised by Einstein as "the greatest mind in American history”.
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If the free energy change, when calculated is less than zero then the reaction is 
feasible at that temperature. To determine the temperature at which a reaction 
becomes feasible, assume that ΔG = 0.

Tip
In calculations you need to ensure that the units are the same. ΔG is measured in 
kJ mol-1 and ΔS is usually given in J K-1 mol-1 so the values given must be changed to 
kJ K-1 mol-1 by dividing by 1000 before using the free energy equation. 

EXAMPLE 2
Calculate the enthalpy change and entropy change for the reaction:

Fe2O3(s)  +  3H2(g)   →   2Fe(s)  +  3H2O(g) 

and use these values to determine if the reaction is feasible at 293 K.

ΔHo = ∑ΔfHo(products)  –  ∑ΔfHo(reactants)

      = +3(-242) – (-822) = + 96 kJ mol-1

ΔSo = ∑So(products) – ∑So(reactants)

       =((2 × 27) + (3 × 189)) – (90 + (3 × 131)) = 621 -483 = + 138 J K-1 mol-1 

ΔSo = + 0.138 kJ K-1 mol-1

ΔGo = ΔHo - TΔSo = 96 – (293 × 0.138) = + 55.6 kJ mol-1

ΔGo is greater than zero hence this reaction is not feasible at this temperature.

Fe2O3 (s) H2(g) Fe(s) H2O(g)

So / J K-1 mol-1 90 131 27 189

ΔfHo/ KJ mol-1 -822 0 0 -242
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To determine at what temperature it does become feasible, you need to work out the 
temperature at which ΔG becomes less than zero.

ΔGo = 0 

ΔGo = ΔHo - TΔSo

so ΔHo = TΔSo 

96 = T(0.138)

T =    96    = 696 K

The temperature must be greater than 696 K for the reaction to occur. 

Tip 
Always remember to state the units, in any calculation answer. 

Predicting the feasibility of a reaction
The feasibility of a reaction depends on both enthalpy change and entropy change. 

•  For a reaction where ΔH is positive and ΔS is positive, ΔG is negative above a certain 
temperature.

•  For a reaction where ΔH is positive and ΔS is negative, ΔG is always positive.

•  For a reaction where ΔH is negative and ΔS is negative, ΔG is negative below a 
certain temperature.

•  For a reaction where ΔH is negative and ΔS is positive, ΔG is always negative.

Most exothermic reactions are feasible, even if the entropy decreases because 
enthalpy contributes mores to ΔG than entropy. The exceptions are reactions occurring 
at high temperatures in which entropy decreases. 

If the enthalpy change and entropy change have the same sign, then the feasibility 
depends on the temperature, and you can use the equation ΔG = ΔH - TΔS to calculate 
the temperature at which the reaction starts/ceases to be feasible. 

0.138
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EXAMPLE 3
In the combustion of ethane:

C2H6(g)  +  3½O2(g)   →   2CO2(g)  +  3H2O(g)

Explain why the reaction is feasible at all temperatures.

Answer
It is a combustion reaction so ΔH is negative. There is an increase in entropy as more 
moles of gas are produced so ΔS is positive.

ΔGo = ΔHo - TΔSo

As ΔH is negative and ΔS is positive, ΔG is negative at all temperatures so the reaction 
is feasible. 

Tip 
If a reaction is feasible but does not occur spontaneously, it is because the activation 
energy is high. 

Test yourself 4.2.2
1. The decomposition of calcium carbonate is represented by the following equation:

 CaCO3(s)   →   CaO(s)  +  CO2(g)

 ΔHo = + 178 kJ mol-1

 ΔSo = + 161 J K-1 mol-1

 What is the standard free energy change, ΔGo, for this reaction at 25 °C (298 K)?

2. Zinc is manufactured by the reduction of its oxide using carbon.

 ZnO(s)  +  C(s)   →   Zn(s)  +  CO(g)

 ΔHo = + 237 kJ mol-1  ΔSo = + 190 J K-1 mol-1

 What is the minimum temperature needed for this reaction to become    
feasible?
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3. Some information for the catalytic oxidation of ammonia is shown in the table   
     below. 

     4NH3(g)  +  5O2(g)   →   4NO(g)  +  6H2O(g)

(a) Calculate the enthalpy change for the reaction at 298 K using the data in the table.

(b) Calculate the entropy change for the reaction at 298 K. State the units.

(c) Explain why this reaction is feasible at any temperature.

(d) Why is ΔfHo zero for hydrogen, oxygen and nitrogen?

N2(g) H2(g) O2(g) NO(g) NH3(g) H2O(g)

ΔfHo/ KJ mol-1 0 0 0 +90 -46 -242

So / J K-1 mol-1 192 131 205 211 193 189
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4.3 Rates of reaction

This topic will introduce rate equations and orders of reaction. They will be deduced 
from experimental data and graphical analysis. The link between rate and mechanism 
will be examined in terms of the rate determining step.

Mathematical content
This unit will examine the use of powers in rate equations and graphical analysis of 
rate of reaction data.

Learning intentions
• use simple rate equations in the form: rate = k[A]X [B]Y (where x and y are 0, 1 or 2);

• understand the terms: rate of reaction; order; and rate constant;

• deduce simple rate equations from experimental data;

• deduce, from a concentration-time or a rate concentration graph, the rate of reaction 
and/or the order with respect to a reactant;

• recall that there is a relationship between the rate equation and mechanism, for 
example the SN1 and SN2 mechanisms, for the alkaline hydrolysis of primary and 
tertiary halogenoalkanes;

• define and demonstrate understanding of the term rate determining step;

• suggest experimental methods suitable for the study of the rate of a reaction, for 
example iodine titrations and colorimetry;

• explain qualitatively, the effect of temperature and activation energy on the rate 
constants.



CHEMISTRY

pg 26

Rates of reaction

Introduction 
Reaction kinetics is the study of the rate of chemical reactions. Reaction kinetics are 
important in the drug industry – this particular branch of kinetics is referred to as drug 
kinetics and it is defined as how a drug changes with time i.e., study of rate of change. 
Many drugs are not chemically stable and the principles of chemical kinetics are used 
to predict the time span for which a drug will maintain its therapeutic effectiveness 
at a specified temperature. Studying drug kinetics helps determine the stability of 
drugs, their retention time in the body, and their shelf life. The rate of a reaction can be 
measured based on how fast the concentration of a reactant is decreasing or how fast 
the concentration of a product is increasing, i.e. the change in concentration per unit 
time. 

Rate of reaction =
 change in concentration of reactant/product

The rate of reaction is the change in the concentration (amount) of a reactant or 
product with respect to time.

The units of rate = mol dm-3 s-1

These units are concentration per unit time.

Rate equations
Chemists have found that they can summarise the results of investigating the rate 
of reaction in the form of a rate equation. A rate equation shows how the rate of a 
reaction is linked to concentration. Square brackets around a substance, for example 
[HCl ] or [H+] all indicate concentration, in mol dm-3 of the substance which is inside 
the brackets.

A rate equation for a general reaction A + B   →   C + D is shown below:

    rate    =    k[A]a [B]b

where:
• rate is the rate of the reaction in mol dm-3

• k is the rate constant

• [A] is the concentration of reactant A measured in mol dm-3

• [B] is the concentration of reactant B measured in mol dm-3

• a is the order of reaction with respect to A

• b is the order of reaction with respect to B

time
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The order with respect to a given reactant is the power to which the concentration 
of this reactant is raised in the rate equation. 

The overall order of reaction is the sum of the powers to which the concentration 
terms are raised in the rate equation.

The rate constant, k, is the proportionality constant which links the rate of 
reaction to the concentrations in the rate equation. 

Wilhelm Ostwald, famous for inventing the Ostwald process used in the manufacture of nitric acid, was a German 
physical chemist who did much work in the field of reaction kinetics. He was the first person to introduce the term 
‘reaction order’ and he also identified the action of catalysts in lowering activation energy. As a result, Ostwald was 
awarded the 1909 Nobel Prize in Chemistry.

EXAMPLE 1
For the rate equation rate = k[A]2[B]2, state the order with respect to A and B and the 
overall order of reaction.

Answer:

The order with respect to A is 2

The order with respect to B is 2

The overall order is 2 + 2 = 4
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Example 2
For the reaction: B  +  X   +  Y   →   E  +  F

The rate equation is rate = k [B]2[Y]. State the order with respect to each reactant and 
the overall order of reaction.

Answer:

The order with respect to B = 2

The order with respect to Y = 1

The order with respect to X = 0, as it does not appear in the rate equation.

The overall order = 2 + 1 = 3

Units of the rate constant, k
Rate has the units mol dm-3 s-1 . The units of the rate constant depend on the overall 
order of the reaction and need to be calculated.

Example 3
Find the units of k in the rate equation rate = k [X]2[Y]

Answer:

Substitute the units for rate, and the units for concentration 

mol dm-3 s-1  = k (mol dm-3)2 (mol dm-3)

mol dm-3 s-1  = k (mol dm-3)2 (mol dm-3)

s-1  = k (mol dm-3)2 

rearranging to find k

 s-1
  = k 

(mol dm-3)-2 s-1 = k

mol-2 dm6 s-1 = k

Remember that anything to the power of 0 is 1, so for a zero order reaction
Rate = k [A]0, so rate = k and k has units of rate which are mol dm-3 s-1. 

(mol dm-3)-2
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Zero order reaction
A zero order reaction is one in which the rate is independent of concentration i.e. 
changing the concentration of the reactant has no effect on the rate. If a reaction is 
zero order with respect to a particular reactant, and this reactant does not appear in 
the rate equation.

Rate = k[A]0

A zero-order reaction can be determined by plotting a rate against concentration 
graph.

Ra
te

Concentration
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First order reaction
A reaction is first order with respect to a reactant if the rate of reaction is proportional 
to the concentration of that reactant. The concentration of this reactant is raised to the 
power of one in the rate equation.

Rate = k [A]

This means that: 

If [A] is doubled then the rate is doubled 

If [A] is × 3 then the rate is × 3

This means that a graph of rate against concentration gives a straight line passing 
through the origin.

Ra
te

Concentration
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Second order reaction
A reaction is second order with respect to a reactant if the rate of reaction is 
proportional to the concentration of that reactant squared. The concentration for this 
reactant is raised to the power of two in the rate equation.

Rate = k [A]2

This means that: 

If [A] is ×2 then the rate is ×4 (22)
If [A] is ×3 then the rate is ×9 (32) 
If [A] is × ½ then the rate is × ¼
A graph of rate against concentration against time is a curve as shown.

Ra
te

Concentration

To confirm this a graph of rate against [A]2 can be drawn which is a straight line.
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Test yourself 4.3.1
1. What is the order with respect to each reactant and the overall order of reaction in 

the following rate equations.

(a) rate =k[A]2[B] 

(b)  rate = k[X]0[B]2 

(c)  rate =k[A][B]

2. 6.0 × 10-3 mol dm-3 of hydrogen was reacted with 3.0 × 10-3 mol dm-3 NO. The initial 
rate of reaction was 4.5 × 10-3 mol dm-3 s-1. The rate equation is rate = k[H2][NO]. 
Calculate the rate constant and state its units. 

3. The rate equation for the reaction between X and Y is rate =k[X]2[Y]

 How does the rate change if the following changes are made:

(a) The concentration of X is doubled

(b) The concentration of Y is tripled

(c) The concentration of X and Y are both tripled 

4. In a reaction between P, Q and R, doubling [P] leaves the rate unchanged, 
multiplying [Q] by four means the rate is × 16 and halving [R] halves the rate. 
Deduce the orders with respect to P, Q and R and write a rate equation.

5. If rate = k [B]2[D]. What is the effect on the rate if the concentration of each of B, C 
and D is doubled? 

6. For the following general rate equation: rate = k[A]x[B]y

(a) What is the overall order of reaction in terms of x and y?

(b) What are the units of the rate constant if x = 0 and y = 1?

(c) What are the units of the rate constant if x = 1 and y =2?
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Deducing rate equations from experimental 
data
Rate equations bear no relation to the balanced symbol equation and they can only 
be determined experimentally. The most general method for determining reaction 
orders is the initial rate method. This method is based on finding the rate immediately 
after the start of the reaction, as this is the one point when all the concentrations 
are known. You may be provided with data showing the initial rates of reaction with 
different initial concentrations of reactants. To determine a rate equation, examine 
the experimental data, and observe the effect, if any, on the rate, of changing the 
concentration of one reactant, when the other reactant concentration is constant. 

EXAMPLE 4
The following data were obtained in a series of experiments about the rate of reaction 
between NO and O2 at a constant temperature. Write a rate equation for the reaction. 
Calculate a value for the rate constant and state its units. 

2NO + O2   →   2NO2

Answer:
Compare experiment 1 and 2 

[NO] remains constant and [O2] is × 3 and rate is × 3, hence the order with respect to O2 
is 1

Compare experiment 1 and 3

[O2] remains constant and [NO] is × 2 and rate is × 4 hence the order with respect to NO 
is 2

The rate equation is rate = k[NO]2[O2]

To calculate the value of the rate constant substitute the values from one of the 
experiments into the rate equation. 

Experiment
Initial 

concentration of 
NO / mol dm-3

Initial 
concentration of 

O2 / mol dm-3

Initial rate / 
mol dm-3 s-1

1 0.0010 0.0010 1.82 × 10-6

2 0.0010 0.0030 5.46 × 10-6

3 0.0020 0.0010 7.28 ×10-6
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Using experiment 1

rate = k[NO]2[O2]

1.82 × 10-6 = k (0.0010)2 × ( 0.00010)

k= 1820 mol-2 dm6 s-1

EXAMPLE 5
The following data were collected for the reaction:
2A  +  B  +  2C   →   D  +  E  +  F

Deduce the rate equation for this reaction. Calculate the value of k and state its units.

Answer:
Compare experiment 1 and 2 (rows 1 and 2) 

[A] remains constant; [C] remains constant; [B] has changed but the rate remains 
constant, hence the order with respect to B is 0.

Compare experiment 1 and 4

[A] is changed – it is × 1/10 [B] has changed but you already know that the order is zero 
for B and this has no effect on the rate, [C] remains constant. The rate is × 1/10 hence 
the order with respect to A is 1.

Compare experiment 1 and 3

[A] remains constant; [B] has changed but you already know that the order is 0 for B 
and this has no effect on the rate, [C] is changed – it is × ½. The rate is × ½ hence the 
order with respect to C is 1.

The rate equation is rate = k [A][C] 

[A] / mol dm-3 [B] / mol dm-3 [C] / mol dm-3 Rate of reaction
/ mol dm-3 s-1

1.0 0.50 0.40 1.8 × 10-4

1.0 0.40 0.40 1.8 × 10-4

1.0 0.30 0.20 9.0 ×10-5

0.10 0.20 0.40 1.8 ×10-5
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To determine the value of the rate constant, substitute in any values from the table, for 
example using row 1.

Rate = k[A][C]

1.8 × 10-4 = k (1.0 × 0.4)
        k = 0.00045 mol-1 dm3 s-1

The equation is rate = k [A][C] and k = 0.00045 mol-1 dm3 s-1

Tip
Note that a fast reaction has a large value of k and a slow reaction has a small value of k.

Test yourself 4.3.2
1. Determine the order of reaction for each of the reactants in the experiments below. 

Write the rate equation for the reaction and calculate the value of the rate constant 
and state its units.

2. Determine the order of reaction for each of the reactants in the experiments below. 
Write the rate equation for the reaction and calculate the value of the rate constant 
and state its units.

Experiment Initial [BrO-]/ 
mol dm-3

Initial [Br-]/ 
mol dm-3

Initial [H+]/ 
mol dm-3

Initial rate/ 
mol dm-3 s-1

1 0.1 0.1 0.1 1.2 × 10-3

2 0.2 0.1 0.1 2.4 × 10-3

3 0.1 0.3 0.1 3.6 × 10-3

4 0.2 0.1 0.2 9.6 × 10-3

Experiment Initial [A]
/ mol dm-3

Initial [B]
/ mol dm-3

Initial [C]
/ mol dm-3

Initial rate/ 
mol dm-3 s-1

1 0.00100 0.00300 0.00600 2.16 × 10-7

2 0.00100 0.00600 0.00600 8.64 × 10-7

3 0.00050 0.00600 0.00600 4.32 × 10-7

4 0.00300 0.00300 0.00300 6.48 × 10-7

3
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Using graphs
From the results of an experiment a graph of concentration against time can be drawn 
and from it the order can be determined. You need to recognise the shape of the 
concentration time graphs shown below. 

• For a zero order reaction the concentration of the reactant decreases at a constant 
rate.

• For a first order reaction the concentration halves in equal time intervals.

• For a second order reaction the concentration decreases rapidly but the rate 
decreases and then slows down. 

Zero order concentration-time graphs
For a zero order reaction the rate is independent of concentration. This means that the 
rate does not change as the concentration changes over time, and so a straight line 
graph with a constant gradient is produced as shown.

To calculate the rate constant of a zero order reaction, a concentration-time graph can 
be plotted and the gradient gives the rate constant. 
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EXAMPLE 6
A decomposes to form B and C according to the equation A   →   B  +  C.
Use the concentration-time graph to determine the order of the reaction. Calculate the 
rate constant and state its units. 

This is a linear straight line graph, hence the gradient (rate) is constant and does not 
change as concentration changes. It is a zero order reaction and the gradient of the 
graph represents the rate.

To find the gradient, choose two points far apart on the line, and form a triangle as 
shown on the graph in green.

gradient (m) = 
change in y axis

 = 
Δy

 = 
0.15

 = 0.003 is the rate

units of gradient = 
y axis units

 = 
mol dm-3

 = mol dm-3 s-1

As rate = k [A]0, rate = k so the gradient = k and the units of k are the same as the units 
of rate. So k = 0.003 mol dm-3 s-1.
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First and second order concentration-time 
graphs
For a first and second order concentration time graph the gradient of the line is the 
rate. When the line is curved to find the gradient, you need to take the gradient of the 
tangent to the line at different points.

EXAMPLE 7
The graph below shows how the concentration of an ester changes against time during 
a hydrolysis reaction. Find the rate of reaction when the concentration of the ester 
is 0.80 mol dm-3 and 0.40 mol dm-3 and use these values to determine the order of 
reaction with respect to the ester.
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To find the rate at concentrations of 0.80 and 0.40 mol dm-3 draw tangents to the curve 
at these concentrations (green line is tangent drawn at 0.80 mol dm-3 and orange line 
is tangent drawn at 0.40 mol dm-3).

Calculate the gradient of the tangents

Tangent at 0.80 mol dm-3 (green line)

Gradient = –  
0.98

  = – 4.67 × 10-3 mol dm-3 s-1

Tangent at 0.40 mol dm-3 (orange line)

Gradient = –  
0.77

 = – 2.33 × 10-3 mol dm-3 s-1 

When the concentration of the ester is halved, the rate of reaction is halved so the 
order of reaction with respect to the ester is 1.

Note that the gradients are negative as they are a measure of the decrease in the 
concentration of a reactant. Rate is most often quoted as the positive value.

Experimental methods for studying rates of 
reaction
Measuring the rate of a chemical reaction depends on being able to measure a change 
in the amount or concentration of a reactant or product during the reaction. The 
experimental results are then processed and a graph of concentration against time 
plotted.

At any instant in time the rate of the reaction is equal to the slope of the concentration 
time graph. If this is a curve, it is measured by drawing a tangent to the curve at this 
time and finding its gradient. This gives the rate. 

To decide the method of determining rate, look at the chemical equation and identify 
a reactant or a product which can be measured. A gaseous product can be measured 
using a gas syringe a coloured reactant or product can be monitored using colorimetry. 
Sometimes it is necessary to withdraw samples of the reaction mixture at regular 
intervals and analyse the concentration of reactant or product by titration. 

210

330
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Different methods which may be used include:

1.  Using a colorimeter
 A colorimeter measures the amount of light absorbed when it passes through a 

solution and is recorded as absorbance. It is used for coloured reactants or products. 
The chosen filter should let through only the wavelength (range of wavelengths) to 
be absorbed by the coloured solution. A calibration curve should be drawn first with 
known concentrations of the reactant or product so that a colorimeter reading can 
be directly related to the concentration.

 The reaction mixture is placed in a colorimeter and at different times, the 
colorimeter reading is taken and converted to concentration using the calibration 
curve.

 A graph of concentration against time is drawn. A gradient of a tangent at any 
concentration on the graph gives the rate at that concentration. The gradient 
of the tangent at different concentrations is found and a graph of rate against 
concentration is plotted to determine the order from the shape of the graph.

2. Titrating
 The reaction is started by mixing the solutions and a sample is removed by pipette 

at various times. The sample is quenched to stop the reaction by rapid cooling or 
adding a large volume of water or a chemical to remove a reactant that is not being 
monitored. The samples are then titrated to find the concentration of the reactant 
or product and a graph of concentration against time can be drawn. Finding the 
gradient of tangents at different concentrations on the graph gives the rate at that 
concentration. To find the order, plot rate against concentration.

 This method can be used to determine the rate of an esterification reaction; the 
samples are titrated with alkali.

3. Measuring pH 
 Measuring pH against time using a pH meter and calculating the hydrogen ion 

concentration using pH = -log10[H+]. A graph of [H+] against time can be drawn and 
again gradients of tangents at various [H+] can be taken which equal rate. A graph of 
concentration against time can be drawn and the shape gives the order. 

4. Gas syringe
 Monitoring the volume of a gaseous product over time, using a gas syringe. A graph 

of gas volume against time is plotted. The gradient of the tangent at different 
times gives the rate at different times. The gradient at t = 0 s gives the initial rate of 
reaction.
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gas syringe

conical flask

reaction mixture

Rate equations and reaction mechanisms
Most chemical reactions do not take place in one step as suggested by the balanced 
symbol equation but in a series of steps as reflected in the reaction mechanism.

If a reaction involves several steps, some of them may occur at a faster speed than 
others, yet the reaction cannot go any faster than the slowest step. 

The rate determining step is the slowest step in the mechanism of a reaction. It 
determines the overall rate. 

All reactant species in the rate determining step feature in the rate equation.

There is a relationship between the rate equation and mechanism. There are two 
different rate equations for the reaction between hydroxide ions and a halogenoalkane, 
depending on whether the halogenoalkane is primary or tertiary. This is because there 
are two different mechanisms. 

For example, the alkaline hydrolysis of a primary halogenoalkanes has an SN2 
(substitution nucleophilic biomolecular) mechanism. The two shows that there are two 
molecules or ions in the rate determining step. The mechanism is shown below.
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H3C    C    Br   → Br C          OH → H3C   C   OH   +     Br-– –– –
––

–– – HH H

HH HH3C

OH-

δ+ δ-
slow fast

fast

––
-

The rate equation is: 

rate = k[OH-][1° halogenoalkane]

This means that both the hydroxide ion and halogenoalkane are involved in the 
slowest, rate determining step. 

The alkaline hydrolysis of tertiary halogenoalkanes has an SN1 mechanism. The ‘one’ 
means that there is just one molecule or ion involved in the rate determining step. As 
shown in the mechanism below, only the tertiary halogenoalkane features in the rate 
determining step (slowest).

H3C    C    Br   → H3C     C
+
          OH- → H3C   C   OH

CH3 CH3CH3

CH3 CH3CH3

– ––

– ––
– ––– –δ+ δ- slow

carbocation

The rate equation is: 

rate = k[3° halogenoalkane]

This means that only the halogenoalkane is involved in the slowest, rate determining 
step, as is shown in the mechanism where the slowest step only involves the 
halogenoalkane. 

Br-
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Effect of temperature on the rate constant and 
activation energy 
Reaction rate depends on both the rate constant and the concentration of the 
reactants present in the rate equation:

Rate = k[A][B]

If the concentration is the same and the temperature increases, then the rate 
increases. By looking at the rate equation, this must be because the rate constant is 
increasing with temperature. Increasing the temperature increase the rate of most 
reactions by increasing the rate constant k. For many reactions the rate doubles for 
every 10 °C increase in temperature. This reflects the greater number of reacting 
particles that have the activation energy and the increased frequency of successful 
collisions.

Test yourself 4.3.3
1. For the reactions below suggest a method of monitoring the rate of reaction. 

(a) CaCO3(s)  +  2HCl(aq)   →   CaCl2(aq)  +  CO2(g)  +  H2O(l)

(b) 2H2O2(aq)   →   2H2O(l)  +  O2(g)

(c) Br2(aq)  +  HCOOH(aq)   →   2Br-(aq)  +  2H+(aq)  +  CO2(g) 

2. The volume of carbon dioxide gas produced over time, when calcium carbonate 
reacted with hydrochloric acid was recorded in the table below:

a) Plot a graph of the volume of carbon dioxide against time.

(b) Calculate the rate of reaction at 10 seconds by drawing a tangent to the curve.  
 State the units.

3. A rate equation is rate = k[A][B]2. Sketch the rate concentration graphs with respect 
to reactant A and to reactant B. 

Time /s 0 10 20 30 40 50 60 70 80 90 100

Volume of 
carbon dioxide 

/cm3
0 22 35 43 48 52 55 57 58 58 58
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This topic will examine the equilibrium law and how expressions for the equilibrium 
constant, Kc, are written, calculated and used.

Mathematical content
The mathematical content will focus on constructing expressions for Kc and calculating 
values with relevant units and estimating the change to the value of an equilibrium 
constant when a variable changes.

Learning intentions
• calculate equilibrium concentrations given suitable data

• calculate the numerical values, with units, for equilibrium constants, Kc, given 
suitable data limited to homogeneous systems

Introduction 
A dynamic equilibrium may be established in a closed system when the rates of 
the forward and reverse reactions are equal and the concentrations of the reactants 
and products remain the same. At AS, using Le Chatelier’s principle you were able to 
predict how changes in the conditions of a reaction may alter the equilibrium position. 
It is possible to interpret equilibrium quantitatively using the equilibrium law. The 
equilibrium law tells us the relative proportions of reactants and products present 
at equilibrium. This law was first formulated in 1863 by Norwegian chemists Cato 
Maximilian Guldberg and Peter Waage – who happened to be brothers-in-law – and 
called the law of mass action. Analysing the results of their experiments, Guldberg and 
Waage noticed that when they arranged the equilibrium concentrations into a specific 
form of ratio, the resulting value was the same no matter what combinations of initial 
concentrations were mixed. This value they called the equilibrium constant.

A dynamic equilibrium between of NO2 and N2O4, nitrogen 
compounds. A change in temperature in tubes of NO2 and 
N2O4, shifts equilibrium between the two species. When more 
NO2 is produced, the gas inside the tube becomes darker.
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The equilibrium constant, Kc 
For the equilibrium reaction:

aA  +  bB          cC   +   dD   
 
The equilibrium constant (Kc) is defined by the expression:

Kc = 
[C] 

c [D] 
d

        [A]
 a [B]

 
b

[A]
 a [B]

 
b

where [A] represents the concentration of A in mol dm-3 in the equilibrium mixture and 
a is the balancing number for A in the equation for the reaction. The same applies to B, 
C and D.

Hence, to find Kc the concentrations of all products at equilibrium are on the top line 
of the expression and are raised to the power of their balancing numbers and the 
concentrations of all reactants at equilibrium are on the bottom line and raised to the 
power of their balancing numbers.

To find the units of Kc, simply substitute the units of concentration (mol dm-3) into the 
Kc expression. Hence the units are in terms of concentration in mol dm-3 but the overall 
power depends on the balancing numbers in the equation for the reaction.

Kc = 
[C] 

c [D] 
d

Units of Kc = 
(mol dm-3) c+d

(mol dm-3) a+b

In some cases, Kc has no units because there are equal number of moles on both sides 
of the equation and they cancel each other out in the Kc expression.

All equilibrium constants are only constant at constant temperature. The temperature 
should be quoted when the value of any equilibrium constant is given. If temperature 
remains constant the equilibrium constant will not change. If any other factor is varied 
such as pressure or concentration of reactants, the value of the equilibrium constant 
remains constant.
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Writing Kc expressions and stating units for 
homogeneous systems
A homogeneous system means that all the species are in the same phase (state).

EXAMPLE 1
The Kc expression for the reaction of ethanol and ethanoic acid to produce ethyl 
ethanoate (CH3COOCH2CH3) is:

Kc =
 [CH3COOCH2CH3 ][H2O]

What are the units of Kc? 

Answer
The square brackets mean concentration so simply substitute concentration units into 
the expression: 

Units of Kc = 
(mol dm-3)2 

= no units

This is because the units are the same on the top and bottom and so they cancel. 

Tip
If Kc has no units then it is because there are equal number of moles on both sides of 
the equation and they cancel each other out in the Kc expression.

The table show some further examples of working out Kc expressions and units for 
some reactions.

[CH3COOH][CH3CH2OH]

(mol dm-3)2

Equation Kc Units

PCl5  PCl3  +  Cl2 Kc =
 [PCl3 ][Cl2 ] mol dm-3

2HI  H2  +  I2 Kc =
 [H2

 
][I2

 
] no units

2SO2  +  O2  2SO3 Kc =    
 [SO3

 
]2

mol-1 dm3

SO2  +  ½O2  SO3 Kc =    
 [SO3

 
] mol-½ dm-¾

[PCl5 ]

[HI]2

[SO2
 
]2 [O2

 
]

[SO2
 
] [O2

 
]½

2

The larger the value of Kc, the more products will be present in the equilibrium mixture.
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Test yourself 4.4.1
1. Write Kc expressions and work out the units of Kc for the following reactions:

(a)  2O3    3O2

(b)  2NO  +  Cl2    2NOCl

(c)  2HI    H2  +  I2

(d)  H2  +  Br2    2HBr

(e)  2A  +  2B    C  +  D

Calculating Kc
The following examples show how to work out the value of Kc from equilibrium 
concentrations and also from moles.

The equilibrium concentrations may be determined by dividing the equilibrium moles 
by the volume (use V if the volume is not given). The equilibrium concentration may 
then be substituted into the Kc expression to calculate a value for Kc.

For a Kc expression which has no units, the volumes will cancel out as there are equal 
number of moles on each side of the equilibrium equation.

Example 2
Nitrogen monoxide decomposes into nitrogen and oxygen according to the 
equilibrium.
   2NO(g)    N2(g)   +   O2(g)

The equilibrium concentrations are NO = 2.0 mol dm-3  N2 = 1.5 mol dm-3  
and O2 = 1.5 mol dm-3. 

Calculate a value for Kc for this equilibrium at this temperature.

Answer
 

Kc = 
[N2 ][O2 ]

 

The units cancel so there are no units.

Substituting the concentration values Kc =
1.5 × 1.5 

 =  0.56

[NO]2

(2.0)2
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EXAMPLE 3
1.33 mol of PCl5 were heated to 500 K in a vessel of volume 15 dm3. The equilibrium 
mixture contained 0.80 mol of chlorine. Calculate Kc. PCl5    PCl3 + Cl2

Answer
In this example it is first necessary to work out the moles present at equilibrium, of 
each substance and then find the concentration using concentration = moles/vol(dm3)

PCl5 PCl3 Cl2

Initial moles 1.33 0.00 0.00

Change in moles x moles used x moles produced x moles produced

Equilibrium moles 1.33-x x x

At equilibrium there are 0.80 mol of Cl2 hence x = 0.80

Equilibrium moles 1.33-0.80 = 0.53 0.80 0.80

Equilibrium 
concentration

0.53 = 0.035 0.80 = 0.053 0.80 = 0.05315 15 15

Tip
This is a very simple form of calculation where all the equilibrium concentrations are 
given, and to find Kc the values are simply substituted.

Kc = 
[PCl3 ][Cl2 ]

  =  
0.053 × 0.053

  =  0.080 mol dm-3
[PCl5 ] 0.035
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EXAMPLE 4 
A mixture of 1 mol of nitrogen and 3 mol of hydrogen was allowed to come to 
equilibrium in a container of volume 0.5 dm3.

  N2(g)  +  3H2(g)    2NH3(g)

0.240 mol of ammonia were present at equilibrium. Calculate a value for Kc and state 
its units.

N2 3H2 2NH3

Initial moles 1 3 2

Change in moles
(in ratio according 

to equation)
x moles used 3x moles used 2x moles produced

Equilibrium moles 1-x 3-3x 2x

At equilibrium there are 0.240 mol of NH3 so 0.240 = 2x
x = 0.120

1-0.120 = 0.88 3-(3 x 0.120) = 2.64 0.24

Equilibrium 
concentration

0.88 = 1.76 2.64 = 5.28 0.24 = 0.480.5 0.5 0.5

Kc =    
[NH3 ]2

    =      
(0.48)2

      = 8.89 × 10-4 mol-2 dm6
[N2 ][H2 ]3 (1.76)(5.28)3
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Test yourself 4.4.2
1. Methane reacts with water as shown in the equilibrium below:

 CH4(g)  +  H2O(g)    CO(g)  +  3H2(g)
 0.14     0.55               0.17   0.51

The equilibrium concentrations, in mol dm-3, of each gas at a particular temperature 
are shown under the equation. 

Calculate a value for Kc at this temperature and deduce its units.

2. C reacts with D to form E and F according to the equilibrium below:

 C  +  2D    E  + F

0.25 mol of C were mixed with 0.80 mol of D in a container of volume 10 dm3 and the 
mixture allowed to come to equilibrium at 500 K. The equilibrium mixture at 500 K 
contained 0.20 mol of C. Calculate a value for Kc for this equilibrium at the 500 K and 
state its units, if any.

3. The following equilibrium was established in a closed container.

 3A(g)  +  2B(g)    C(g)

At 550 K, Kc = 96.2 mol-4 dm12. The equilibrium mixture contained 28.0 mol of A and 
113.4 mol of B in a 140 dm3 container. Calculate the concentration, in mol dm-3, of C 
in the equilibrium mixture.
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4.5 Acid-base equilibria

This unit will focus on acids and bases in terms of hydrogen ions and hydroxide ions 
and calculation of pH.

Mathematical content
Using logarithms for converting from concentration to pH and vice versa, rearranging 
Ka expressions into expressions suitable for calculating pH of a buffer solution, and 
plotting and interpreting titration curves.

Learning outcomes
• use the Brønsted-Lowry theory of acids and bases to describe proton transfer in acid-

base equilibria, including the idea of conjugate acid-base pairs

• define and demonstrate understanding of the terms Kw, Ka, pH, pKw and pKa and 
recall the associated units where appropriate

• carry out calculations involving pH for strong acids, strong bases and weak acids

• define and demonstrate understanding of the term buffer solution and give a 
qualitative explanation of how buffer solutions work

• calculate the pH of a buffer solution made from a weak monobasic acid and sodium 
hydroxide

• recall how titration curves are determined by experiment

• use titration curves to explain the choice of indicator

• predict whether a salt solution would be acidic, alkaline or neutral, based on relative 
strength of the parent acid or base

Introduction
What do Carlsberg beer, the Danish Scientist Soren Sorenson and pH have in common? 
Sorenson was the director of the Carlsberg laboratory in Copenhagen, which is 
supported by the Carlsberg brewing company and used to research any chemistry 
related to the brewing industry. Whilst working there he devised the pH logarithmic 
scale as a more convenient way of measuring hydrogen ion concentration. The pH 
scale is much less cumbersome than using hydrogen ion concentrations which can 
range from 101 to 10-15.

In A2 chemistry you will learn about the importance of the H+ ion in acid and base 
reactions, acid strength, buffers and the logarithmic scale for determining pH.
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The Carlsberg Laboratory in 
Copenhagen, Denmark, was 
created in 1875 by the founder 
of the Carlsberg brewery, for the 
sake of advancing biochemical 
knowledge, especially relating 
to brewing. The pH scale was 
devised by the director of this 
Carlsberg laboratory in 1909.

Acids and bases
A hydrogen atom contains one proton, no neutrons and one electron. A hydrogen ion 
is formed when a hydrogen atom loses an electron, and so all that remains is a proton. 
The term hydrogen ion and proton have the same meaning.

When an acid dissolves in water the acid dissociates (splits up) and releases hydrogen 
ions into solution. A strong acid is one which fully dissociates in solution. This is 
shown in the equations below by a complete arrow (→).

Hydrogen chloride, when added to water dissociates releasing H+ into solution:

HCl(g)  +  aq  →  H+(aq)  +  Cl-(aq)

Often the ‘+aq’ which represents water is omitted in this equation.

HCl(g)  →  H+(aq)  +  Cl-(aq)

Hydrochloric acid is described as a monobasic or monoprotic acid as one mole of the 
acid produces one mole of hydrogen ions.

A monobasic acid donates one proton per molecule.
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Sulfuric acid is a dibasic acid as one mole of sulfuric acid produces two moles of 
hydrogen ions (protons).

H2SO4(l)  →  2H+(aq)  +  SO4 (aq)

This can be shown in two stages, first giving the hydrogensulfate ion (HSO4) and then 
the sulfate ion.

H2SO4  →  H++  HSO4

HSO4  →  H+  +  SO4

Other strong acids are phosphoric acid and nitric acid. 

A weak acid is one which only partially dissociates in solution. In an equation this 
is represented using an equilibrium arrow. Ethanoic acid is a common weak acid. It is 
monobasic. Its acidic hydrogen is the one bonded to the electronegative oxygen. The 
acidic hydrogen is shown in red, CH3COOH.

The equation for the dissociation of ethanoic acid is:

CH3COOH  +  aq    H+  +  CH3COO-

or more simply:  CH3COOH    H+  +  CH3COO-

A strong base is one which fully dissociates in aqueous solution.

Sodium hydroxide and potassium hydroxide are strong bases which produce hydroxide 
ions if the base dissolves in water.

NaOH  +  aq  →  Na+  +  OH- 

or

NaOH  →  Na+  +  OH-

2-

-

- 2-

Have you ever found hair blocking the plug hole and 
water pipes? Sodium hydroxide is a strong base which will 
hydrolyse the proteins in hair and help unblock clogged 
pipes.

-
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A weak base is one which is partially dissociated in aqueous solution.

Weak bases produce hydroxide ions OH-(aq) if the base dissolves in water. The 
equilibrium position lies to the left hand side. 

NH3  +  H2O    NH4  +  OH-

Brønsted-Lowry theory of acids and bases
The acid-base theory proposed by the British chemist Lowry and the Danish chemist 
Brønsted gives the following definition of acids and bases: 

An acid is a proton donor

A base is a proton acceptor

+

Johannes Nicolaus Brønsted (1879-1947), the Danish physical chemist. Brønsted qualified in chemical engineering in 
1897, and then in chemistry in 1902 in Copenhagen. He is best known for a definition of acids and bases, which was 
proposed independently and concurrently by him and the English Chemist Thomas Lowry. This, the Brønsted-Lowry 
definition, defines an acid as a substance with a tendency to lose a proton and a base as a substance that tends to gain 
a proton.

An acid-base equilibrium involves the transfer of protons. In such equilibria the acid 
donates a proton to the base which accepts it. Since these reactions are reversible 
there is an acid and base on both sides of the equation, they are called conjugate pairs. 
Conjugate acid-base pairs are a set of two species that can be converted from one to 
the other, by gain or loss of a proton. Acid-base equilibria involve two acid base pairs.
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EXAMPLE 1
An acid with water.

In the forward reaction, HA donates a proton to the water molecule, acting as an acid 
and forming A-. In the reverse reaction A- accepts a proton from H3O+ and acts as a 
base. A- is the conjugate base of the acid HA. The water accepts a proton and acts as a 
base.

HA + H2O   H3O+ + A-

acid   base  acid   base

EXAMPLE 2
A base with water.

In solution bases (B) accept protons from water molecules to form BH+, which can then 
donate a proton in the reverse reaction. The water donates a proton and acts as an 
acid. 

B    +    H2O  BH+   +   OH-

base    acid  acid base

Conjugate acid-base pair

Conjugate acid-base pair

Conjugate acid-base pair

Conjugate acid-base pair
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Test yourself 4.5.1

1. H3PO4 is a strong tribasic acid. Write equations for this acid dissociating in three 
steps.

2. Write equations for the following acids completely dissociating in solution:

(a) HNO3 nitric acid

(b) H2CrO4 chromic acid

(c) HOOCCH2COOH

3. In the following reactions, identify the acid and its conjugate base and the base and  
its conjugate acid:

(a) NH3  +  H2O    NH4  +  OH-

(b) CH3COOH  +  H2O    CH3COO-  +  H3O+

(c) HNO2  +  H2O    H3O+  +  NO2

+

-

pH
Large numbers are often complicated to deal with. By writing larger numbers in terms 
of their power to base ten, a smaller scale, called a log scale is generated which is often 
easier to comprehend. In chemistry pH is defined in terms of a logarithmic scale.

Check that you can use your calculator correctly by verifying the following logs (this is 
the log10 which is the log button on your calculator). 

log 93 = 1.97

log 0.03 = -1.52

log 1.1 × 103 = 3.04



CHEMISTRY

pg 57

Acid-base equilibria

The pH of a solution is the negative logarithm to base 10 of the molar hydrogen ion 
concentration.

pH = -log10[H+]     pH has no units

In this expression, [H+] represents the concentration of H+ ions in solution measured in 
mol dm-3.

This is often written pH = -log[H+]

To calculate the hydrogen ion concentration from the pH use:

[H+] = 10(-pH)

Dipsticks are used by doctors to measure the pH of urine. Urine 
pH normally ranges between 2.5 and 8.0 High acidity can indicate 
diabetes and high alkalinity can indicate urinary tract infections or 
kidney stones.

Tip
pH is always written with a small p and a capital H.

Calculation of pH for strong acids
EXAMPLE 3
What is the pH of 0.0050 mol dm-3 HCl?

First write the equation for the dissociation of the acid, to determine the number of 
moles of hydrogen ions formed. 

HCl  →  H+ +  Cl-  Ratio is 1HCl : 1H+ so  0.0050:0.0050

pH =-log10[H+] = -log10(0.0050) = 2.30
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Example 2
What is the pH of 0.0001M H2SO4?

First write the equation for the dissociation of the acid, to determine the number of 
moles of hydrogen ions formed. 

H2SO4  →  2H+ +  SO4

Ratio is 1H2SO4:2H+ so 0.0001:0.0002

pH =-log10[H+] = -log10(0.0002) = 3.70

Tip
pH values are often quoted to two decimal places. A negative pH is possible. 

Example 3
The pH of human blood is 7.40. What is the aqueous hydrogen ion concentration in 
blood?

[H+] = 10(-pH) = 10(-7.40) = 3.98 ×10-8 mol dm-3

Example 4 
What is the concentration of a solution of sulfuric acid which has a pH of 1.00?

[H+] = 10(-pH) = 10-1.00 = 0.1 mol dm-3

[H2SO4] = [H+]/2 (as ratio 1H2SO4:2H+) = 0.1/2 = 0.05 mol dm-3

The ionic product of water, Kw

Water partially dissociates into hydrogen ions and hydroxide ions: 

H2O    H+   +   OH-

Kw = [H+][OH-]   Units: mol2 dm-6

This expression holds for all solutions at room temperature if water is present.

At 25°C, Kw = 1.00 × 10-14 mol2 dm-6

2-
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Calculating pH of pure water
We often state that the pH of pure water is 7.0, but this is only true at 25 °C. As 
the temperature increases, the pH of water drops below 7. The increase in Kw as 
temperature increases also indicates that the dissociation of water into H+ and OH- ions 
is endothermic as the equilibrium is moving from left to right (more H+) as temperature 
increases.

Kw is an equilibrium constant and varies with temperature hence the pH of pure water 
varies with temperature.

For pure water [H+] = [OH-]

EXAMPLE 5
Calculate the pH of pure water at 298 K when Kw = 1.00 × 10-14 mol2 dm-6

Kw = [H+][OH-] but for water [H+] = [OH-] so Kw  =  [H+]2

1.00  ×  10-14 = [H+]2

[H+]  =  10-7 mol dm-3

pH  =  -log10[H+]  =  -log10(10-7)  =  7.00

EXAMPLE 6 
Calculate the pH of pure water at 15 °C if Kw = 4.52 ×10-15 mol2 dm-6.

4.52 × 10-15 = [H+]2

[H+] = 6.72 × 10-8

pH = -log10[H+]  =  -log10(6.72 × 10-8)  =  7.17

Example 7
What is the value of Kw at 50 °C if the pH is 6.63? State the units of Kw.

[H+] = 10(-pH) = 10(-6.63) = 2.344 × 10-7 mol dm-3 

Kw = [H+]2 = (2.344 × 10-7)2 = 5.49 × 10-14 mol2 dm-6

Tip
If this calculation is kept in the calculator the answer comes out at 5.50 × 10-14 mol2 
dm-6. However, using the rounded answer for [H+], the answer is 5.49 × 10-14 mol2 dm-6. 
Both answers would be accepted.
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Test yourself 4.5.2
1. What is the pH of the following? Give your answers to 2 decimal places.

(a) 1.4 × 10-2 mol dm-3 hydrochloric acid

(b) 0.027 mol dm-3 nitric acid

(c) 0.20 mol dm-3 sulfuric acid

(d) 2.0 mol dm-3 sulfuric acid

2. What is the concentration, in mol dm-3, of each of the following? Give your answers 
to 3 significant figures.

(a)  nitric acid which has a pH of 0.71

(b) sulfuric acid which has a pH of 0.50

(c) sulfuric acid which has a pH of 1.7

3. At 40 °C, Kw = 2.88 × 10-14 mol2 dm-6. Calculate the pH of water at 40 °C. 
    Give your answer to 2 decimal places.

4. Calculate the pH of pure water at the following temperatures. Give your answers to 2 
decimal places.

(a)   0 ˚C when Kw = 1.15 × 10-15 mol2 dm-6

(b)    60 ˚C when Kw = 9.55 × 10-14 mol2 dm-6
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Calculating the pH of a strong base
To calculate the pH of a strong base, use the Kw expression to find the [H+] 
concentration and then find the pH. The pH is usually calculated at 25 °C when 
Kw = 1.00 × 10-14 mol2 dm-6.

Example 8 
Calculate the pH of a 0.100 mol dm-3 solution of potassium hydroxide at 25 °C. 
Kw = 1.00 × 10-14 mol2 dm-6 at 25 °C.

First write the equation for the dissociation of the alkali to determine the number of 
moles of hydroxide ions formed. 

NaOH  →  Na+ + OH-

1 mol of NaOH produces 1 mol of OH-

Kw = [H+][OH-]

1.00 × 10-14 = [H+] × 0.100

 
[H+] = 

1.00×10 -14
 = 1.00 × 10-13 mol dm-3

pH = -log10[H+] = -log10(1.00 × 10-13) = 13.00

Example 9
Calculate the concentration of a solution of potassium hydroxide which has a pH of 
13.40 at 25 °C.

Kw = 1.00 × 10-14 mol2 dm-6 at 25 °C

[H+] = 10(-pH) = 10(-13.40) = 3.98 × 10-14 mol dm-3

[OH-] = 
1.00×10-14

 =  = 0.251 mol dm-3

KOH  →  K+  +  OH

1 mol of KOH produces 1 mol of OH-

[KOH] = [OH-] = 0.251 mol dm-3

0.100

3.98×10-14
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Calculating the pH of weak acids
Weak acids dissociate partially in solution and so the hydrogen ion concentration is 
not the same as the concentration of the acid. The actual extent of acid dissociation is 
measured by an equilibrium constant called the acid dissociation constant Ka.

Tip
Remember that it is the concentration of H+ which causes acidity when the acid 
dissociates; acids are not acidic until they dissociate.

For a weak acid, HA, the dissociation equation is: HA    H+  +  A-

The equilibrium constant in this dissociation is Ka and is represented by the 
expression:

Ka =
 [H+] [A-]

    Ka always has units of mol dm-3

The value of Ka gives a measure of the strength of the weak acid. The larger the Ka 
value, the stronger the weak acid. For example, ethanoic acid has a Ka value of 
1.74 × 10-5 mol dm-3 whereas hydrocyanic acid has a Ka of 4.90 × 10-10 mol dm-3. 

Sometimes Ka values are very small and it is more convenient to record the strengths 
of acids as pKa values.

pKa = - log10Ka

If Ka is a large value then pKa is small and the acid is a strong weak acid and a low Ka 
value results in a large Ka value and the acid is weak. A higher Ka value indicates a 
stronger weak acid. 

For the weak acid HA, it can be assumed that at equilibrium [H+] = [A-] hence 

Ka =
 [H+]2  

and if Ka and the concentration of the acid are known, the [H+] and pH can be 
calculated. 

[HA]

[HA]
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Example 10
Ethanoic acid has a Ka value of 1.74 × 10-5 mol dm-3 at 300K. What is the pH of a 0.10 M 
solution of ethanoic acid at this temperature? Give your answer to 2 decimal places.

Ka = 
[H+]2

 

1.74 × 10-5  = 
 [H+]2 

1.74 × 10-5 × 0.10 = [H+]2

 
[H+] = √ 1.74 × 10-6  =  1.319 × 10-3 mol dm-3

pH = -log10[H+] = -log10(1.319 × 10-3) = 2.88

Example 11
A solution of 0.030 mol dm-3 methanoic acid HCOOH has a pH of 2.66. Calculate Ka.

[H+] = 10(-pH) = 10(-2.66) = 2.19 × 10-3 mol dm-3 

Ka =
 [H+]2 

=
 (2.19×10-3)2 

 = 1.60 × 10-4 mol dm-3

[HA]

0.10

0.030[HA]
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Test yourself 4.5.3
1. What is the pH of the following solutions of strong bases at 25˚C? 
     Kw = 1.00 × 10-14 mol2 dm-6 at 25 °C. Give your answers to 2 decimal places.

(a) 0.100 mol dm-3 potassium hydroxide

(b) 0.0500 mol dm-3 potassium hydroxide

(c) 0.001 mol dm-3 Ba(OH)2

(d) 0.02 mol dm-3 NaOH

2. Calculate the pH of a 1.50 g dm-3 solution of sodium hydroxide, NaOH given that
     Kw = 1.00 × 10-14 mol2 dm-6 at 25 °C. Give your answer to 2 decimal places.

3. Write an expression for Ka for each of the following weak acids:

(a)  CH3COOH 

(b)  CH3CH2COOH 

(c)  HCOOH

4. Calculate pKa from the following Ka values. Give your answer to 2 decimal places.

(a) Ka= 2.5 × 10-3  mol dm-3

(b)  Ka = 2.3 × 10-1  mol dm-3

5. A weak acid, HA, of concentration 0.0120 mol dm-3 has a pH of 4.10. Calculate a
    value for the acid dissociation constant, Ka, for the weak acid.

6. Find the pH of the solutions of weak acids given below. Give your answer to 2
    decimal places.

(a)  0.65 mol dm-3 CH3COOH with Ka = 1.7 × 10-5 mol dm-3

(b)  4.4 × 10-2 mol dm-3 HClO with Ka = 3.7 × 10-8 mol dm-3
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Calculating pH after neutralisation 
In a neutralisation question, a volume of a certain concentration of a strong acid is 
added to a volume of a certain concentration of a strong base.

Either the base or the acid may be in excess. 

It is the amount, in moles of the acid or base in excess together with the new total 
volume of the solution which is used to calculate the new concentration of either the 
acid or the base.

Example 12
Calculate the pH of a solution resulting from mixing 25 cm3 of 0.1 M sulfuric acid and 
25 cm3 of 0.1 M sodium hydroxide solution.

It is first necessary to work out the number of moles of each solution, and determine 
which is present in excess, and use this to find the pH.

H2SO4 + 2NaOH  →  Na2SO4 + 2H2O 

Moles of NaOH = 
25×0.1

 = 0.0025

Moles of H2SO4 = 
25×0.1

 = 0.0025

Ratio is 2NaOH:1H2SO4

0.0025 mol of NaOH reacts with 0.00125 mol of H2SO4

The sulfuric acid is in excess by 0.0025 – 0.00125 = 0.00125 mol

The 0.00125 moles are dissolved in 50 cm3 of solution (25 cm3 + 25 cm3)

[H2SO4] = 0.00125 × 20 = 0.025 mol dm-3

[H+] = 0.025 × 2 = 0.05 mol dm-3 (as H2SO4 is dibasic)

pH = - log10[H+] = - log10(0.05) = 1.30

1000

1000
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Determination of titration curves by experiment
• Place acid/base solution of known volume and concentration in a conical flask 

• Add 3 drops of indicator

• Fill a burette with acid/base of known concentration

• Add the acid/base in 5cm3 portions from a burette, mixing using a magnetic stirrer

• Record the pH of the solution after each addition (use a pH meter or narrow range pH 
paper) 

• Add the acid/base in 1 cm3 portions as the end point approaches

• Plot a graph of pH against volume of acid/base added. This is a titration curve

Titration curves
The vertical region in a titration curve occurs at the equivalence point when the correct 
volume of acid/alkali has been added for neutralisation. An indicator is suitable for 
the titration if the rapid change in pH at the equivalence point (shown by the near 
vertical portion on the curve) overlaps with the pH range of the indicator. There are 4 
different types of titration curve. 

1. strong acid/strong base titration e.g. HCl/NaOH

• If the base is added to the acid in the conical flask the curve starts at pH 0-2 (strong 
acid) and there is a very gradual increase until at the endpoint the pH changes 
rapidly from 3 and 10 and there is a vertical part on the curve. The curve ends at pH 
12-14 (strong alkali).

• Any indicator which changes colour in the pH range corresponding to the vertical 
portion of the titration curve e.g. methyl orange, phenolphthalein.

2. strong acid/weak base titration e.g. HCl/ammonia

• If the base is added to the acid in the conical flask the curve starts at pH 0-2 (strong 
acid) and there is a very gradual increase, until at the endpoint the pH changes 
rapidly from 3 to 8 and there is a vertical part on the curve. The curve ends at pH 10 
approximately (weak alkali).

• Any indicator which changes colour in the pH range corresponding to the vertical 
portion of the titration curve is suitable e.g. methyl orange is suitable, but 
phenolphthalein is not.
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3. weak acid/strong base titration e.g. ethanoic acid/NaOH

• If the base is added to the acid in the conical flask, the curve starts at pH 3 (weak 
acid) and there is a very gradual increase, until at the endpoint the pH changes 
rapidly from 6 to 10 and there is a vertical part on the curve. The curve ends at pH 13 
approximately (strong alkali).

• Any indicator which changes colour in the pH range corresponding to the vertical 
portion of the titration curve e.g. phenolphthalein but not methyl orange.

4. weak acid/weak base titration e.g. ethanoic acid/ammonia

• If the base is added to the acid in the conical flask, the curve starts at pH 3 (weak 
acid). There is no sharp increase in pH at the equivalence point and no vertical part 
on the curve. The pH changes gradually rather than suddenly and so there is no clear 
end point. The curve ends at pH 11 approximately (weak alkali).

• Weak acids and weak bases are not titrated using indicator, often a pH meter is used.

Note that if the alkali is added to the acid, then the curve is inverted. If sketching 
titration curves, you should always work out the volume of solution needed at the 
equivalence point.

• Phenolphthalein is colourless in acid and pink in alkali.

• Methyl orange is red in acid and yellow in alkali.
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The diagrams below show typical titration curves:

Strong acid-strong base Strong acid-weak base

Weak acid-strong base Weak acid-weak base
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Buffers
A buffer solution is one which resists changes in pH if small amounts of acid or 
alkali are added to it.

An acidic buffer contains a weak acid and the salt of the weak acid, for example a 
solution of ethanoic acid and sodium ethanoate is a buffer. 

The buffer can be made by partially neutralising a solution of a weak acid by an 
aqueous alkali, giving a solution containing a mixture of the salt and the excess of the 
weak acid. 

How a buffer solution works
In an acidic buffer containing ethanoic acid and sodium ethanoate in solution, there 
is a large amount of undissociated ethanoic acid, because it is a weak acid and a large 
amount of ethanoate ions due to the complete dissociation of the sodium ethanoate in 
solution. 

CH3COOH      CH3COO- + H+

CH3COONa   →   CH3COO- + Na+ 

Hence a buffer has a reservoir of ethanoic acid and ethanoate ions and contains a high 
concentration of each.

Adding acid (H+) to a buffer

CH3COOH      CH3COO- + H+

The position of equilibrium moves to the left to remove the added H+ ions.

This keeps the pH almost constant.

In the buffer there is a reservoir of the ethanoate ions. 

Adding alkali (OH-) to a buffer

CH3COOH  +  OH-    →  CH3COO-  +  H2O

The undissociated ethanoic acid can remove the hydroxide ions and maintain the pH.

Or the hydroxide ions can combine with H+ and form water, driving the equilibrium to 
the right hand side to replace them and maintain the pH.
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Calculation of pH of a buffer
The pH of a buffer can be calculated using the Henderson-Hasselbalch equation.

pH = pKa + log10   

[A-]
 

[A-] is the concentration of the anion, which is assumed to be the same as the 
concentration of the salt, as it fully dissociated in solution. 

[HA] is the concentration of the acid. 

Example 13
If Ka for ethanoic acid at 25 °C is 1.74 × 10-5 mol dm-3 what is the pH of a solution 
which contains 1.0 M sodium ethanoate and 0.1 M ethanoic acid? Give your answer to 
2 decimal places.

pH = pKa + log10  
[A-]

 

pH = -log10Ka + log10  
[A-]

 

 
pH = -log10(1.74 × 10-5)   +   log10  

[1.0]

= 4.76  +  1 = 5.76

[HA]

[HA]

[HA]

[0.1]
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Salt hydrolysis
A salt solution may be acid, neutral or alkaline depending on the nature of the 
interaction of the salt ions with water. (salt hydrolysis). The cations and anions of the 
dissociated salt accept hydrogen ions from water or donate hydrogen ions to water.

Type of salt Acid, alkaline or neutral Example

Salt of a strong acid and 
strong base Neutral Sodium chloride

Potassium sulfate

Salts made from a weak 
acid and a strong base

Alkaline – the negative 
ion reacts with water. The 
water donates a proton to 
the negative ion, leaving 

OH- ions in solution
A- + H2O    HA + OH-

Sodium ethanoate

Salts made from a weak 
base and strong acid

Acidic – the positive ion 
reacts with water, donating 

a proton to form acidic 
H3O+

NH+ + H2O NH3 + H3O+ 

Ammonium chloride

Salts made from a weak 
acid and a weak base

Acidic or alkaline 
depending on the strength 

of the acid or alkali
Ammonium ethanoate

4
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Test yourself 4.5.4
1. Which one of the following salts would produce a neutral solution when dissolved in
     water?

A  ammonium chloride 
B  potassium chloride 
C potassium ethanoate 
D  sodium carbonate

2. The structure below shows tartaric acid which is a weak acid.

 C      C      C      C 

OH OO

H

H

OH OHHO

(a) If tarataric acid is titrated with NaOH state a suitable indicator and explain why  
 it is a suitable indicator. 

(b) A mixture of tartaric acid and tartrate ions act as a buffer in solution. Using 
 C4H6O6 to represent tartaric acid and C4H5O6 to represent tartrate ions, write   
 equations to show this buffer solution responds to the addition of    
 acid and base.

3. Explain the mode of action of a buffer of sodium ethanoate and ethanoic acid. You
     must use equations to explain how it reacts with H+ and OH-.

4. Calculate the pH of the buffer formed when 10 cm3 of 0.025 mol dm-3 sodium
    hydroxide solution are added to 10 cm3 of 0.080 mol dm-3 ethanoic acid
    (Ka = 1.74 × 10-5 mol dm-3). Give your answer to 2 decimal places.

-
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This unit will examine functional groups isomerism and optical isomerism with its link 
to drug specificity.

Mathematical content
Students will represent chiral molecules using appropriate diagrams showing the 
molecule in 3D.

Learning outcomes
• demonstrate knowledge and understanding of how structural isomerism can exist 

between molecules that belong to different families of compounds

• recall that asymmetric (chiral) centres give rise to optical isomers which exist as 
non-superimposable mirror images

• draw 3D representations of optical isomers

• recall that optical isomers rotate the plane of plane polarised light in opposite 
directions

• define and understand the term optically active and explain why racemic mixtures 
are optically inactive

• recognise that drug action may be determined by the stereochemistry of the drug 
and their receptor sites

Introduction
The smell and taste of molecules depends on their molecular shape. For example, 
carvone is an organic compound with molecular formula C10H14O. It has two different 
forms, one which has a caraway smell, and the other a spearmint spell. Both 
forms have the same formula and structure, but they have a different 3D spatial 
arrangements. They are stereoisomers. 

Limonene is a hydrocarbon which also exists as stereoisomers. One form smells of 
lemons, and the other of oranges. 

The organic compound limonene, has two optical isomers, one 
which smells of lemons, the other which smells of oranges.
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Optical isomerism
• Molecules which have the same molecular formula but a different structural formula 

are known as structural isomers.

• Stereoisomers are molecules which have the same structural formula but different 
3D spatial arrangements (are non-superimposable).

• There are two types of stereoisomers, E-Z isomers which you met in AS2, and optical 
isomers. 

• Optical isomerism occurs in molecules that have a carbon with four different atoms 
or groups attached to it tetrahedrally.

• An asymmetric (chiral) centre is a carbon which has four different atoms or groups 
attached.

• Every molecule has a mirror image. If the mirror image is not quite the same as the 
molecule, then the two molecules cannot be superimposed.

Compounds which have an asymmetric centre exhibit optical isomerism because the 
tetrahedral molecule is asymmetric i.e. it has no centre, plane or axis of symmetry. As 
a result, two tetrahedral arrangements occur in space; one is the mirror image of the 
other and they cannot be superimposed on each other as shown in figure 4.6.5.

COOH COOH

C COH HH HO
CH3 CH3

The optical isomers of 2-hydroxypropanoic acid. The central 
carbon atom is the asymmetric centre.
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Optical isomers are molecules which exist as non-superimposable mirror images.

• The two optical isomers of a substance are often called enantiomers. 

• When asked to draw 3D representation of optical isomers, a general method to follow 
is:

• identify the chiral centre and circle the four different groups.

• draw the 3D tetrahedral structure based on the chiral centre and insert the four 
different groups.

• draw a dotted line to represent a mirror and draw the second isomer by reflecting 
the isomer in an imaginary mirror or by exchanging any two of the groups 
attached to the chiral centre. 

EXAMPLE 1
Draw the optical isomers for 2-bromobutane.

H      C      C      C      C      H

H      C      C      C      C      H

The two end carbon atoms have 3 H atoms attached and the third carbon atom from 
the left has 2 H atoms so these cannot be chiral centres. The second carbon atom has 
the following groups attached to it:

1. H
2. Br
3. CH3
4. C2H5

These are four different groups so it is a chiral centre and is marked with an asterisk as 
shown below:

*

H H HH

BrH H H

H H HH

BrH H H
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Draw a 3-dimensional tetrahedral arrangement and insert each of the four different 
groups at different points on the tetrahedron. Then place a dotted line to represent the 
mirror, and reflect the image as shown below.

The isomers are non-superimposable. They have the same molecular and structural 
formulae but differ only in the arrangement of groups around the chiral centre.

Tip
Remember when drawing 3D molecules a normal line represents a bond in the plane of 
the paper, a dashed bond represents a bond extending backwards ‘into’ the paper and a 
wedged line means the bond protrudes forward, effectively ‘out’ of the paper. 

EXAMPLE 2
Draw the optical isomers of butan-2-ol.

Identify the chiral centre. The end two carbons have 3 H atoms attached and the third 
carbon atom from the left has 2 H atoms so these cannot be chiral centres. The second 
carbon atom has the following groups attached to it:

1. CH3
2. OH
3. H 
4.  CH2CH3

C2H5 C2H5

C CBr HH Br
CH3 CH3

H      C      C      C      C      H

H H HH

OHH H H
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These are four different groups so it is a chiral centre and is marked with an asterisk 
as shown. It is often useful to circle each of the four groups on the chiral carbon, this 
helps you remember what groups to place around the tetrahedron.

Draw a 3-dimensional tetrahedral arrangement and insert each of the four different 
groups at different points on the tetrahedron. Then place a dotted line to represent the 
mirror, and reflect the image as shown below.

Tip 
Make sure the OH group is attached correctly. The O should be bonded to the carbon.

*

CH2CH3 CH2CH3

C CCH3 HH H3C
OH OH

H      C      C      C      C      H

H H HH

OHH H H
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Test yourself 4.6.1
1. Which of the following molecules have chiral centres?

(a) CH3CH2CH2CH2OH

(b) CH3CH2CHFCH2CH3

(c) CH3CH(CH3)CO2H 

(d) CH3CH(OH)CO2CH3

(e) CH3CH2CH2C(OH)2CH2CH2

(f)  CH3CH2CH2CHClCH3

2. CH3CH(OH)COOH, is a weak acid. The molecule has an asymmetric centre.

(a) Explain what is meant by the term asymmetric centre.

(b) Draw the structures of the two optical isomers.

(c) What is the bond angle around the central carbon?

3. The structures of two amino acids are shown.

(a) Explain why glycine does not have optical isomers.

(b) Draw the 3D structures of the isomers of alanine.

H CH3

O OH H

H2N      C      C      OH H2N      C      C      OH

glycine alanine 
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Optical activity 
A light beam is made up of waves that vibrate in all planes at right angles to the 
direction in which the beam is travelling. If the light beam is passed through a 
polarising filter, the filter only allows light in one plane to pass through it, so all the 
waves are absorbed apart from the ones vibrating in one particular plane. The light is 
said to be plane polarised.

An optically active substance is one which can rotate the plane of plane polarised light. 
When a beam of plane polarised light is passed through a solution of one optical 
isomer, the plane polarised light is rotated either to the left (-) or to the right (+) 
depending on which isomer is in the solution. 

If a mixture of equal amounts of the same concentration of two enantiomers (optical 
isomers) is made, it is an optically inactive mixture and has no effect on plane 
polarised light. This is because one isomer rotates plane polarised light to the left, the 
other rotates it to the right and the two opposite effects cancel out. This mixture of 
equal amounts of each enantiomer is called a racemic mixture or racemate. When a 
chiral compound is synthesised in the laboratory, a mixture of optical isomers is often 
formed. 

It is possible to distinguish between solution of a racemate and one of a single 
enantiomer of a compound, by passing plane polarised light through the solution.  
Plane polarised light will be rotated by the single enantiomer but it will be unaffected 
by the racemate.  The racemate is optically inactive as it contains equal amounts of 
each isomer, and one isomer rotates plane polarised light to the right, the other to the 
left and the two opposite effects cancel out. 

Ibuprofen is a drug that targets 
muscle and bone pain, headaches 
and back pain. It is a chiral 
structure and has optical isomers.



CHEMISTRY

pg 80

Isomerism

Stereospecific drugs
Most drugs are chiral molecules, but often our body only interacts with one of the 
mirror image forms. It is expensive and difficult to separate enantiomers, and drugs 
are often sold as racemic mixtures, however drug action depends on the action of one 
enantiomer in the body. 

Most drugs entering the human body interact with proteins in enzymes or in sensitive 
receptors on the surface of cells. Receptors make the cells responsive to chemicals 
from nerve endings and hormones. Drugs interact with receptors by bonding at specific 
binding sites. Often, only one isomer of the drug is optically active, while the other is 
inactive. For example, a racemic mixture of thalidomide was prescribed for morning 
sickness in the 1960s but the (+) isomer caused deformities in the foetus, while the (-) 
isomer had negligible side effects.

Hence drug action may be determined by the stereochemistry of the drug and its 
receptor sites. Nowadays the optical isomers of chiral drugs are isolated and tested 
separately and drugs which interact specifically with particular receptors are designed, 
since non-specific drugs cause more side effects. 

Functional group isomers
Structural isomers can exist between molecules which belong to different homologous 
series of compounds and hence have different functional groups. These are often 
called functional group isomers. 

For example, aldehydes and ketones can occur as functional group isomers. For the 
molecular formula C3H6O, two structural isomers are shown below.

Propanone is a ketone and propanal is an aldehyde. They are structural isomers, yet 
they belong to different homologous series.

O

O

H

H HH H

H HH H

H      C      C      C      H H      C      C      C      

propanone propanal
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Esters and carboxylic acids also occur as functional group isomers. For the molecular 
formula C4H8O2, the two structures below are isomers.

O

H      C      C      O      C      C      H

H      C      C      C      C 

ethyl ethanoate

butanoic acid

Ethyl ethanoate is an ester and butanoic acid is a carboxylic acid. Other esters with 
this molecular formula are propyl methanoate and methyl propanoate.

H H H

H H H

H H H

H H H O

OH
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Test yourself 4.6.2
1. 2-bromobutane is optically active:

(a) Draw the structural formula of 2-bromobutane.

(b)  Mark the chiral carbon atom with an asterisk (*).

(c)  Why is 2-bromobutane optically active?

(d)  What is meant by the term optically active?

(e) What is a racemic mixture?

(f) Draw the two structures of 2-bromobutane that will form a racemic mixture.

(g)  Explain why this racemic mixture will not rotate the plane of plane polarised   
 light. 

(h) What is plane polarised light?

(i)  How could you show that a solution of a drug was a racemate and not a single   
 enantiomer?

2. State the IUPAC names of two isomers of C4H8O which have different functional 
groups.

3. State the IUPAC names of two isomers of C3H6O2 which have different functional 
groups. 
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This section examines aldehydes and ketones which contain the carbonyl groups 
including reactions which both undergo and reactions which only aldehydes undergo.  
The nucleophilic addition mechanism is studied for the addition of HCN to the C=O of 
an aldehyde and a ketone.

Learning outcomes 
• recall the molecular and structural formulae of aldehydes and ketones, including 

branched structures, with up to six carbon atoms in the main chain

• explain the boiling points and solubility of aldehydes and ketones by making 
reference to intermolecular forces

• recall that aldehydes and ketones can be prepared from the corresponding primary 
or secondary alcohol using a suitable oxidising agent

• recall the reaction of aldehydes and ketones with hydrogen cyanide

• describe the mechanism for the nucleophilic addition reaction of hydrogen cyanide 
and propanone

• explain why racemic mixtures can be produced when hydrogen cyanide reacts with 
aldehydes and ketones

• recall the reaction of aldehydes and ketones with 2,4-dinitrophenylhydrazine

• recall the preparation of 2,4-dinitrophenylhydrazones for identification purposes, 
with reference to melting point determination

• recall that aldehydes and ketones can be distinguished using acidified potassium 
dichromate(VI), Fehling’s solution and Tollens’ reagent (with Fehling’s solution and 
Tollens’ reagent viewed as Cu2+ and Ag+ respectively)

• recall that aldehydes and ketones can be reduced using lithium 
tetrahydridoaluminate(III) (lithal)

Introduction
Aldehydes and ketones have many uses. Aldehydes occur naturally in flavouring 
agents in foods such as benzaldehyde, which provides the odour and flavour of fresh 
almonds, cinnamaldehyde, or oil of cinnamon, and vanillin, the main flavouring agent 
of vanilla beans. In the body aldehydes and ketones perform essential functions for 
example hormones such as progesterone and testosterone are ketones and retinal is 
an aldehyde found in the retina and involved in the process of vision. Aldehydes and 
ketones both contain the aldehyde functional group.
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The carbonyl group
The functional group present in aldehydes and ketones is the carbonyl group C=O.  
As expected for a double bond the characteristic reactions are addition reactions.  
The carbonyl bond is polar due to the high electronegativity of oxygen, drawing the 
electrons in the bond towards itself, resulting in a in a δ+ charge on the carbon and a δ- 
charge on the oxygen. Nucleophiles are ions or molecules, with a lone pair of electrons 
which attack regions of low electron density; they readily attack the δ+ carbon and 
hence the carbonyl group undergoes nucleophilic addition reactions.

C 

O

δ+

δ-

The polar carbonyl functional group.
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Naming aldehydes
The carbonyl group is always at the end of the chain and so a positional number is 
not needed. This is carbon number one, if there are other substituents or groups on 
the chain. The names of aldehydes are based on the carbon skeleton, with the ending 
changed to – anal.

The table below gives the names of the first six straight chain members of the 
aldehydes.

methanal HCHO

ethanal CH3CHO

propanal CH3CH2CHO

butanal CH3CH2CH2CHO

pentanal CH3CH2CH2CH2CHO

hexanal CH3CH2CH2CH2CH2CHO

O

O

O

O

O

O

H

H

H

H

H

H
H      C      C      C      C      C      C 

H      C      C      C      C      C 

H      C      C      C      C 

H      C      C      C 

H      C      C 

H      C 

H

H

H

H

H

H

H

H

H

HH

H

H

H

H

H

H

H

H

H

H

H

H

H

HH

H

H

H

H
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Tip
When writing structural formula always write the aldehyde as –CHO writing –COH is 
incorrect, and easily confused with alcohols. Ethanal for example is written CH3CHO 
NOT CH3COH.

EXAMPLE 1
Name the structure shown below.

• Name the longest unbranched carbon chain in the molecule which includes the 
functional group – there are 5 carbons so the stem is pent

• The C=O is at the end of the chain, so the compound is an aldehyde – pentanal

• Number the carbon atoms in the carbon chain, as shown in red above, with the 
carbon of the carbonyl as carbon 1

• Name the side chains and/or substituents attached to the main carbon chain and 
give their position – there is a methyl side chain on carbon 2 so it is -2-methyl 

• The name is 2-methylpentanal

5 4 3 2
1

O

H

H      C      C      C      C      C 

HHH H

HHH CH3
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EXAMPLE 2
Name the molecule shown below.

• Name the longest unbranched carbon chain in the molecule which includes the 
functional group – there are 6 carbons so the stem is hex

• The C=O is at the end of the chain, so the compound is an aldehyde – hexanal

• Number the carbon atoms in the carbon chain with the carbon of the carbonyl as 
carbon 1

• Name the side chains and/or substituents attached to the main carbon chain and 
give their position – there is a bromo side group on position 3 and on position 5 so 
this is 3,5-dibromo and a chloro group on carbon 4 so this is 4-chloro 

• All substituent groups are written alphabetically 

• The name of the compound is 3,5-dibromo-4-chlorolhexanal

Tip
The di and tri prefixes do not change the alphabetical order, the order is based on the 
group name e.g. bromo and not the prefix.

Tip
When naming organic compounds, always put a dash between a number and a word, 
and a comma between two numbers e.g. 2,2-dichloropentanal.

Aldehydes can have structural isomers, molecules with the same molecular formula 
but a different structural formula. Butanal has the same molecular formula as 
(2-)methylpropanal (C4H8O) but a different structural formula. 

butanal (2-)methylpropanal

O

H

H      C      C      C      C      C      C 

HHHH H

BrClBrH H

O O

H H

H      C      C      C      C H      C      C      C 

H HH HH

H CH3H HH
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Naming ketones
The names of ketones are based on the carbon skeleton with the ending changed to 
–anone. The carbonyl group can be at any position on the chain, except for the end, 
so propanone is the first member of the ketones. A number for the position of the CO 
group is needed from 5 carbon atoms upwards.

propanone CH3COCH3

butanone CH3CH2COCH3

This is the Ketostix test for ketones, conducted on the urine of a diabetic patient. Patients with diabetes lack the 
hormone insulin which breaks down glucose in the blood. The body thus utilises fats as an alternative energy source, 
leading to a build-up of ketones in the blood and urine that may eventually a diabetic coma.

O

O

H      C      C      C      H

H      C      C      C      C      H

H

H

H

H H

H

H

H

H H
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EXAMPLE 3
Name the molecule shown below.

• Name the longest unbranched carbon chain in the molecule which includes the 
functional group – there are 6 carbons so the stem is hex

• Number the carbon atoms in the longest carbon chain giving the carbon atom of the 
carbonyl group the lowest number possible

• The C=O is on carbon 3 and so the compound is a ketone and the position of the 
carbonyl group must be given – hexan-3-one

• Name the side chains and/or substituents attached to the main carbon chain and 
give their position – there is one methyl side chain on carbon 5 counting from the 
end from which the carbonyl group was numbered so this is 5-methyl 

• The name of the compound is 5-methyhexan-3-one 

Tip
Remember, when there is a functional group present, its position dictates the 
numbering in the chain, however in naming substituted alkanes the chain is numbered 
from the end which will give the lowest locant numbers for the substituents.
 
Some ketones may have structural isomers, the molecular formula is the same but 
the structure is different due to the different position of the carbonyl Pentanone has 
positional isomerism of the functional group as pentan-2-one and pentan-3-one exist.

H      C      C      C      C      C      C      H 

H      C      C      C      C      C      H H      C      C      C      C      C      H 

pentan-2-one pentan-3-one

O

OO

H

HH

H

HH

H

HH

HH

HH

H

HH

H

HH

H

HH

HCH3

HH
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Physical properties
Solubility in water
Short chain aldehydes and ketones are soluble in water. This is due to hydrogen 
bonding between a polar hydrogen of water and the lone pair on the oxygen of the 
carbonyl group. Solubility falls as chain length increase as the longer hydrocarbon 
parts of the molecules start to get in the way. By forcing themselves between water 
molecules, they break the relatively strong hydrogen bonds between water molecules 
and so solubility decreases.

Boiling point
Aldehydes and ketones have van der Waals’ forces and permanent dipole-dipole 
attractions between the molecules. This means that the boiling points will be higher 
than those of alkanes with a similar relative molecular mass, which only have van der 
Waals’ forces between the molecules.

As the length of the carbon chain increases, the boiling point of the aldehydes and 
ketones increases. This is due to a greater number of electrons and hence stronger van 
der Waals’ forces of attraction between the molecules. Methanal is a gas but the other 
short chain aldehydes are liquids.

Ketones usually have a slightly higher boiling point than their isomeric aldehydes for 
example the boiling point is 56 °C for propanone and 49 °C for propanal. This is due 
to the position of the carbonyl group. A carbonyl group at the end of the molecule (in 
aldehydes) gives a longer non-polar section meaning there are more effective van der 
Waals’ forces and less effective permanent dipole attractions. The effect however is 
small and other factors play a part such as the symmetry of the ketone structure.

Branched chain aldehydes and ketones have lower boiling points than their straight 
chain isomers. This is because the branching allows less interaction between the 
molecules and so there are less effective permanent dipole attractions. 
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Test yourself 4.7.1
1. State the IUPAC name of the following organic compounds. 

(a)  CH3CH2COCH2CH3 

(b)  CH3CH2CH(CH3)CH2CHO

(c)  CH3CH(CH3)CHO

(d)

(e)

(f)

(g)

(h)  CH3CH2CHClCOCH2CH3

2. The table below shows the boiling points of three organic molecules from different
     homologous series which have similar relative molecular mass.

O

O

O

C  

O

Homologous 
series Molecule Relative 

molecular mass Boiling point /°C

alkane CH3CH2CH3
(propane) 44 -42

aldehyde CH3CHO
(ethanal) 44 21

alcohol CH3CH2OH
(ethanol) 46 79

HH
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(a) State the intermolecular forces which occur between molecules of:
 (i)  propane 
 (ii) ethanal 
 (iii)  ethanol

(b) Explain the trend in boiling points shown in the table. 

3. Suggest why butanal, CH3CH2CH2CHO, has a boiling point of 74 °C whereas 
    2-methylpropanal, (CH3)2CHCHO, has a boiling point of 63 °C.

Oxidation
Aldehydes and ketones are the formed when alcohols undergo mild oxidation. 
Aldehydes can be oxidised further into carboxylic acids, and ketones cannot be 
oxidised. It is useful to remember the sequence shown:

primary alcohol → aldehyde → carboxylic acid

secondary alcohol → ketone

Aldehydes can be prepared by oxidation of the primary alcohol. When oxidising the 
primary alcohol to form the aldehyde, it is important that the apparatus used is that of 
distillation. When ethanol is heated with the acidified dichromate(VI) oxidising agent 
it is oxidised into ethanal (aldehyde) which vaporises and moves into the condenser. 
If reflux was used the aldehyde would still be in contact with the oxidising agent and 
would be oxidised further to the carboxylic acid.

Ketones are prepared by the oxidation of a secondary alcohol. 

R      C      OH 

R      C      OH 

R      C

R      C

R      C

[O]

[O]

[O]

H

R

H

H

O

O

H

R

O

OH
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Oxidation using acidified potassium dichromate(VI)
The oxidising agent is a solution of acidified potassium dichromate(VI) which 
is represented by [O]. The orange dichromate(VI) ion is reduced to the green 
chromium(III) ion, Cr3+, by the aldehyde according to the ionic equation:

Cr2O2-  +  14H+  +  6e-  →  2Cr3+  +  7H2O7

The first test tube shows orange acidified potassium dichromate(VI) solution. The second test tube shows the result 
after warming propanal with acidified potassium dichromate(VI) solution.

Oxidation of an aldehyde

CH3CH2CHO  +  [O]  →  CH3CH2COOH

Conditions: warm with acidified potassium dichromate(VI).
Observations: orange solution changes to green solution.

Ketones cannot be oxidised
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Oxidation by Fehling’s solution and Tollens’ reagent
• Aldehydes and ketones can be distinguished from each other using the mild 

oxidising agents Fehling’s solution and Tollens’ reagent.

• Aldehydes are oxidised and ketones are not. 

• Fehling’s solution is a blue solution which contains the copper(II) complex ion in 
alkaline solution.

• To carry out the test, add a few drops of the unknown solution to 1cm3 of freshly 
prepared Fehling’s solution reagent in a test tube and warm in a hot water bath.

• Aldehydes produce a red precipitate however with ketones there is no reaction and 
the solution remains blue. 

Fehling's solution before (left) and after (right) heating with ethanal.
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The Cu2+ ions in the oxidising agent (Fehling’s solution) are reduced by the aldehyde 
to form a red precipitate of copper(I)oxide (Cu2O). The aldehyde is oxidised to the 
carboxylic acid. 

The equation for the reduction may be simply written as:

Cu2+  +  e-  →  Cu+

Fehling’s solution to identify aldehydes video clip:
Fehling's solution to identify aldehydes  

• Tollens’ reagent contains the complex ion, [Ag(NH3)2]+. 

• It is formed by adding sodium hydroxide solution to silver nitrate solution to form a 
brown precipitate of silver(I) oxide and then adding ammonia solution dropwise until 
the precipitate dissolves to form a colourless solution.

• Tollens’ reagent is often referred to as ammoniacal silver nitrate. 

• To carry out the test, add a few drops of the unknown solution to 1cm3 of freshly 
prepared Tollens’ solution in a test tube and warm in a hot water bath. 

• Aldehydes produce a silver mirror on the test tube wall, however with ketones there 
is no reaction and the solution remains colourless. 

Warming Tollens’ reagent with an aldehyde (left) produces 
a precipitate of silver which coats the clean glass of the test 
tube with a shiny layer which looks like a ‘silver mirror’.

https://www.youtube.com/watch?v=WmwTRbQLIVo
https://www.youtube.com/watch?v=WmwTRbQLIVo 
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The aldehyde is oxidised to the corresponding carboxylic acid.

The silver ions in the oxidising agent (Tollens’ reagent) are reduced in this reaction to 
produce silver.

Ag+ + e-  →  Ag

Tollens’ reagent to identify aldehydes video clip:
Tollen's Reagent to identify Aldehydes

Reduction
Aldehydes are reduced to primary alcohols and ketones are reduced to secondary 
alcohols using the reducing agent, lithium tetrahydridoaluminate(III) (lithal) LiAlH4. 
Lithium tetrahydridoaluminate(III) is easily hydrolysed so the reagent is dissolved in 
dry ether. In equations the reducing agent is represented by [H].

aldehyde → primary alcohol

CH3CH2CHO  +  2[H]  →  CH3CH2CH2OH

propanal  propan-1-ol

Conditions: LiAlH4 in dry ether as reducing agent.

ketone  → secondary alcohol

CH3COCH3  + 2[H]  →  CH3CH(OH)CH3

propanone  propan-2-ol

Conditions: LiAlH4 in dry ether as reducing agent.

[H]

[H]

R      C      OH 

R      C      OH 

R      C

R      C

H

R

H

H

O

O

H

R

https://www.youtube.com/watch?v=F-Emzzls6Io
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Test yourself 4.7.2
1. Answer the questions below, using following list of aldehydes and ketones. 
     

             ethanal  propanone  butanone  propanal

(a) Which substance(s) will form a silver mirror with Tollens’ reagent?

(b) Name any substances in the list which can be oxidised and name the organic
 product.

(c) Which two substances have the same molecular formula? Write the molecular
 formula.

(d) Which substance(s) will not react when warmed with acidified potassium 
 dichromate(VI) solution. 

(e) Choose one substance from the list which can be reduced and name the
 product of the reduction. Name the reducing agent. 

(f)  Which substances are isomers of each other?

2. Write an equation for the reduction of pentanal using [H] to represent the reducing
     agent.

3. Write an equation for the oxidation of butan-2-ol using [O] to represent the oxidising
     agent.

4. Describe how you would experimentally determine if an organic chemical is butanal
     or butanone.
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Nucleophilic addition reactions
Aldehydes and ketones react with hydrogen cyanide in a nucleophilic addition 
reaction due to the presence of a double bond in the carbonyl and the polarity this 
bond. 

A nucleophile is an ion or molecule, with a lone pair of electrons, that attacks 
regions of low electron density. 

An addition reaction is one in which the pi bond of the double bond is broken and 
species are added across the double bond.

In the reaction with hydrogen cyanide (HCN) a hydroxynitrile is produced.

       ethanal        2-hydroxypropanenitrile

The hydroxynitrile is a nitrile and has the -CN functional group and when naming 
them, the carbon of this group must be counted as the first carbon in the chain.

             propanone    2-hydroxy-2-methylpropanenitrile

Conditions: Hydrogen cyanide is a toxic gas and so it is usual to generate hydrogen 
cyanide in the reaction mixture by adding dilute acid to an aqueous solution of 
potassium cyanide. 

O

CH3H H

H CNH

H      C      C         + HCN      →      

H      C      C      C      H           + HCN →      

H3C      C      OH

H3C      C      OH

H H

H CNO

H
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Mechanism
The addition of hydrogen cyanide to aldehydes and ketones follows a nucleophilic 
addition mechanism. The cyanide ion, CN-, is the nucleophile and attacks the carbon 
δ+. It then donates its lone pair of electrons and forms a bond with the carbon. At the 
same time one pair of electrons in the double bond of the carbonyl group move onto 
the oxygen, giving it a negative charge. The lone pair on the negative ion forms a 
covalent bond with a hydrogen ion of the acid, producing a hydroxynitrile product.

The full mechanism for propanone and hydrogen cyanide is shown below.

           C    O   → H3C     C     O
-
           → H3C   C   OH

CH3CH3 H+

CNCN
––

––
–– – –

δ+ δ-

H3C

CN-H3C

Tip
Remember that in the formation of a covalent bond the curly arrow starts from a lone 
pair or from another covalent bond. In the breaking of a covalent bond the curly arrow 
starts from the bond.

Aldehydes and unsymmetrical ketones form mixtures of enantiomers when they react 
with hydrogen cyanide.

When hydrogen cyanide reacts with ethanal, 2-hydroxypropanenitrile is formed. This 
compound has an asymmetric centre with four different atoms or groups attached as 
shown below. As a result, it can form optical isomers. 

H3C   C   OH
CN

H
–

–
– –

2-hydroxypropanenitrile
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The product produced however is optically inactive because a racemic mixture – a 
50/50 mixture of the two optical isomers is formed. A racemic mixture occurs because 
the carbonyl bond is planar and the cyanide ion can attack the carbon atom equally 
from either side.

CH3

CH3

C

C

OH

CN

H

H

CN

OH

CN-

CN-

C    O

H3C

H

How a racemic mixture is formed in the reaction of hydrogen cyanide and ethanal.

All aldehydes and unsymmetrical ketones e.g. CH3CH2COCH2CH2CH3 will produce a 
racemic mixture in their reaction with hydrogen cyanide.

Symmetrical ketones such as propanone, CH3COCH3, produce a product which does not 
have an asymmetric carbon and is optically inactive. 

Condensation reactions with 2,4-dinitrophenylhydrazine

2,4-dintirophenylhydrazine has the structure:

C6H3(NO2)2NHNH2

The ring is numbered from carbon 1 where the main hydrazine group is bonded.

A condensation reaction is one in which the elements of water are removed.

H

H

H

N        N          NO2

NO2
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Aldehydes and ketones both react with 2,4-dinitrophenylhydrazine to form 
2,4-dinitrophenylhydrazones. The product is named by putting the name of the 
aldehyde or ketone in front of 2,4-dinitrophenylhydrazone.

e.g.

Conditions: room temperature, 2,4-dinitrophenylhydrazine solution in acid.

Observations: orange/yellow precipitate produced.

Aldehydes and ketones can be identified by using instrumental techniques such 
as mass spectrometry and infrared spectrometry. Aldehydes and ketones are often 
liquids, another way of identifying unknown organic compounds is by preparing a 
derivative. This means combining the organic substance with a reagent which converts 
them to a solid product which is purified by recrystallization and identified by finding 
its melting point. 

To identify aldehydes and ketones they can be reacted with 
2,4-dinitrophenylhydrazine and the melting point of the solid hydrazone derivative 
found (after recrystallization) and compared to a data book to identify the original 
aldehyde and ketone.

O

H
H H H

H

H        C        C           +     →  H3C        C        N        N                      +  H2O  
  

NO2

H

H

H

N        N          NO2

NO2 NO2

This precipitate is a 2,4-dinitrophenylhydrazone derivative.

        ethanal           +         2,4-dinitrophenylhydrazine      →    ethanal-2,4-dinitrophenylhydrazone    +    water
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Laboratory preparation of 
2,4-dinitrophenylhydrazones
1.  Place 5 cm3 of 2,4-dinitrophenylhydrazine solution (Brady’s reagent) in a suitable
 container.

2.  Add some drops of the test liquid e.g. propanal or the test solid dissolved in ethanol.

3. If crystals do not form add some dilute sulfuric acid and warm the mixture.

3.  Cool the mixture in iced water.

4.  Filter off the crystals using suction filtration.

5.  Recrystallize.

6.  Record the melting point.

Recrystallisation method 
1. Dissolve the impure crystals in the minimum volume of hot solvent.

2. Filter when hot by gravity filtration, using a hot funnel, to remove insoluble 
 impurities.

3. Cool and allow to crystallise – the impurities are left in the solution.

4. Dry the crystals between filter paper/cool oven/desiccator.

Suction filtration method
1. Place filter paper in a Büchner funnel.

2. Place Büchner funnel in a Büchner flask.

3. Attach the flask to a suction pump and suck air through the flask.

This is faster than normal filtration and the solid is left quite dry.

Melting point method
1.  Place some solid in a capillary tube which is sealed at one end.

2.  Heat slowly (using melting point apparatus).

3.  Record the temperature at which the solid starts and finishes melting.

5.  Repeat and average.

6.  Compare the temperature to data book/tabulated values.

A melting point within a range of 1–2 °C indicates a pure product. 
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filter paper

Büchner funnel

to suction pump

Büchner flask

suction filtration

2,4-dinitrophenylhydrozine tests for aldehydes and ketones video clip:
2,4-Dinitrophenylhydrazine (DNP) tests for aldehydes and ketones 

Test yourself 4.7.3
1. (a)  Write the equation for the reaction of HCN with ethanal.

(b) State the IUPAC name of the organic product.

(c) Name the mechanism for this reaction.

(d)  Outline the mechanism for the reaction of HCN with ethanal.

(e) Suggest why the product of this reaction is optically inactive.

2. Propanone forms a solid product when it reacts with 2,4-dinitrophenylhydrazine.

(a)  What colour is the solid product?

(b)  What type of reaction is this?

(c) Describe how you would separate the solid product from the reaction mixture.

(d)  Describe how you would purify the solid product.

(e)  Describe how you would determine the identity of the solid product.

(f)  What is the  name of the solid product?

https://www.youtube.com/watch?v=Z2AdINwT8W0
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This unit will examine the chemistry of carboxylic acid including the reactions of the 
COOH group as an acid group and in substitution and condensation reactions.

Learning outcomes
• recall the molecular and structural formulae of carboxylic acids, including branched 

structures, with up to six carbon atoms in the main chain

• explain the boiling points and solubility of carboxylic acids by making reference to 
intermolecular attractions

• recall, including practical details, that carboxylic acids can be prepared from 
primary alcohols and aldehydes

• recall that carboxylic acids, or their salts, can also be formed by acid or base 
catalysed hydrolysis of esters and nitriles

• recall that carboxylic acids form salts with sodium carbonate, sodium hydroxide and 
ammonia

• recall the reaction of carboxylic acids with alcohols, phosphorus pentachloride and 
lithium tetrahydridoaluminate(III) (lithal)

Introduction
Carboxylic acids are widely found in nature. Citrus fruits contain citric acid, rancid 
butter produces strong smelling butanoic acid and the smell of goats and other 
farmyard animals is caused by hexanoic acid. Ethanedioic acid (also known as oxalic 
acid) is found in rhubarb leaves and has the structure shown below.

OO

OHHO

C      C         
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There is such a high level of oxalic acid (ethanedioic acid) in the leaves 
of rhubarb that it is dangerous to eat them – the acid can lower the 
calcium ion concentration in the blood to dangerously low levels.

Methanoic acid makes up for more than half of a fire 
ant’s body. The sting of ants contains methanoic acid.
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Naming carboxylic acids
The functional group of a carboxylic acid is the carboxyl group which is –COOH. It is 
made of a carbonyl (C=O) and a hydroxyl (-OH) group.

The names are based on the carbon skeleton with the ending changed from –ane to 
–anoic acid. IUPAC nomenclature rules state that the carboxyl carbon in the COOH 
functional group is always carbon number 1. Any substituents are numbered based on 
this.

The table below shows the first four carboxylic acids.

methanoic acid HCOOH

ethanoic acid CH3COOH

propanoic acid CH3CH2COOH

butanoic acid CH3CH2CH2COOH H      C      C      C      C      

H      C      C      C      

H      C      C     

H      C
O

OH

O

OH

O

OH

O

OH

H

H

H

HH

H

H

H

HH

H

H
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Tip
When naming, note that IUPAC rules state that the carboxyl carbon in the COOH 
functional group is always carbon number 1. Any substituents are numbered based 
on this.

EXAMPLE 1

Name the structure shown below. 

Name the longest unbranched carbon chain in the molecule  which includes the carbon 
of the  functional group – there are 6 carbons so the stem is hex.

It has a COOH functional group so it is an acid – hexanoic acid.

Number the carbon atoms with the carbon of the carboxyl group as carbon 1.

Name the side chains and/or substituents attached to the main carbon chain and give 
their position – there is a chloro group on carbon 4 so it is 4-chloro and a hydroxyl 
group on position 3 so it is 3-hydroxy.

Using alphabetical order for the substituent groups the name of the structure is:

4-chloro-3-hydroxyhexanoic acid.

H      C      C      C      C      C      C      

O

OHH OH HH H

H H HH Cl



CHEMISTRY

pg 108

Carboxylic acids

Physical properties
1. Boiling point
The boiling points of carboxylic acids are higher than that of the corresponding alkane.  
This is because the intermolecular forces between alkanes are van der Waals’ forces 
but between carboxylic acid molecules there are van der Waals’ and hydrogen bonds 
which are stronger. 

The boiling point of carboxylic acids is higher than that of the corresponding alcohol. 
This is because each pair of carboxylic acid molecules is held together by 2 hydrogen 
bonds in a structure called a dimer. This doubles the size of the molecule and increases 
the van der Waals forces between the dimers resulting in a higher boiling point. 

2. Solubility
Carboxylic acids with between one and four carbon atoms are very soluble (miscible) 
in water as the polar hydroxyl OH group and the polar carbonyl groups can hydrogen 
bond with water. As the number of carbon atoms in the chain increases the solubility 
decreases because the longer non-polar hydrocarbon chain of the molecules cannot 
form bonds with water and disrupts the formation of hydrogen bonds with water.

Miscible liquids mix in all proportions i.e. form a single layer.

O

O O

O

H H

H Hδ-

δ- δ-

δ-

δ+

δ+

H        C        C      C        C        H      

H

H

hydrogen bonds

Two carboxylic acid molecules forming a dimer.
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Test yourself 4.8.1
1. Name the following carboxylic acids:

(a) CH3CH2CH2COOH

(b) 

(c) 

(d) CH3CHClCH2CH2COOH

(e) 

(f) 

(g) H2C     CH—CH2—COOH

(h) 

O

OH

NH2

O

OHOH

O
Cl

OH

H      C      C      C      C      C     

H      C      C      C      

O

O

OH

OH

H

OH

HH

H

H

CH3

CH3

HH

H

H
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2. Explain the difference between the boiling point of propan-1-ol and ethanoic acid. 

3. Dodecanoic acid, C11H23COOH, is an acid found in coconut oil and human breast 
milk. It is a white solid at room temperature with a melting point of 45 °C and is 
insoluble in water.  Explain why ethanoic acid is soluble in water whereas dodecanoic 
acid is insoluble.

Substance Formula Relative 
molecular mass Boiling point /°C

propan-1-ol CH3CH2CH2OH 60 97.2

ethanoic acid CH3COOH 60 118

Acid reactions of carboxylic acids
Carboxylic acids can form salts in their reactions. The metal salt of a carboxylic acid is 
called a carboxylate and is formed when the hydrogen of the –COOH group is replaced 
by a metal. For example, the sodium salt of ethanoic acid, sodium ethanoate has the 
structure shown below. 

H      C      C       H      C      C       

ethanoic acid sodium ethanoate

Tip
Notice that the bond between oxygen and sodium in the salt is ionic, do not place a 
line between oxygen and sodium when drawing the structure of the sodium ethanoate 
salt. When writing the formula of a salt you can put the charges in stressing the ionic 
nature of the compound e.g. CH3COO-Na+ or you can leave them out e.g. CH3COONa. 
However, to put just one charge in and omit the other is incorrect.

H H

H HO O

OH O- Na+
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The names of the first four carboxylic acid salts are shown below:

Carboxylic acids are weak acids because they are partially dissociated in solution to 
form H+(aq) (or H3O+(aq)) and the carboxylate ion.

e.g. CH3COOH(aq)  CH3COO-(aq)     +     H+(aq)
 ethanoic acid  ethanoate ion       hydrogen ion 

or CH3COOH       +       H2O     CH3COO-            +      H3O+

 ethanoic acid      water ethanoate ion        hydronium ion

Carboxylic acids take part in typical acid reactions – with carbonates, metals and 
bases to form salts. 

1. With carbonates
A carboxylic acid reacts with carbonates (and hydrogencarbonates) according to the 
general equation:

acid + carbonate/hydrogencarbonate  →  salt  +  water  +  carbon dioxide

e.g. 2CH3COOH   +    Na2CO3 → 2CH3COONa   +      CO2        +  H2O
   ethanoic acid   sodium carbonate  sodium ethanoate           carbon dioxide                      water

Observations: There will be effervescence and the solid sodium carbonate will 
disappear producing a colourless solution.

e.g. CH3COOH      +       NaHCO3         → CH3COONa   +      CO2        +  H2O
   ethanoic acid           sodium hydrogencarbonate       sodium ethanoate                  carbon dioxide                        water

Observations: There will be effervescence and the solid sodium hydrogencarbonate will 
disappear producing a colourless solution. 

Carboxylic acid Name of salt

methanoic methanoate

ethanoic ethanoate

propanoic propanoate

butanoic butanoate
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Test for a carboxylic acid
Despite being weak acids, carboxylic acids are stronger than carbonic acid and release 
carbon dioxide when reacted with carbonates. This is the reaction used to test for 
carboxylic acids. 

Add a spatula of sodium carbonate or sodium hydrogencarbonate to the solution.

If it is a carboxylic acid, effervescence is observed. 

The gas can be collected and bubbled into colourless limewater which should turn 
milky, proving that the gas produced is carbon dioxide.

Carboxylic acids react with carbonates and produce effervescence. 
This is the test for a carboxylic acid.

Sodium carbonate testing for acid groups video clip:
Aliphatic Tests: Sodium carbonate for Acid Groups

https://www.youtube.com/watch?v=DrqNO3-hJf0
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2. With bases
Carboxylic acids react with bases (metal oxides and hydroxides) to form a salt and 
water according to the general equation:

acid  +  base  →  salt  +  water 

e.g. CH3COOH      +    NaOH   → CH3COONa     + H2O
      ethanoic acid     sodium hydroxide                    sodium ethanoate  water

Observations: There is release of heat and the colourless solution remains. 

This reaction is often carried out using an indicator in a titration. 

3. With the base ammonia
Carboxylic acids react with ammonia to form an ammonium salt according to the 
general equation:

acid  +  ammonia  →  ammonium salt 

e.g. CH3COOH     +    NH3     → CH3COONH4
         ethanoic acid      ammonia ammonium ethanoate

Observations: There is release of heat and the colourless solution remains. 

When dibasic or tribasic acids react with carbonates or bases, if excess reagent is 
present then all of the COOH groups react. The reaction of ethanedioic acid with 
sodium hydroxide is shown below.

(COOH)2  +  2NaOH  →  (COO)2Na2  +  2H2O 

For a group 2 carbonate: (COOH)2 + MgCO3  →  (COO)2Mg + H2O  +CO2

OO O

ONaHO NaO

 C      C   +    2NaOH →      C      C   +    2H2O 
O

OH
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Test yourself 4.8.2
1. (a) Write the equation for the dissociation of butanoic acid in solution.

 (b) Name the anion formed in this reaction.

2. Would you expect ethanoic acid to be a good electrolyte? Explain your answer. 

3. Write equations for the formation of the following salts:

(a) potassium propanoate from potassium hydroxide.

(b) magnesium propanoate from magnesium oxide.

(c) ammonium methanoate from ammonia.

(d) sodium ethanoate from sodium carbonate. 

(e) calcium ethanoate from calcium hydroxide.

4. Write the equation for the reaction of citric acid with excess sodium hydroxide.

5. How would you distinguish between samples of ethanoic acid and ethanol? Give two 
tests, one which would be positive for ethanoic acid and one which would be positive 
for ethanol.

H2C

H2C

HO        C             COOH

COOH

COOH

citric acid
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Reaction with phosphorus pentachloride PCl5
PCl5 replaces an OH group with a Cl. A new organic substance called an acyl chloride 
RCOCl, is formed Acyl chlorides are named – oyl chloride. The other products are POCl3 
(phosphorus(V) trichloride oxide) and hydrogen chloride.

e.g. CH3CH2COOH   +   PCl5   →   CH3CH3COOCl   +   POCl3   +   HCl
           propanoic acid                      propanoyl chloride

Condition: room temperature.

Observations: solid disappears, fizzing, mixture warms up, misty fumes of hydrogen 
chloride.

Using PCl5 to test for the presence of a OH group video clip:
Aliphatic tests: use of PCl5 to test for the presence of -OH groups

Reduction using lithium 
tetrahydridoaluminate(III) (lithal)
Carboxylic acids are reduced to aldehydes and further reduced to primary alcohols. 
The reducing agent is lithium tetrahydridoaluminate(III) (lithal) which is easily 
hydrolysed so the reagent is dissolved in dry ether. In equations the reducing agent is 
represented by [H].

CH3CH2COOH  +  2[H]  →  CH3CH2CHO  +  H2O
    propanoic acid         propanal

CH3CH2COOH  +  4[H]  →  CH3CH2CH2OH  +  H2O
    propanoic acid          propan-1-ol

Condition: If the aldehyde is required it is distilled off, but prolonged refluxing with 
LiAlH4 in dry ether will produce the primary alcohol. 

The reaction of carboxylic acids with alcohols will be studied in the section on 
esters 4.9.

https://www.youtube.com/watch?v=AryisNZQCss
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Preparation of carboxylic acids
Carboxylic acids can be formed by different reactions.

1. From primary alcohols or aldehydes
Carboxylic acids can be prepared in the laboratory by prolonged oxidation of a primary 
alcohol or an aldehyde using acidified potassium dichromate(VI) as oxidising agent. 
Primary alcohols are oxidised first to aldehydes and then to the carboxylic acid. 

Primary alcohol

CH3CH2OH  +  2[O]  →  CH3COOH  +  H2O
    ethanol               ethanoic acid

Condition: Reflux with acidified potassium dichromate(VI) and then distil off the 
ethanoic acid.

Aldehyde

CH3CHO  +  [O]  →  CH3COOH 
    ethanal       ethanoic acid 

Conditions: Reflux with acidified potassium dichromate(VI) and then distil off the 
ethanoic acid.

Method:
• Add concentrated sulfuric acid to water in a pear-shaped/round-bottomed flask.

• Swirl the solution and cool the flask to dissipate the heat/prevent spitting.

• Add potassium dichromate(VI) and swirl.

• Add anti-bumping granules to promote smooth boiling.

• Add the alcohol slowly, to the acidified potassium dichromate(VI) solution and cool 
in a water bath. 

• Heat the mixture under reflux. (reflux is the repeated boiling and condensing of a 
reaction mixture).

• Distil off the acid.
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Liebig condenser

anti-bumping granules

pear-shaped flask

HEAT

HEAT
from

Bunsen burner

cold water out

cold water in

tripod stand

anti-bumping 
granules

distillate

flask

thermometer retort stand

condenser

reaction 
mixture

water out

water in

Mild oxidation of ethanol to ethanoic acid video clip:
Alcohols Advanced 4b. Further oxidation of ethanol to ethanoic acid

https://www.youtube.com/watch?v=VwEiuNPkm3g 
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2. From acid or base catalysed hydrolysis of esters 
Hydrolysis is the breaking up of molecules by reaction with water. An ester can be 
hydrolysed into an alcohol and a carboxylic acid (or its salt). 

Hydrolysis is slow so often it is catalysed by adding acid or base. 

Using acid catalysis

CH3COOCH2CH3    +    H2O         CH3COOH    +    CH3CH2OH
    ethyl ethanoate           ethanoic acid             ethanol

Conditions: heat under reflux with dilute hydrochloric acid.

Using base catalysis
In the base catalysed reaction, the reaction is non reversible and salt of the carboxylic 
acid is formed. A mineral acid can then be then added to liberate the free carboxylic 
acid. 

CH3COOCH2CH3    +    NaOH    →    CH3COONa    +    CH3CH2OH
   ethyl ethanoate   sodium ethanoate                 ethanol

Conditions: heat under reflux with sodium hydroxide solution.

The acid is produced by adding hydrochloric acid. 

CH3COONa  +  HCl  →  CH3COOH   +  NaCl

There are two advantages of base hydrolysis:

• the reactions are one-way rather than reversible 

• the products are easier to separate

3. From acid or base catalysed hydrolysis of nitriles
Nitriles are compounds which contain the –CN functional group. 

e.g. ethanenitrile  CH3CN   

        propanenitrile  CH3CH2CN

Nitriles can be hydrolysed to produce carboxylic acids. They react with water in two 
stages first to produce an amide (-CONH2 functional group), and then to produce the 
ammonium salt of a carboxylic acid.

RCN  +  H2O  →  RCONH2  +  H2O  →  RCOONH4
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For example, ethanenitrile would produce ammonium ethanoate via ethanamide.

CH3CN     →     CH3CONH2     →     CH3COONH4
ethanenitrile    ethanamide                 ammonium ethanoate

In practice the reaction between nitriles and water would be too slow so the nitrile is 
heated with a dilute acid or alkali. The produce varies depending on the conditions 
used. 

Using acid catalysis
A carboxylic acid is produced.

CH3CN    +   2H2O   + HCl   →   CH3COOH   +  NH4Cl
ethanenitrile                               ethanoic acid

Conditions: heat under reflux with dilute hydrochloric acid.

Using base catalysis
The salt of the carboxylic acid is produced.

CH3CN    +   H2O   + NaOH   →   CH3COONa   +   NH3
ethanenitrile                       sodium ethanoate

Conditions: heat under reflux with sodium hydroxide solution.

To release the carboxylic acid in this case, add dilute hydrochloric acid or dilute 
sulfuric acid. 

CH3COONa    +   HCl   →   CH3COOH   +   NaCl
sodium ethanoate    ethanoic acid

H2O H2O



CHEMISTRY

pg 120

Carboxylic acids

Test yourself 4.8.3
1. (a) Draw the structures of the organic structures A, B and C, formed by the reaction 

  of CH3COOH with an excess of the different reagents shown. 

(b) State the IUPAC names of the organic structure A, B and C.

(c) State the conditions for reactions to produce C.

(d) State the observations in the reaction to produce B.

(e) Write the balanced symbol equation for CH3COOH with PCl5.

(f) Write the balanced symbol equation for CH3COOH with excess LiAlH4 using [H]   
 to represent lithal.

2. Propanenitrile may be hydrolysed using an acid or a base.

(a) Write an equation for the reaction of propanenitrile with water in the presence   
 hydrochloric acid.

(b) Write an equation for the reaction of propanenitrile with water in the presence   
 of sodium hydroxide solution.

3. Describe how ethanoic acid may be prepared from ethanol in the laboratory. Give 
practical details.

 

CH3COOH

NH3

A C

LiAlH4PCl5

B
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acids
Derivatives of carboxylic acids
This section will look at organic compounds derived from carboxylic acid including 
esters, fats and acyl chlorides. The chemistry of fats including hardening and 
production of biodiesel will be considered.

Learning outcomes
• recall that derivatives of carboxylic acids include esters and acyl chlorides

• recall the molecular and structural formulae of monoesters and of acyl chlorides

• explain the boiling points and solubility of monoesters by making reference to 
intermolecular forces

• recall that esters can be formed from alcohols using carboxylic acids or acyl 
chlorides

• recall the laboratory preparation of a liquid ester from a carboxylic acid and an 
alcohol

• recall the structure of fats and oils as esters of propane-1,2,3-triol (glycerol) and 
fatty acids

• recall the transesterification reactions of esters with alcohols and carboxylic acids 
and the use of these reactions to produce biodiesel and margarines

• recall that margarines/spreads are produced from the hardening of oils by catalytic 
hydrogenation using finely divided nickel

• recall the reactions of acyl chlorides with water and alcohols

Introduction
Acid derivatives such as acyl chlorides and esters are compounds which are related to 
carboxylic acids; the OH group has been replaced by something else. Acyl chlorides are 
very reactive compounds and used in many synthesis reactions both in the laboratory 
and in industry. 

Many of the sweet-smelling compounds found in perfumes are esters. For example, 
the ester benzyl ethanoate creates a jasmine aroma, octyl ethanoate an orange aroma, 
and ethyl cinnamate a cinnamon aroma. Many artificial fruit flavourings contain 
esters – ethyl methanoate is used to give a raspberry flavour and pentyl pentanoate 
gives a pear flavour.
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Octyl ethanoate, is an  ester formed 
from octanol and ethanoic acid. 
It is found in oranges, grapefruits, 
and other citrus fruits.

Esters
Esters are carboxylic acid derivatives and have the general structure:

Esters are produced when acids react with alcohols in the presence of a strong acid 
catalyst. The R1 group is from the acid and R2 is from the alcohol. 

The functional group of an ester is the –COO– group which is called simply an ester 
group or an ester linkage. 

The name of an ester is an alkyl carboxylate. When naming, the alcohol provides the 
alkyl part of the name and the carboxylic acid provides the carboxylate part of the 
name. For example the the ester made from butanoic acid and propan-1-ol is propyl 
butanoate CH3CH2CH2COOCH2CH2CH3. Some examples of esters and the acid and 
alcohol they are made from is shown in the table below. These esters are monoesters.

R1      C      O      R2 

        C      O         

O

O
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A monoester is one which contains only one ester group

Carboxylic acid Alcohol Ester name Ester formula

ethanoic acid ethanol ethyl ethanoate CH3COOCH2CH3

ethanoic acid methanol methyl ethanoate CH3COOCH3

propanoic acid ethanol ethyl propanoate CH3CH2COOCH2CH3

butanoic acid propan-1-ol propyl butanoate CH3CH2CH2COOCH2CH2CH3

benzoic acid ethanol ethyl benzoate C6H5COOCH2CH3

Tip
When drawing the structural formula of the ester, start with the acid end of the 
molecule.

EXAMPLE 1
Name the ester below.

The ester is formed from propan-1-ol and ethanoic acid so it is propyl ethanoate.

H      C      C      O      C      C      C      H      

OH H H H

H H H H
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Acyl chlorides
Acyl chlorides (also known as acid chlorides) are carboxylic derivatives. 

They are derived from carboxylic acids by replacing the OH group with a chlorine atom.

ethanoic acid   ethanoyl chloride
carboxylic acid   acyl chloride

Acyl chlorides have the –COCl functional group and are named –anoyl chloride. For 
example, CH3CH2COCl is propanoyl chloride. Acyl chlorides are very reactive. Ethanoyl 
chloride is a colourless liquid which fumes as it reacts with moist air.

Physical properties of esters
1. Boiling point
Esters contain a polar C=O group and are polar molecules. As a result, there are 
permanent dipole-dipole attractions in addition to van der Waals’ forces between the 
molecules. They do not form hydrogen bonds between their molecules so their boiling 
points are lower than carboxylic acids with the same number of carbon atoms. As the 
length of the chain increases, the boiling point increases due to a greater number of 
electrons and stronger van der Waals’ forces of attraction between the molecules. This 
means more energy must be supplied to break the van der Waals’ forces between the 
molecules. 

2. Solubility 
Esters are soluble in water as they can form hydrogen bonds between the lone pair of 
an oxygen in the polar C=O and the polar H in water. Solubility falls as the chain length 
increases. This is because the longer hydrocarbon chains force themselves between 
water molecules and break the hydrogen bonds.

H      C      C  → H      C      C  

H H

H H

O O

OH Cl
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Test yourself 4.9.1
1. Name the following esters:

(a) CH3COOCH2CH3

(b) CH3CH2CH2COOCH2CH2CH3

(c) CH3CH2OOCCH2CH3   

(d) HCOOCH3

(e)

(f)

(g)

2. Ethanoic acid has a boiling point of 119 °C and methyl methanoate, an ester with
    the same relative formula mass, has a boiling point of 32 °C. Explain the difference
    in boiling points.

3. Name three straight chain ester isomers of C4H8O2.

H      C      C      O      C      C      C      C      C      H      

H      C      O      C      C      C      H

H      C      C      C      C      C      O      C      C      H

O

O

O

H

H H

H

H

H

H

H

H H H

H

H

H

H

H

H H

H

H

H

H

H

H H H

H

H

H

H
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Preparation of esters
1. By reaction of carboxylic acid and alcohol
Carboxylic acids react with alcohols to produce esters, in an equilibrium reaction.

For example:

HCOOH          +          CH3CH2CH2OH                             HCOOCH2CH2CH3         +        H2O

methanoic acid                         propan-1-ol                                             propyl methanoate            water

Conditions: A catalyst of concentrated sulfuric acid is used and the mixture is heated 
under reflux.

The concentrated sulfuric acid is a dehydrating agent and removes the water, 
promoting the forward reaction.

2. By reaction of acyl chloride and alcohol

For example:

CH3COCl + CH3CH2OH              CH3COOCH2CH3            +     HCl

ethanoyl chloride           ethanol                    ethyl ethanoate                      hydrogen   

           chloride

Conditions: room temperature.

Observation: vigorous reaction which produces misty fumes of HCl(g) and heat.

H      C      C      C      OH         

H      C      C      OH         

H H H

H H H

H      C      O      C      C      C      H         

H      C      C      O      C      C      H

H      C 
O

OH

O H H H

H H H

H      C      C   

H H H

H H H

O

Cl

OH H H

H H H
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This is a suitable way of producing an ester from an alcohol because it occurs at room 
temperature, is irreversible and the hydrogen chloride is removed as a gas, shifting the 
equilibrium to the right and forming more of the ester. This method is not commonly 
used in the laboratory due to the volatile and poisonous nature of the acyl chlorides.  
The normal laboratory preparation of an ester uses an alcohol and a carboxylic acid 
and needs heat, a catalyst and is reversible so it is more difficult to get a high yield of 
ester.

The Laboratory preparation of a liquid ester 
from a carboxylic acid and an alcohol 
1. Place a mixture of the alcohol and concentrated sulfuric acid in a pear-shaped/  
 round-bottomed flask.

2.  Add a mixture of the alcohol and carboxylic acid slowly, with cooling from a   
 dropping funnel.

3. Swirl the mixture (e.g. using a magnetic stirrer).

4. Add some anti-bumping granules and heat under reflux.

5. Arrange the apparatus for distillation, heat the mixture gently and collect the   
 distillate around the boiling point.

6. Place the crude ethyl ethanoate in a separating funnel and shake with sodium 
carbonate solution to remove traces of unreacted ethanoic acid and the 
concentrated sulfuric acid. Invert the funnel and open the tap occasionally to 
release pressure due to any carbon dioxide gas produced. Remove the stopper and 
allow the layers to separate and discard the lower aqueous layer.

Chemistry practical techniques: solvent extraction e.g. to purify an ester video clip:

Chemistry Practical Techniques: Solvent Extraction (e.g. to purify an ester or alkyl 
halide) 

7. Add a spatula measure of anhydrous calcium chloride/sodium sulfate/magnesium 
sulfate (a drying agent which removes water) and stopper the boiling tube and 
shake. Repeat until the ester is clear. 

8. Filter or decant to remove calcium chloride.

9. Redistill to remove any remaining organic impurities, collecting the fraction at the 
boiling point.

https://www.youtube.com/watch?v=JDTcosvJn2Y
https://www.youtube.com/watch?v=JDTcosvJn2Y
https://www.youtube.com/watch?v=JDTcosvJn2Y 
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Test yourself 4.9.2
1. Write the equations for the formation of the following esters from the corresponding 

and acid and alcohol, and from the corresponding acyl chloride and alcohol: 

(a) methyl propanoate 

(b) ethyl pentanoate  

2. State the name of the catalyst used in the preparation of an ester from an alcohol 
and a carboxylic acid.

3. (a) Write an equation for the hydrolysis of ethyl methanoate using sodium 
      hydroxide.

(b) Write an equation for the hydrolysis of methyl ethanoate using hydrochloric acid. 

4. In the preparation of propyl ethanoate, anti-bumping granules are added to the 
reactants and the mixture refluxed for half an hour and the ester separated by 
distillation. The distillate was then shaken in a separating funnel with sodium 
carbonate solution and the tap opened from time to time.

(a) Write a balanced symbol equation for the reaction to prepare propyl ethanoate. 

(b) What is reflux?

(c) What is the purpose of anti-bumping granules?

(d) What is the function of the sodium carbonate solution?

(e) Why do you need to open the tap from time to time?

(f) How would the ester be dried? 
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Fats and oils
Vegetable oils and animal fats are esters of propane-1,2,3-triol (a tri-alcohol) and a 
long chain carboxylic acid called a fatty acid. Fats have a melting point above room 
temperature and are solid at room temperature. Oils are liquid at room temperature. 

Cooking oils contain esters.

The structure of propane-1,2,3-triol (also known as glycerol) is shown below:

The structure of a fatty acid is shown below:
   

Where the R represents an alkyl group.

H      C      OH         

H      C      OH

H      C      OH

H

O

R      C      O      H  

H
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Two common fatty acids are stearic acid, CH3(CH2)16COOH, a saturated 
(no C=C in chain) fatty acid containing 18 carbon atoms and oleic acid 
CH3(CH2)7CH=CH(CH2)7COOH an unsaturated fatty acid containing 18 carbon atoms.

OH

OH

O

stearic acid

oleic acid

The skeletal formulae of stearic and oleic acid. Olives are a major source of oleic acid.

Formation of fats and oils
Esters are formed when alcohols and carboxylic acids react in a condensation 
reaction. Fats are esters which are formed when fatty acids and propane-1,2,3-triol 
react in a condensation reaction. There are three OH groups in propane-1,2,3-triol so 
it often reacts with three fatty acids to from a triester, which is often referred to as a 
triglyceride. 

H2C 
H2C 

H2C 
H2C 

HC HC 

OH
O

OH
O

OH O

HO      C      R1              C      R1        

HO      C      R2               C      R2         

HO      C      R3               C      R3         

O O

O O

O O
+ + 3H2O→

propane-1,2,3-triol             3 fatty acids        fat

ester group

O
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There is a triester linkage in the triglyceride. The three fatty acids which form the fat 
may be the same (e.g. three stearic acids) or they may be different. A triglyceride is 
an ester of propane-1,2,3-triol (glycerol) and three fatty acid molecules. Like all esters, 
fats can be hydrolysed. 

Triglycerides can be saturated or unsaturated, depending on whether they are 
derived from fatty acids that are saturated or unsaturated. Triglycerides made from 
unsaturated fatty acids have a less regular structure than saturated fats. Due to the 
double bond, the molecules do not pack together closely resulting in the van der 
Waals’ forces between molecules being less, and so the melting point of unsaturated 
fats is lower. 

Transesterification
Fossil fuels are non-renewable, and to protect our reserves of fossil fuels scientists have 
developed alternative renewable fuels, such as biodiesel, as a potential solution to our 
ever increasing demand for fuel. Biodiesel can be used in normal diesel engines to 
power cars and buses. 

Biodiesel is a fuel, similar to diesel which is made from vegetable sources eg from 
the reaction of rape seed oil with methanol.

Biodiesel consists of a mixture of methyl esters of long-chain carboxylic acids (fatty 
acids).It is produced by heating vegetable oils (triglycerides) with methanol or ethanol 
in the presence of a base catalyst such as sodium hydroxide. An excess of methanol is 
used to drive the equilibrium to the right and produce a high yield. The process can be 
called trans-esterification – the alkyl group of the ester is exchanged with the alkyl 
group of the alcohol to produce a different ester and propane-1,2,3-triol is produced as 
a by-product which can be used in the cosmetic industry. Hence there is a high atom 
economy.
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Transesterification is a reaction where the alkyl group of an ester is exchanged 
with the alkyl group of an alcohol. 

+ +3CH3OH →

triglyceride                            methanol                           mixture of methyl esters                    propane-1,2,3-triol
of fatty acids (biodiesel)

R1, R2 and R3 are alkyl groups, and can be the same or different. The triglyceride can be 
obtained from growing crops of rape seed, palm nuts or soybeans.

The use of biodiesel is increasing, however there are concerns in some countries that 
using land to grow crops for biodiesel is in competition with land use for growing crops 
to produce food, and this could lead to food shortages. 

Rapeseed growing as a crop to be used in the production of biodiesel.

H2C H2C H3C 

H2C H2C H3C 

HC HC H3C 

O OHO

O OHO

O OHO

      C      R1              C      R1        

      C      R2               C      R2         

      C      R3               C      R3         

O O

O O

O O
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Hardening of oils
Unsaturated fats (oils) can be catalytically hydrogenated to form saturated fats such 
as margarines. The saturated fats formed are solid due to the extra hydrogen added, 
resulting in a larger formula mass and so stronger van der Waals’ forces between the 
molecules and a higher melting point. 

The conditions are:

• Bubble hydrogen gas through the oil

• At 180 °C

• In the presence of a finely divided nickel catalyst 

Acyl chlorides
Acyl chlorides are carboxylic acid derivatives. They are highly reactive and readily 
react with water and alcohols.

Reaction with water
Acyl chlorides react with water forming a carboxylic acid and hydrogen chloride gas.

R–COCl  +  H2O  →  R–COOH  +  HCl

e.g. CH3CH2COCl   + H2O → CH3CH2COOH       +    HCl
    propanoyl chloride                     water      propanoic acid                  hydrogen chloride

Observations: a vigorous reaction producing steamy fumes of hydrogen chloride.

The addition of ethanoyl chloride to the water in the beaker 
has formed ethanoic acid and misty fumes of HCl. A glass rod 
dipped in concentrated ammonia solution shows a positive test 
for HCl(g) by forming white fumes of ammonium chloride.

Reaction with alcohols 
See preparation of esters above.
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Test yourself 4.9.3
1. Fats may be produced by the equilibrium reaction between a fatty acid and glycerol.

(a)  State the IUPAC  name for glycerol.

(b)  The fat may alternatively be produced by the reaction of an acyl chloride 
              (RCOOCl) with glycerol. Write the equation for the reaction. 

(c)  The pure triester found in vegetable oil shown below reacts with methanol to 
               form biodiesel. Write the equation for this reaction.

2. Trilinolein (rape seed oil) may be represented as:

H2C H2C 

H2C H2C 

HC HC 

OH OOCR

OH OOCR

OH + 3RCOOH         OOCR    + 3H2O 
 

H2C 

H2C 

H2C 

H2C 

HC 

HC 

O

O

C

C

O

O

C

C

C17 H29 

(CH2)7CH      CHCH2CH      CH(CH2)4CH3

C17 H33

(CH2)7CH      CHCH2CH      CH(CH2)4CH3

C17 H31 

(CH2)7CH      CHCH2CH      CH(CH2)4CH3

O

O

C

C

O

O

O

O

O

O
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(a) Write an equation for the formation of trilinolein from 3 molecules of the fatty 
              acid linoleic acid and glycerol.

(b) Explain why trilinolein is described as an unsaturated fat.

(c) Rapeseed oil can be converted into biodiesel by reaction with methanol. Draw 
              the structure of this biodiesel molecule.

(d)  What is biodiesel?

3. Fats are made from propane-1,2,3-triol and fatty acids.

(a)  What is the common name for propane-1,2,3-triol?

(b) Draw the structure of the oil formed from 1 molecule of  oleic acid and two 
              moles of stearic acid react with propane-1,2,3-triol.

(c) The oil formed in (ii) is optically active and has a chiral centre. Label the 
              asymmetric centre with an asterisk.

(d)  Explain how this oil can be hydrogenated.
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4.10 Aromatic chemistry

This unit will examine the chemistry of benzene and related compounds including the 
electrophilic substitution reactions and their mechanisms.

Learning outcomes
• explain the structure of the benzene molecule with reference to delocalised π 

electrons; and

• explain the reactivities of benzene and alkenes related to the relative stabilities of 
the π electron systems, for example the resistance of benzene to addition of bromine 
compared with an alkene

• explain the mechanisms of the monobromination, mononitration, monoalkylation 
and monoacylation of benzene, including equations for the formation of the 
electrophile

• recall the names of the electrophiles for the bromination and nitration of benzene

• prepare methyl 3-nitrobenzoate from methyl benzoate to illustrate nitration of the 
benzene ring

Introduction
Aroma is the Latin word for fragrance, and it is from this word that the word aromatic 
was derived. Early scientists found that many natural materials from plants such as 
cinnamon and peppermint had pleasant smells. 

Peppermint plants contain peppermint oil which 
contains menthol an aromatic compound which 
contains a benzene ring.

Cinnamon sticks are rolled up chunks of dried bark from 
the cinnamon tree. They contain the organic compound 
cinnamaldehyde which gives flavour and odour. 
Cinnamaldehyde is an aromatic chemical as it contains a 
benzene ring.
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When analysed, these chemicals contain benzene rings. The aroma is nothing to 
do with the presence of a benzene ring and many aromatic compounds do not have 
a smell at all. Aromatic compounds are defined as those which contain a benzene 
ring. Aromatic chemicals occur naturally in crude oil and are very important in the 
production of synthetic compounds such as drugs, dyes, explosives and plastics. 

Naming compounds based on benzene
The name ‘benzene’ comes from gum benzon, a natural substance containing benzene 
derivatives. Benzene derivatives are named as substituted benzene compounds or as 
compounds containing the phenyl group C6H5. Some substituted benzene compounds 
are named below.

chlorobenzene               bromobenzene                    nitrobenzene  methylbenzene
        C6H5Cl        C6H5Br          C6H5NO2        C6H5CH3

If there is more than one atom or group on the benzene ring, the position of the group 
must be given – carbon atoms in the benzene are numbered 1-6 to give the smallest 
possible position of each group.

Tip 
Alkyl groups are formed by removing a hydrogen atom from an alkane, for example a 
methyl group CH3 is formed from methane CH4 by removing a hydrogen. Removing a 
hydrogen group from a benzene ring forms a phenyl group C6H5.

Cl Br NO2 CH3

A sample of methylbenzene buring in air. It burns with a very smoky 
flame as there is a high ratio of carbon to hydrogen in the molecule.
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EXAMPLE 1
State the IUPAC name of the following molecule.

The chloro group has higher priority than the methyl group. This molecule (even 
thought drawn in this way) is 1-chloro-3-methylbenzene. The methyl group is counted 
as being bonded to carbon 3 as this would be a lower locant number than counting the 
other way round the ring which would be carbon 5.
 
There are four structural isomers of C7H7Cl.

Some compounds containing a benzene ring have their name based on phenyl. Some 
examples are shown below.

CH3

Cl

1-chloro-2-
methylbenzene

1-chloro-3-
methylbenzene

1-chloro-4-
methylbenzene

(chloromethyl)
benzene

phenylethanone phenol phenylamine 4-methylphenylamine 3-nitrophenylamine

Cl

C

O

Cl

OH NH2 NH2

Cl CH2Cl

NH2

CH3

CH3

CH3

CH3

CH3

NO2
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Structure of benzene
The structure of benzene was debated for many years. Initially it was suggested 
that it had a structure with several double bonds. However, experimental evidence 
showed that benzene was rather unreactive for such an unsaturated molecule and this 
structure was rejected. Benzene is a planar hexagonal molecule of six carbon atoms. 
The bond angles in the ring are 120° meaning there is no strain in this arrangement, a 
factor which contributes to the stability of the molecule.

All carbon-carbon bond lengths are intermediate in length between that of a single C–C 
and a double C=C.

Each carbon uses three of its outer electrons to form 3 sigma bonds to two other carbon 
atoms, and one hydrogen atom. This leaves each carbon atom with one electron in a 
p orbital. The lobes of the p orbitals overlap sideways and the 6 p electrons delocalise 
and give regions of electron density above and below the ring. It is this delocalised ring 
of π electrons which give benzene its stability.

Computer-generated model of a molecule of 
benzene. It has a planar hexagonal shape.

CC
C C

CC
H

H

CH H H H

H

H

C

C C
H H

The formation of the delocalised electron structure in benzene.

p orbitals overlap sideways 
sigma bond 

Delocalised electrons 
above and below the 
plane of the carbon 
atoms 
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A circle is used to represent the ring of delocalised electrons as shown below.

Delocalisation (arenes) means that the π electrons are spread over several atoms.

Comparison of the reactions of benzene and 
alkenes
Both alkenes and benzene have regions of high electron density. Alkenes have an 
electron rich double bond and benzene has a delocalised ring of pi electrons. Because 
of this similarity alkenes and benzene both react with electrophiles. However, the 
similarity ends there because alkenes undergo addition reactions, and benzene 
undergoes substitution. 

Alkenes react readily with bromine in an addition reaction. When bromine approaches 
an alkene, the electrons in the pi bond repel the electrons in the Br–Br bond which 
induces a slight dipole in the bromine molecule and makes it polar. The pi electron pair 
are attracted to the slightly positive carbon atom and causes the double bond to break.

Benzene however is resistant to addition reactions as the electrons from the 
delocalised system would need to bond to the atom or groups being added, disrupting 
the delocalised ring and causing the molecule to lose its stability. When a non-polar 
molecule such as bromine approaches the benzene ring, the electrons are delocalised 
across the six carbon atoms and there is insufficient pi electron density above and 
below any two carbon atoms to cause polarisation of the bromine. This makes benzene 
resistant to addition reactions with bromine. 

Benzene undergoes substitution reactions, where one or more of the hydrogen atoms is 
replaced by another atom or group. The organic product formed retains the delocalised 
ring of electrons and hence the stability of the benzene ring. 

Bromine water is decolourised by an alkene as an addition reaction occurs, but it is not 
decolorised by benzene as it does not undergo an addition reaction as it disrupts the 
stability of the delocalised pi electron ring. 
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The first test tube shows an organic layer of benzene, 
which does not decolourise the orange bromine water on 
shaking as it does not undergo addition reactions due to 
the stable delocalised electron ring. The organic layer on 
the right (cyclohexene), decolourised the bromine water 
because cyclohexene contains a reactive double bond which 
undergoes addition reactions.

Test yourself 4.10.1
1. Give the IUPAC names of the following substances:

(a) 
 

(b) 

(c) 

(d) 

Cl

CH3

Br

Cl

Cl

CH2 CH3

NH2

Cl
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2. State what is observed when bromine water is shaken with benzene and then with 
hex-1-ene in separate test tubes. 

3. Why does benzene undergo substitution reactions rather than addition reactions?

4. Draw a possible structure for an aromatic compound which has the empirical 
formula C7H8.

5. State the shape of benzene and give the bond angle around a carbon atom. 

6. How does a delocalised ring of electrons form in benzene?

Monobromination, mononitration, alkylation 
and acylation of benzene
The mechanism for these reactions is electrophilic substitution. The region of high 
electron density above and below the plane of the molecule results in benzene being 
attacked by electrophiles.

An electrophile is an ion or molecule that attacks regions of high electron 
density.
A substitution reaction is where one atom or group is replaced by a different 
atom or group.

A general mechanism for electrophilic substitution to a benzene ring, using an 
electrophile E, is shown below.

In the first step the high electron density of the delocalised ring of electrons attracts 
the electrophile (E+) and a pair of electrons from the ring of delocalised pi electrons 
form a bond with the electrophile (E+) breaking the electron ring. 

A highly unstable intermediate, which has only a partially delocalised electron system 
containing 4 delocalised electrons, is produced.

In the unstable intermediate a C–H bond breaks and the two electrons in the bond 
move back into the pi electron system, reforming the stable delocalised electron ring. 
The hydrogen is lost as H+.

E

E+
+

→ → +

EH

H+
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Benzene reacts with different types of electrophiles. Generally, these electrophilic 
substitution reactions need heat and concentrated regents, and catalysts because 
of the high stability and low reactivity of benzene. Only monosubstitution reactions, 
where one atom or group is replaced, are required. 

Mononitration
In mononitration of benzene one of the hydrogen atom on the benzene ring is replaced 
by a nitro group (NO2).

Benzene reacts with a nitrating mixture of concentrated nitric and concentrated 
sulfuric acid. The concentrated sulfuric acid acts as a catalyst. 

Conditions: concentrated sulfuric acid and concentrated nitric acid (nitrating mixture) 
at a temperature not exceeding 50 °C.

The overall equation for the generation of the electrophile NO+ (nitronium ion) is:

HNO3  +  2H2SO4  →  NO+  +  2HSO-  +  H3O+

The mechanism for mononitration is shown below:

Tip 
The first curly arrow must come from the delocalised ring to the N or the + on the N of 
the electrophile. The second curly arrow must come from the middle of the bond into 
the hexagon.

The concentrated sulfuric acid acts as a catalyst in the reaction as it is regenerated 
in the last step when H+ ion is released in the mechanism and combines with HSO- to 
reform sulfuric acid.

NO2

→ ++ H2OHNO3
H2SO4

benzene nitrobenzene

2

2 4

NO2

+
NO2 +

→ → +

NO2H

H+

4



CHEMISTRY

pg 144

Aromatic chemistry

Tip
A catalyst is not used up in an overall reaction but must be involved in the mechanism. 
Often it reacts in one step and is reformed in another.

Preparation of methyl 3-nitrobenzoate 
Nitrobenzene is not prepared in the laboratory due to the high toxicity of benzene. To 
illustrate nitration in the laboratory methyl benzoate, an ester of low toxicity is used.

• Place methyl benzoate in a conical flask.

• Add concentrated sulfuric acid to dissolve the methyl benzoate.

• Cool the mixture in ice. 

• Prepare the nitrating mixture of concentrated sulfuric acid and concentrated nitric 
acid.

• Cool the nitrating mixture in ice.

• Add the nitrating mixture dropwise to the solution of methyl benzoate. 

• Keep the temperature below 10°C. (This prevents multiple nitrations). 

• Allow to stand at room temperature for 10 minutes.

• Pour the mixture over crushed ice. 

• Filter off the crystals. 

• Wash the crystals. 

• Recrystallise. 

• Filter off the crystals and dry.

The crystals are cream in colour. 

C C

O OO O

H2O

CH3 CH3

NO2

→+ +HNO3
H2SO4

methyl benzoate methyl 3-nitrobenzoate
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Monobromination
In monobromination of benzene one of the hydrogen atom on the benzene ring 
is replaced by a bromine atom. Unlike alkenes, benzene is too stable to react with 
bromine on its own, however it does react with bromine in the presence of a special 
type of catalyst called a halogen carrier. The halogen carrier catalyst is iron(III) 
bromide or iron can be used as it will react with bromine to form the required iron(III) 
bromide.

                    C6H6         +     Br2              →                C6H5Br             +           HBr

Conditions: room temp, catalyst of iron or iron(III) bromide; the iron is converted to 
FeBr3 by the reaction 2Fe + 3Br2  →  2FeBr3

The required electrophile is the bromonium ion Br+ and is formed by the reaction of 
bromine and the catalyst.

Br2  +  FeBr3  →  Br+  +  FeBr -

The bromonium ion electrophile reacts with benzene as shown below:

The H+ reacts with FeBr - to form the other product of the reaction, HBr and the catalyst 
is regenerated    H+  +  FeBr -  →  FeBr3  +  HBr

Br

HBr→+ +Br2

4

Br

Br+
+

→ → +

BrH

H+

4

4
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Br

Br Br

FeBr3

+
→ → +

BrH

H+

Alternatively, the Br–Br bond may be shown to break as it reacts with the benzene as 
shown below.

The FeBr -  reacts with the H+ to regenerate the FeBr3 and HBr as described previously.

Acylation
Acylation is the process of replacing a hydrogen atom in certain molecules by an acyl 
group.

Two chemists, Charles Friedel and James Mason Crafts developed what was termed 
Friedel Crafts reactions in 1877. They are electrophilic substitution reactions in which 
an acyl group is attached to the ring replacing a hydrogen atom. They are useful as the 
benzene forms a bond with a carbon, producing a side chain. 

Acyl chlorides, in the presence of a catalyst, can be used to acylate benzene and form 
an aromatic ketone. The catalyst used is aluminium chloride and the conditions must 
be anhydrous to prevent its hydrolysis. 

        C6H6       +      CH3COCl       →              C6H5COCH3          +     HCl

Conditions: catalyst of aluminium chloride; anhydrous conditions to prevent 
hydrolysis of the catalyst.

FeBr4
-

4

R       C

O

C
O

HCl

H3C

→+ +CH3 C

benzene ethanoyl chloride phenylethanone

O

Cl
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The required electrophile is the acylium ion which is:  H3C       C       O

It is formed by reaction between the ethanoyl chloride and the aluminium chloride 
catalyst. The equation for the formation of the electrophile is:

CH3COCl  +  AlCl3   → H3C        C       O         +    AlCl4

The reactive acylium ion electrophile, attacks the delocalised pi electron system 
of benzene to form an intermediate cation, which breaks down producing 
phenylethanone and H+. 

The mechanism for acylation is shown below:

The catalyst is regenerated    H+  +  AlCl4   →  AlCl3  +  HCl

Friedel Crafts reactions are important in synthesis of other organic compounds as they 
allow carbon-carbon bonds to form. Acylation introduces a reactive carbonyl functional 
group to the ring. This can undergo the reactions of a carbonyl group and so act as an 
intermediate in the synthesis of other compounds.

Alkylation
Alkylation is the process of replacing a hydrogen atom in certain molecules by 
an alkyl group. It is also termed a Friedel Crafts reaction. Benzene reacts with a 
halogenoalkane in the presence of an aluminium chloride catalyst to form an alkyl 
benzene.

       C6H6             + CH3Cl         →                C6H5CH3       +      HCl

Conditions: catalyst of aluminium chloride, anhydrous conditions to prevent 
hydrolysis of the catalyst.

+

+ -

C

O

CH3 +
→ → +

CH

H++
O

OCH3
C

H3C

-

CH3            Cl

CH3

→+ + HCl

benzene chloromethane methylbenzene
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The required electrophile is the carbocation ion. It is formed by reaction between the 
halogenoalkane and the aluminium chloride catalyst. The equation for the formation 
of the electrophile is:

CH3Cl  +  AlCl3    →    CH3     +     AlCl4

The mechanism for alkylation is shown below:

The catalyst is regenerated again in the reaction: H+  +  AlCl4   →   AlCl3  +  HCl

-+

CH3

+

+

CH3

NO2

+

+

→

→

→ +

CH3

NO2

H

H

H+

-

Test yourself 4.10.2
1. The first step in the nitration mechanism of benzene is shown below. Both benzene 

and the intermediate structure formed have pi bonds. 

(a)  What is the name of the type of mechanism shown?

(b) What does the curly arrow represent?

(c)  State how many electrons are involved in the pi bonding in each structure.

(d)  Describe in words what happens in the next step of this mechanism.

(e) State the conditions required for the nitration of benzene.

2. (a) Write an equation for the reaction of propanoyl chloride with benzene.

(b)  Explain why this reaction is an acylation. 

(c)  Name the catalyst for this reaction.

(d)  Write an equation to show the regeneration of the catalyst at the end of this 
          reaction. 
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(e)  Why must the reaction mixture be kept completely dry in this reaction?

(f)  Name the organic product and write its molecular formula.

(g) State the IUPAC name and draw the formula of a phenylaldehyde which is an 
          isomer of the product of this reaction.

3.  Methyl benzoate is nitrated to produce methyl 3-nitrobenzoate.

(a) What homologous series does methyl benzoate belong to?

(b) What is the molecular and the empirical formula of methyl benzoate? 

(c) What conditions were used during this preparation to prevent further nitration 
          of the product to the dinitroderivative?
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Lattice enthalpy The enthalpy change when one mole of an ionic 
compound is converted to gaseous ions.

Enthalpy of atomisation The enthalpy change when one mole of gaseous atoms is 
formed from the element in its standard state.

First electron affinity The enthalpy change when one mole of gaseous atoms 
is converted into gaseous ions with a single negative 
charge.

Enthalpy of solution The enthalpy change when one mole of a solute dissolves 
in water.

Enthalpy of hydration The enthalpy change when one mole of gaseous ions is 
converted to one mole of aqueous ions.

Feasible A reaction for which ΔG<0.
Entropy A measure of disorder (randomness).
Free energy change (ΔG) ΔG = ΔH – TΔS
Rate of reaction The change of the concentration (amount) of a reactant 

or product with respect to time.
Order of reaction (with 
respect to a reactant)

The power to which the concentration of a reactant is 
raised in the rate equation.

Order of reaction 
(overall)

The sum of the powers to which the concentration terms 
are raised in the rate equation.

Rate constant The proportionality constant which links the rate of the 
reaction to the concentrations in the rate equation.

Rate determining step The slowest step in the mechanism of a reaction.
Brønsted acid Proton donor.
Brønsted base Proton acceptor.
Kw Kw = [H+][OH-]
Ka Ka =

 [H+][A-]

pH pH = -log10[H+]
pKw pKw = -log10Kw

Buffer solution A solution which resists changes in pH on addition of 
small amounts of acid or alkali.

Monobasic acid Donates one proton per molecule.
Asymmetric (chiral) 
centre

An atom which has four different atoms or groups 
attached.

Optical isomers Molecules which exist as non-superimposable mirror 
images.

[HA]
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Optically active A sample which rotates the plane of plane polarised light.
Racemic mixture A 50:50 mixture of two optical isomers.
Monoester An ester which contains only one ester group.
Transesterification A reaction where the alkyl group of an ester is exchanged 

with the alkyl group of an alcohol.
Biodiesel A fuel, similar to diesel, which is made from vegetable 

sources. e.g. from the reaction of rape seed oil with 
methanol.

Delocalisation (arenes) The π electrons are spread over several atoms.
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Test yourself 4.1.1

1. (a) Mg(g)  →  Mg+(g)  +  e-

 (b) Br(g)  +  e-  →  Br-(g)

 (c) MgBr2(s)  →  Mg2+(g)  +  2Br-(g)

 (d) Ca+(g)  →  Ca2+(g)  +  e-

 (e) Ca(s)  →  Ca(g)

 (f) F2(g)  →  2F(g)

 (g) I(g)  +  e-  →  I-(g)

 (h) 2Cl(g)  +  2e-  →  2Cl-(g)

2. (a) second ionisation energy of barium

(b) enthalpy of atomisation of lithium

(c) first electron affinity of chlorine

(d) enthalpy of formation of potassium fluoride

(e) lattice enthalpy of magnesium chloride

(f) bond enthalpy of fluorine/2 × enthalpy of atomisation of fluorine

(g) enthalpy of atomisation of chlorine
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Test yourself 4.1.2
1.

Cs+(g)  +  Cl(g)  +  e-

Cs+(g)  +  ½Cl2(g)  +  e-       Cs+(g)  +  Cl-(g)

Cs(g)  +  ½Cl2(g)  
 

Cs(s)  +  ½Cl2(g) 
  

  
CsCl(s)

lattice enthalpy = -(-433) + 78 + 376 + 121 – 364 = + 644 kJ mol-1

2. lattice enthalpy = -(-414) + 2(108) + 2(500) + 248 – 142 + 844 = + 2580 kJ mol-1

Test yourself 4.1.3
1. (a) enthalpy change when one mole of gaseous atoms is converted to one mole   

 of aqueous ions

 (b) enthalpy change when one mole of a solute dissolves in water

 (c) enthalpy change when one mole of an ionic compound is converted into   
 gaseous ions

2. (a) lattice enthalpy of formation of magnesium chloride

 (b) enthalpy of solution of magnesium chloride

 (c) hydration enthalpy of chloride ions

 (d) -153 = +2493 + x + 2(-364)
           x = - 1918 kJ mol-1
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Test yourself 4.2.1
1. (a) negative

(b) negative

(c) positive

(d) negative

(e) positive

(f) positive

2. (a) ΔS = 2 × 193 – (192 + 3 × 131) = - 199 J K-1 mol-1

 
 (b) ΔS = 304 – (2 × 211 + 205) = - 323 J K-1 mol-1

Test yourself 4.2.2
1. ΔG = 178 – 298(0.161) = + 130 kJ mol-1

2. T = ΔH/ΔS = 237/0.190 = 1247 K

3. (a) ΔH = 4(90) + 6(-242) – 4(-46) = - 908 kJ mol-1

 (b) ΔS = 4(211) + 6(189) – 4(193) – 5(205) = + 181 J K-1 mol-1

 (c) ΔH is negative and ΔS is positive

 (d) they are elements in their standard states

Test yourself 4.3.1
1. (a) order with respect to A = 2
  order with respect to B = 1
  overall order = 3

 (b) order with respect to X = 0
  order with respect to B = 2
  overall order = 2

 (c) order with respect to A = 1
  order with respect to B = 1
  overall order = 2
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2. 4.5 ×10-3 = k (6.0 × 10-3)(3.0 × 10-3)
 k = 250 mol-1 dm3 s-1

3. (a) rate × 4

 (b) rate × 3

 (c) rate × 27

4. order with respect to P = 0
 order with respect to Q = 2
 order with respect to R = 1
 rate = k[Q]2[R]

5. rate × 8

6. (a) x + y

 (b) s-1

 (c) mol-2 dm6 s-1

Test yourself 4.3.2
1. order with respect to BrO3 = 1
 order with respect to Br- = 1
 order with respect to H+ = 2
 rate = k[BrO3][Br-][H+]2

 k = 12 mol-3 dm9 s-1

2. order with respect to A = 1
 order with respect to B = 2
 order with respect to C = 0
 rate = k[A][B]2

 k = 24 mol-2 dm6 s-1

Test yourself 4.3.3
1. (a) gas volume monitoring by gas syringe/pH measurements/sample quench   

 titrate

 (b) gas volume measurements by gas syringe

 (c) colorimetry/sample quench titrate/pH measurements

-

-
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2. (a)

 

(b) gradient of tangent =   65   = 1.73 cm3 s-1

3.   reactant A    reactant B
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Test yourself 4.4.1
1. (a) 

Kc = 
[O2]3  units: mol dm-3

 (b) 
Kc =

  [NOCl]2 units: mol-1 dm3

 (c) 
Kc =

  [H2][I2] units:  no units

 (d) 
Kc =

  [HBr]2 units:  no units

 (e) 
Kc =

  [C][D] units: mol-2 dm6

Test yourself 4.4.2

1.
 
Kc = 

 [CO][H2]3

 
Kc =

  (0.17)(0.51)3 
= 0.29 mol2 dm-6

2. moles of C at equilibrium = 0.20
 moles of C which reacted = 0.05
 moles of D which reacted = 0.10
 moles of D at equilibrium = 0.80 – 0.10 = 0.70
 moles of E = moles of F at equilibrium = 0.05

 [C] = 0.2/10 = 0.02 mol dm-3

 [D] = 0.40/10 = 0.07 mol dm-3

 [E] = [F] = 0.05/10 = 0.005 mol dm-3

 
Kc =

   [E][F]   = (0.005)(0.005)  
=

 
0.26 mol-1 dm3

[O3]2

[NO]2[Cl2]

[HI]2

[H2][Br2]

[A]2[B]2

[CH4][H2O]

(0.14)(0.55)

[C][D]2 (0.02)(0.07)2
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3.
 
Kc =

    [C]

 [A] = 28.0/140 = 0.2 mol dm-3

 [B] = 113.4 = 0.81 mol dm-3

 96.2 =         
[C]

 

 
 [C] = 0.505 mol dm-3

Test yourself 4.5.1
1. H3PO4  →  H+  +  H2PO4

 H2PO4  →  H+  +   HPO4 

 HPO4  →  H+  +  PO4

2. (a) HNO3  →  H+  +  NO3

 (b) H2CrO4  →  2H+  +  CrO4

 (c) HOOCCH2COOH  →  2H+  +  -OOCCH2COO-

3. (a) NH3 base and NH4 conjugate acid
  H2O acid and OH- conjugate base

 (b) CH3COOH acid and CH3COO- conjugate base
  H2O base and H3O+ conjugate acid

 (c) HNO2 acid and NO2 conjugate base
  H2O base and H3O+ conjugate acid

Test yourself 4.5.2
1. (a) 1.85
 (b) 1.57
 (c) 0.40
 (d) - 0.60

2. (a) 0.195 mol dm-3

 (b) 0.158 mol dm-3

 (c) 0.00998 mol dm-3

[A]3[B]2

-

3-

- 2-

-

2-

2-

+

-

(0.2)3 (0.81)2
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3. [H+] = 1.697 ×10-7 mol dm-3 so pH = 6.77

4. (a) [H+] = 3.391 ×10-8 mol dm-3 so pH = 7.47
 (b) [H+] = 3.090 ×10-7 mol dm-3 so pH = 6.51

Test yourself 4.5.3
1. (a) 13.00
 (b) 12.70
 (c) 11.30
 (d) 12.30

2. [NaOH] = 1.50/40 = 0.0375 mol dm-3

 pH = 12.57

3. (a) Ka =
 [H+][CH3COO-]

 (b) Ka = 
[H+][CH3CH2COO-]

 (c) Ka =
 [H+][HCOO-]

4. (a) pKa = 2.60
 (b) pKa = 0.64

5. [H+] = 10-(4.10) = 7.943 × 10-5 mol dm-3 = [A-]
 Ka = 5.26 × 10-7 mol dm-3

6. (a) 2.48
 (b) 4.39

Test yourself 4.5.4
1. B

2. (a) phenolphthalein
  weak acid and strong base titration
  indicator changes pH in the range of the vertical region of the pH curve

 (b) addition of acid: C4H5O6  +  H+  →  C4H6O6
  addition of alkali: C4H6O6  +  OH-  →  C4H5O6  +  H2O

3.  addition of acid: CH3COO-  +  H+  →  CH3COOH
  addition of alkali: CH3COOH  +  OH-  →  CH3COO-  +  H2O

[CH3COOH]

[CH3CH2COOH]

[HCOOH]

-

-
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4. initial moles of acid = 8 × 10-4

 initial moles of NaOH = 2.5 × 10-4

 moles of acid remaining = 5.5 × 10-4

 moles of salt formed = 2.5 × 10-4

 [H+] = 3.828 × 10-5 mol dm-3 so pH = 4.42

Test yourself 4.6.1
1. (d) and (f)

2. (a) an atom which has four different atoms or groups attached

 (b)

 (c) 109.5°

3. (a) does not have 4 different groups bonded to the same carbon atom

 (b)

Test yourself 4.6.2
1. (a) and (b)

 (c) 4 different groups bonded to the same carbon atom

 (d) rotates the plane of plane polarised light

COOH

COOH

COOH

COOH

C

C

C

C

OH

NH2

CH3

CH3

H3C

H3C

HO

H2N

H

H

H

H

H      C      C      C      C      H*

H H HH

BrH H H
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 (e) equal concentrations of the two optical isomers showing no overall rotation of   
 the plane of plane polarised light

 (f) 

 (g) equal concentrations of the two optical isomers; + and – rotations cancel out

 (h) light which has been passed through a polarising filter

 (i) allow plane polarised light to pass through it
  racemate will shown no overall rotation of the plane of plane polarised light
  single enantiomer will show rotation of the plane of plane polarised light

2. butanal and butanone

3. any two from: propanoic acid/methyl ethanoate/ethyl methanoate

Test yourself 4.7.1
1. (a) pentan-3-one
 (b) 3-methylpentanal
 (c) 2-methylpropanal/methylpropanal
 (d) butanal
 (e) methanal
 (f) 2,3-dimethylpentanal
 (g) butanone
 (h) 4-chlorohexan-3-one

2. (a) (i) van der Waals’ forces
  (ii) van der Waals’ forces and permanent dipole-dipole attractions
  (iii) van der Waals’ forces, permanent dipole-dipole attractions and   

  hydrogen bonds

 (b) hydrogen bonds are stronger than permanent dipole-dipole attractions which   
 are stronger than van der Waals’ forces

3. butanal no branching so molecules in closer contact
 stronger van der Waals’ forces between molecules

Test yourself 4.7.2
1. (a) ethanal and propanal
 (b) ethanal oxidised to ethanoic acid
  propanal oxidised to propanoic acid
 (c) propanone and propanal; molecular formula is C3H6O
 (d) propanone and butanone

C2H5 C2H5

C CBr CH3H3C Br
H H



CHEMISTRY

pg 162

Test yourself answers

 (e) ethanal reduced to ethanol
  propanone reduced to propan-2-ol
  butanone reduced to butan-2-ol
  propanal reduced to propan-1-ol
  reducing agent = lithal/lithium tetrahydridoaluminate(III)
 (f) propanone and propanal

2. CH3CH2CH2CH2CHO  +  2[H]  →  CH3CH2CH2CH2CH2OH

3. CH3CH(OH)CH2CH3  +  [O]  →  CH3COCH2CH3  +  H2O

4. test with acidified potassium dichromate(VI)/Fehling’s solution/Tollens’ reagent
 butanal will show change from orange solution to green/blue solution to red ppt/

colourless solution to silver mirror
 butanone – no change

Test yourself 4.7.3
1. (a) CH3CHO  +  HCN  →  CH3CH(OH)CN

 (b) 2-hydroxypropanenitrile

 (c) nucleophilic addition
 
 (d) 

 (e) racemic mixture formed
  equal concentrations of both optical isomers

2. (a) yellow/orange
 (b) condensation
 (c) suction filtration
 (d) recrystallisation:
  dissolve in a minimum volume of hot solvent
  filter (through fluted filter paper) whilst hot
  allow to cool and crystallise
  suction filter off the crystals
  dry in a desiccator
 (e) determine the melting point
  compare to tabulated values 
 (f) propanone-2,4-dinitrophenylhydrazone

           C    O   →     H     C     O
-
           →     H   C   OH

CH3CH3 H+

CNCN
––

––
–– – –

δ+ δ-

H3C

CN-H
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Test yourself 4.8.1

1. (a) butanoic acid
 (b) 4-methylpentanoic acid
 (c) 2-hydroxy-2-methylpropanoic acid
 (d) 4-chloropentanoic acid
 (e) 2-aminobutanoic acid
 (f) 4-chlorobutanoic acid
 (g) but-3-enoic acid
 (h) 3-hydroxy-4-methylhexanoic acid

2. carboxylic acids exist as dimers which are larger molecules
 greater VDW forces between the larger molecules

3. large hydrocarbon chain in dodecanoic acid is non-polar
 cannot form bonds with water/disrupts formation of hydrogen bonds with water

Test yourself 4.8.2
1. (a) CH3CH2CH2COOH      CH3CH2CH2COO-  +  H+

 (b) butanoate ion

2. poor electrolyte as few ions in solution

3. (a) KOH  +  CH3CH2COOH  →  CH3CH2COOK  +  H2O
 
 (b) MgO  +  2CH3CH2COOH  →  (CH3CH2COO)2Mg  +  H2O
 
 (c) HCOOH  +  NH3  →  HCOONH4
 
 (d) Na2CO3  +  2CH3COOH  →  2CH3COONa  +  CO2  +  H2O
 
 (e) Ca(OH)2  +  2CH3COOH  →  (CH3COO)2Ca  +  2H2O

4. C6H8O7  +  3NaOH  →  C6H5O7Na3  +  3H2O

5. acidified potassium dichromate(VI) solution and warm with each
 changes from orange to green with ethanol but no change with ethanoic acid

 add sodium carbonate/sodium hydrogencarbonate to each
 bubbles of gas with ethanoic acid but no bubbles with ethanol
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Test yourself 4.8.3
1. (a) A =

  B =

  C =

 (b) A = ammonium ethanoate
  B = ethanoyl chloride
  C = ethanol

 (c) lithal in dry ether
  heat under reflux

 (d) solid disappears
  misty fumes/steamy fumes
  mixture warms up
 
 (e) CH3COOH  +  PCl5  →  CH3COCl  +  POCl3  +  HCl

 (f) CH3COOH  +  4[H]  →  CH3CH2OH  +  H2O

O-NH4

Cl

H      C      C 

H      C      C 

H      C      C      OH

+
H

H

H

H

H H

H H

O

O
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2. (a) CH3CH2CN  +  2H2O  +  HCl  →  CH3CH2COOH  +  NH4Cl

 (b) CH3CH2CN  +  H2O  +  NaOH  →  CH2CH2COONa  +  NH3

3. 
 • Add concentrated sulfuric acid to water in a pear-shaped/round-bottomed flask
 • Swirl the solution and cool the flask to dissipate the heat/prevent spitting
 • Add potassium dichromate(VI) and swirl
 • Add anti-bumping granules to promote smooth boiling
 • Add the alcohol slowly, to the acidified potassium dichromate(VI) solution and  

 cool in a water bath
 • Heat the mixture under reflux. (reflux is the repeated boiling and condensing of  

 a reaction mixture)
 • Distil off the acid

Test yourself 4.9.1
1. (a) ethyl ethanoate
 (b) propyl butanoate
 (c) ethyl propanoate
 (d) methyl methanoate
 (e) pentyl ethanoate
 (f) ethyl pentanoate
 (g) propyl methanoate

2. ethanoic acid molecules can form hydrogen bonds between their molecules
 which are stronger than the permanent dipole-diople/van der Waals’ forces between 

ester molecules

3. ethyl ethanoate
 propyl methanoate
 methyl propanoate

Test yourself 4.9.2
1. (a) CH3OH  +  CH3CH2COOH    CH3CH2COOCH3  +  H2O
  CH3OH  +  CH3CH2COCl  →  CH3CH2COOCH3  +  HCl

 (b) CH3CH2OH  +  CH3CH2CH2CH2COOH    CH3CH2CH2CH2COOCH2CH3  +  H2O
  CH3CH2OH  +  CH3CH2CH2CH2COCl  →  CH3CH2CH2CH2COOCH2CH3  +  HCl

2. concentrated sulfuric acid
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3 (a) HCOOCH2CH3  +  NaOH  →  HCOONa  +  CH3CH2OH
 
 (b) CH3COOCH3  +  H2O  →  CH3COOH  +  CH3OH

4. (a) CH3COOH  +  CH3CH2CH2OH    CH3COOCH2CH2CH3  +  H2O

 (b) repeated boiling and condensing of a (reaction) mixture

 (c) promote smooth boiling

 (d) remove acid impurities

 (e) release gas pressure

 (f) add a drying agent/anhydrous calcium chloride
  mix until clear
  filter or decant to remove drying agent

Test yourself 4.9.3
1. (a) propane-1,2,3-triol

 (b)

 (c)

H2C H2C 

H2C H2C 

HC HC 

OH OOCR

OH OOCR

OH + 3RCOCl          → OOCR    + 3HCl 
 

H2C H3C 

H2C H3C 

HC H3C 

O OC C

O OC CC17 H29 C17 H29 

C17 H33 C17 H33

C17 H31 C17 H31 

O OC C
O O

O O

O O

+  3CH3OH   →             + 
 

H2C 

H2C 

HC 

OH

OH

OH
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2. (a)

 (b) contains C=C

 (c)

 (d) biodiesel is a fuel, similar to diesel, which is made from vegetable sources, 
 e.g. from the reaction of rape seed oil with methanol 

  

3. (a) glycerol

 (b)

H2C 

H2C 

HC 

OH

OH + 3            C         (CH2)7CH      CHCH2CH      CH(CH2)4CH3 →

OH

H2C 

H2C 

H3C 

HC 

O C

O

O

C

C

(CH2)7CH      CHCH2CH      CH(CH2)4CH3

(CH2)7CH      CHCH2CH      CH(CH2)4CH3

(CH2)7CH      CHCH2CH      CH(CH2)4CH3

(CH2)7CH      CHCH2CH      CH(CH2)4CH3

O C
O

O

O

O

O

HO

+  3H2O 

H2C 

H2C 

HC 

O C

O C C17 H33 

C17 H35

C17 H35 

O C
O

O

O
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 (c)

 (d) addition of hydrogen using a finely divided nickel catalyst
  180 °C

Test yourself 4.10.1
1. (a) 1,2-dichlorobenzene
 
 (b) 1-ethyl-2-methylbenzene

 (c) 1-bromo-4-chlorobenzene

 (d) 3-chlorophenylamine

2. with hex-1-ene: orange to colourless
 with benzene: remains orange

3. stability of the pi delocalised system of electrons

4. 

5. planar hexangonal ring
 120 °

6. sideways overlap of the p orbitals

H2C 

H2C 

HC 

O C

O C C17 H33 

C17 H35

C17 H35 

O C
O

O

O

*

CH3
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Test yourself 4.10.2
1. (a) electrophilic substitution

 (b) movement of a pair of electrons

 (c) benzene = 6
  intermediate = 4

 (d) electrons in C–H bond reform the delocalised pi system
  H+ released

 (e) concentrated nitric acid and concentrated sulfuric acid and a 
 temperature not in excess of 50 °C

2. (a) C6H6  +  CH3CH2COCl  →  C6H5COCH2CH3  +  HCl

 (b) addition of an acyl group RC=O

 (c) aluminium chloride

 (d) H+  +  AlCl4   →  AlCl3  +  HCl

 (e) prevent hydrolysis of aluminium chloride

 (f) phenylpropanone
  C9H10O

 (g)

3. (a) ester

 (b) molecular formula: C8H8O2
  empirical formula: C4H4O

 (c) <10 °C

 
 

-

H2C        CH2            C H3C        CH            C
O O

H H

3-phenylpropanal 2-phenylpropanal
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