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Get the most from this book

Welcome to the AQA A-level Chemistry 2 Student’s Book. This book covers Year 2 of the AQA A-level Chemistry specification and all content for the AQA A2 Chemistry specification.

The following features have been included to help you get the most from this book.
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Prior knowledge

This is a short list of topics that you should be familiar with before starting a chapter. The questions will help to test your understanding.
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Key terms and formulae

These are highlighted in the text and definitions are given in the margin to help you pick out and learn these important concepts.
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Tips

These highlight important facts, common misconceptions and signpost you towards other relevant topics.
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Examples

Examples of questions or calculations are included to illustrate topics and feature full workings and sample answers.
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Test yourself questions

These short questions, found throughout each chapter, are useful for checking your understanding as you progress through a topic.
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Activities

These practical-based activities will help consolidate your learning and test your practical skills.

In this edition the authors describe many important experimental procedures as “Activities” to conform to recent changes in the A-level curriculum. Teachers should be aware that, although there is enough information to inform students of techniques and many observations for exam-question purposes, there is not enough information for teachers to replicate the experiments themselves or with students without recourse to CLEAPSS Hazcards or Laboratory worksheets which have undergone a thorough risk assessment procedure.
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Practice questions

You will find practice questions, including multiple-choice questions, at the end of every chapter. These follow the style of the different types of questions with short and longer answers that you might see in your examination, and they are colour coded to highlight the level of difficulty.


•  Green – Basic questions that everyone should be able to answer without difficulty.

•  Orange – Questions that are a regular feature of exams and that all competent candidates should be able to handle.

•  Purple – More demanding questions which the best candidates should be able to do.
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A dedicated chapter for developing your Maths can be found at the back of this book.
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1 Thermodynamics: Born-Haber cycles
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PRIOR KNOWLEDGE

It is expected that you are familiar with all of the content of the Energetics unit in Year 1 of the A-level Chemistry course. The following are some key points of Prior Knowledge:


•  The enthalpy change in a chemical reaction is represented by ΔH.

•  ΔH is the heat energy change measured under conditions of constant pressure.

•  For exothermic reactions, ΔH has a negative value.

•  For endothermic reactions, ΔH has a positive value.

•  The standard enthalpy change of combustion is the enthalpy change when 1 mole of a substance is burned completely in excess oxygen with all substances in standard states under standard conditions.

•  The standard enthalpy change of formation is the enthalpy change when 1 mole of a compound is formed from its constituent elements in their standard states under standard conditions.

•  Hess’s Law states that the enthalpy change for a chemical reaction is independent of the route taken and depends only on the initial and final states.

•  Hess’s Law can be used to calculate enthalpy changes for chemical reactions from the enthalpy changes of other reactions.

•  Temperature changes may be used to calculate enthalpy changes using q = mcΔT.

•  The mean bond enthalpy is a measure of the energy required to break one mole of a covalent bond measured in kJ mol−1 averaged across compounds containing that bond.

•  Mean bond enthalpy values may be used to calculate the enthalpy change for a chemical reaction by considering the covalent bonds broken (endothermic) and the covalent bonds made during the reaction.
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TEST YOURSELF ON PRIOR KNOWLEDGE 1


1  Write equations, including state symbols, to represent the standard enthalpies of formation given below:




    a) Formation of magnesium oxide, MgO(s).

    b) Formation of hydrogen chloride, HCl(g).




2  Write equations, including state symbols to represent the standard enthalpies of combustion given below:




    a) Combustion of propane, C3H8(g).

    b) Combustion of methanol, CH3OH(l).




3  The standard enthalpies of formation of ethane, carbon dioxide and water are −85, −394 and −286 kJ mol−1, respectively.




    a) State Hess’s Law.

    b) Write an equation, including state symbols, to represent the standard enthalpy of combustion of ethane.

    c) Calculate a value for the standard enthalpy of combustion of ethane.




4  In an experiment the temperature of 200 g of water rose by 22.4 °C when 0.015 mole of ethanol were burned in air and the heat used to warm the water. Calculate a value for the enthalpy change when one mole of ethanol is burned. The specific heat capacity of water is 4.18 J K−1 g−1).

5  The mean bond energy values for certain covalent bonds are given below:




    Bond   Mean bond enthalpy (kJ mol−1)

    C–H    412

    C–C    348

    O–H    463

    O=O    496

    C=O    803

    Calculate a value for the following reaction using these values:

    [image: ]
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Enthalpy changes in ionic compounds

The changes that occur during the formation of an ionic compound are considered in this unit. The dissociation or formation of an ionic compound may be calculated from other values using Hess’s Law in the form of a Born-Haber cycle.

Notations


•  ΔH represents an enthalpy change.

•  ΔH is measured under stated conditions, i.e. ΔH298 is the enthalpy change at 298 K and the pressure is 100 kPa.

•  The enthalpy change is the heat energy change at constant pressure.

•  Standard Enthalpy Values are the ΔH value for enthalpy changes of specific reactions measured under standard conditions.

•  Standard conditions are represented by the symbol [image: ] which is used after ΔH to indicate that an enthalpy changes occurs under standard conditions.

•  Standard conditions are 298 K, 100 kPa pressure, all solutions of concentration 1 mol dm−3 and all substances are present in their standard states.



The definitions of the enthalpy changes associated with ionic compounds must be understood to be able to link the enthalpy changes together, particularly in terms of what the ‘per mol’ in kJ mol−1 means.

[image: ]
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TIP

This is an enthalpy profile for an endothermic reaction. The enthalpy change is positive. Make sure you can draw and recognise the enthalpy profile diagram for an exothermic reaction as well from the Energetics topic in AS Year 1.



[image: ]

The word enthalpy is based on the Greek noun enthalpos, which means heating. It comes from the classical Greek prefix [image: ], meaning ‘to put into’, and the verb [image: ], thalpein, meaning ‘to heat’. The word enthalpy first appeared in scientific literature in 1909. Many different symbols were used to denote enthalpy and it was not until 1922 that the symbol ‘H’ was accepted as standard.

Lattice enthalpy

Lattice enthalpy can be represented as ΔLH[image: ] or ΔlattH[image: ].

The enthalpy of lattice dissociation is the enthalpy change when one mole of an ionic compound is separated into its component gaseous ions. The phrase ‘at infinite separation’ is often used in the definition because all bonding between the ions must be broken so the ions must be infinitely separated.

The enthalpy of lattice dissociation is also called the lattice dissociation enthalpy. It is an endothermic process and has a positive value measured in kJ mol−1. Energy is required to overcome the strong attraction between the positive and negative ions. The ‘per mol’ refers to one mole of the ionic compound.

The enthalpy of lattice formation is the enthalpy change when one mole of an ionic compound is formed from its constituent ions in the gaseous state. It is an exothermic process and has a negative value measured in kJ mol−1. Again, the ‘per mol’ refers to one mole of the ionic compound.

Equations for lattice dissociation and formation

Equations, including state symbols, are often asked for the process which occurs when the lattice of an ionic compound dissociates or forms.

[image: ]


EXAMPLE 1

Write an equation, including state symbols, for the reaction that has an enthalpy change equal to the lattice dissociation enthalpy of sodium chloride.

Answer

This question is asking for an equation for the dissociation of one mole of sodium chloride into its constituent gaseous ions as that is the definition of the enthalpy of lattice dissociation.
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TIP

Make sure you include the state symbols. The notes below the equation are used for clarity and are not expected in the answer.
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EXAMPLE 2

Write an equation, including state symbols, for the reaction that has an enthalpy change equal to the enthalpy change of lattice formation of calcium chloride.

Answer

This question is asking for an equation for the formation of one mole of calcium chloride from its constituent gaseous ions as that is the definition of the enthalpy of lattice formation.
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Enthalpy of formation

Enthalpy of formation can be represented as ΔfH[image: ]. The enthalpy (change) of formation is the enthalpy change when one mole of a compound is formed from its elements when all reactants and products are in their standard states under standard conditions.

[image: ]


TIP

You will have written equations for enthalpies of formation in AS.
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Again equations for the process of formation are asked with state symbols.
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EXAMPLE 3

Write an equation, including state symbols, for the process that has an enthalpy change equal to the standard enthalpy of formation of silver(I) fluoride.

Answer

This question asks for an equation for the formation of one mole of silver fluoride from its constituent elements when all reactants and products are in their standard states under standard conditions.
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EXAMPLE 4

Write an equation, including state symbols, for the process that has an enthalpy change equal to the standard enthalpy of formation of calcium chloride.


[image: ]


Answer

This question asks for an equation for the formation of one mole of calcium chloride from its constituent elements when all reactants and products are in their standard states under standard conditions.
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TIP

Do not confuse the enthalpy of lattice formation with enthalpy of formation of a compound as these can also be asked. For calcium chloride, as shown in the examples above, these equations are different. Do not forget the diatomic elements in enthalpy change of formation equations.
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EXAMPLE 5

Write an equation, including state symbols, for the process that has an enthalpy change equal to the standard enthalpy of formation of magnesium oxide.


[image: ]
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Enthalpy of atomisation

Enthalpy of atomisation can be represented as ΔaH[image: ] or ΔatH[image: ]. The enthalpy of atomisation of an element is the enthalpy change for the formation of one mole of gaseous atoms from the element in its standard state.

Again equations for the process of formation may be asked with state symbols but it is more likely you have to understand the process in a Born-Haber cycle. For diatomic elements, the equation must produce one mole of gaseous atoms so [image: ] is used where [image: ] represents half a mole of the diatomic element.

[image: ]


EXAMPLE 6

Write an equation, including state symbols, for the process that has an enthalpy change equal to the enthalpy of atomisation of sodium.

[image: ]
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EXAMPLE 7

Write an equation, including state symbols, for the process that has an enthalpy change equal to the enthalpy of atomisation of bromine.

[image: ]
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TIP

A common mistake here is to list Br2 as a gas but the element must be in its standard state. The atomisation of iodine would be [image: ].
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EXAMPLE 8

Write an equation, including state symbols, for the process that has an enthalpy change equal to the enthalpy of atomisation of oxygen.

[image: ]
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Bond dissociation enthalpy (bond enthalpy)

Bond dissociation enthalpy can be represented as ΔBDEH[image: ] or ΔdisH[image: ] or ΔdissocH[image: ]. The bond dissociation enthalpy is a value for the enthalpy change when one mole of a covalent bond is broken under standard conditions in the gaseous state. It takes a positive value as one mole of the covalent bond is broken (endothermic).

For example, the bond dissociation enthalpy for chlorine is +242 kJ mol−1. This means that 242 kJ of energy is required to convert 1 mol of chlorine molecules (containing 1 mol of the covalent bond) into 2 mol of gaseous chlorine atoms.

The equation for this process is: [image: ]


•  It is important to note that mean bond enthalpy values were met in AS and are a measure of the energy required to break one mole of a covalent bond measured in mol−1 (the ‘per mole’ is per mole of the covalent bond) averaged across many compounds containing the bond.

•  For diatomic molecules, the bond enthalpy is not averaged across many compounds containing the bond as the bond only occurs in the diatomic molecules.

•  Also for mean bond enthalpy calculations the enthalpy of bond breaking is endothermic and the enthalpy of bond making is exothermic as will be considered again later in this unit, but bond dissociation enthalpy is always endothermic as it is for the dissociation of the bond.
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TIP

The definition of bond dissociation enthalpy is usually asked for with reference to a specific bond or diatomic molecule. It is used in Born-Haber cycles with diatomic elements.
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EXAMPLE 9

Write an equation, including state symbols, for the process that has an enthalpy change equal to the bond dissociation enthalpy of fluorine.

[image: ]

This equation shows the dissociation of one mole of diatomic fluorine, F2, into two moles of gaseous fluorine atoms.



[image: ]

[image: ]


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 later in this unit.



[image: ]

Sometimes the definition of bond dissociation enthalpy is asked as applied to a particular diatomic element and the answer must be in terms of this element. The initial element should be in the gaseous state even if it is bromine or iodine.
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EXAMPLE 10

Define bond dissociation enthalpy as applied to fluorine.

Answer

The enthalpy change to break the bond in one mole of fluorine to form two moles of gaseous fluorine atoms.



[image: ]

Ionisation enthalpies

Ionisation enthalpies can be represented as ΔIEH[image: ]. A number after IE can be used to indicate if it is a first or second, etc., ionisation enthalpy, for example ΔIE1H[image: ] represents the first ionisation enthalpy. At AS, ionisation enthalpies (or they were called ionisation energies in Atomic Structure) were examined as evidence for the existence of energy levels.

The first ionisation enthalpy is the enthalpy change when one mole of electrons is removed from one mole of gaseous atoms to form one mole of gaseous ions with a single positive charge.

The second ionisation enthalpy is the enthalpy change when one mole of electrons is removed from one mole of gaseous ions with a single positive charge to form one mole of gaseous ions with a 2+ charge.

The third ionisation enthalpy is the enthalpy change when one mole of electrons is removed from one mole of gaseous ions with a 2+ charge to form one mole of gaseous ions with a 3+ charge.

For the purposes of Born-Haber cycles, you would be expected to be able to define and carry out calculations using first, second and sometimes third ionisation enthalpies.

[image: ]


EXAMPLE 11

Write an equation, including state symbols, for the process that has an enthalpy change equal to the first ionisation enthalpy of magnesium.

Answer

[image: ]

Remember that both the atoms and ions have to be gaseous. The value for the above first ionisation enthalpy is +736 kJ mol−1. Remember also that first ionisation enthalpies decrease down a group. The first ionisation enthalpy of calcium is +590 kJ mol−1.
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EXAMPLE 12

Write an equation, including state symbols, for the process that has an enthalpy change equal to the second ionisation enthalpy of calcium.

[image: ]
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TIP

To go from Ca(g) to Ca2+(g) requires 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.



[image: ]

Electron affinity

Electron affinity can be represented as ΔEAH[image: ]. Again a number after EA can be used to represent the first or second electron affinities.

The first electron affinity is the enthalpy change when one mole of gaseous atoms forms one mole of negative ions with a single negative charge. An equation, including state symbols, representing the first electron affinity of fluorine would be:

[image: ]

The second electron affinity is the enthalpy change when one mole of gaseous ions with a single negative charge forms one mole of gaseous ions with a double negative charge.

[image: ]


EXAMPLE 13

Write an equation, including state symbols, for the process that has an enthalpy change equal to the second electron affinity of oxygen.

[image: ]
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TIP

When the definition of electron affinity is asked give the definition of first electron affinity.



[image: ]

Values for second electron affinities are positive as the process is endothermic. This is due to the repulsion of the negative ion for the negative electron being added.
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TEST YOURSELF 2


1  Write equations, including state symbols, for the process that has an enthalpy change equal to the following processes:




    a) Enthalpy of lattice formation of calcium chloride.

    b) Bond dissociation enthalpy of fluorine.

    c) First electron affinity of oxygen.

    d) Enthalpy of formation of silver fluoride.

    e) First ionisation enthalpy of potassium.




2  Name the enthalpy changes represented by the following equations:




    a) [image: ]

    b) [image: ]

    c) [image: ]

    d) [image: ]

    e) [image: ]




3  Define the following:




    a) Standard enthalpy of formation.

    b) Enthalpy of lattice formation.

    c) Lattice dissociation enthalpy.

    d) Enthalpy of atomisation of chlorine.

    e) First ionisation enthalpy of lithium.





[image: ]

Born-Haber cycles

The Born-Haber cycle is a technique for applying Hess’s Law to the standard enthalpy changes that occur when an ionic compound is formed.

The Born-Haber cycle for NaCl can be drawn simply as shown in the diagram below. It should be noted that this cycle is simply being used to explain the processes but would not be accepted as a Born-Haber cycle in an examination question.


[image: ]


ΔxH is the sum of all the changes required to convert Na(s) to Na+(g) and [image: ] to Cl−(g).

These can be summarised in the table below.


[image: ]


[image: ]

[image: ]

Hess’s Law states that the enthalpy change for a chemical reaction is independent of the route taken and depends only on the initial and final states.

This means that ΔxH = Enthalpy of formation + Enthalpy of lattice dissociation

This can be written as: ΔxH = ΔfH + ΔLH

The standard symbols are often left out when writing these expressions.

The value for the enthalpy of formation of sodium chloride is −411 kJ mol−1.

The enthalpy of lattice dissociation (ΔLH) can be calculated.

[image: ]

The enthalpy of lattice dissociation for sodium chloride is +771 kJ mol−1. The enthalpy of lattice formation is −771 kJ mol−1.

Drawing a Born-Haber cycle

The diagram below shows a Born-Haber cycle for a Group 1 halide, in this case for sodium chloride, NaCl.

For all Born-Haber cycles, the arrows for the enthalpy changes are not to scale.


[image: ]


Features of the cycle


•  The arrows that are going up represent endothermic processes.

•  The arrows that are going down represent exothermic processes.

•  ΔLH[image: ] is the enthalpy of lattice dissociation in this Born-Haber cycle.

•  The labels at the left and right of the different enthalpy levels show the species which should be present on these levels. These labels are there only to help you understand the cycle but are not essential if you are asked to draw one.

•  You may be expected to complete some of the levels in a cycle with the species present or even to complete part of the cycle as shown in the examples which follow.
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EXAMPLE 14

Complete the Born-Haber cycle shown on the right for potassium fluoride by drawing the missing energy levels, symbols and arrows.

Answer

In this type of question you would be expected to complete the levels in the diagram as shown in the previous example, with endothermic changes having levels above the previous one and exothermic changes having levels below.

The symbols for the species (atoms, ions and electrons) on each enthalpy level with appropriate state symbols would also be expected.

The correct direction of the arrows representing the changes should be given.

The completed cycle with annotations is shown below.


[image: ]
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Calculations from a Born-Haber cycle

In calculations, the enthalpy of atomisation of chlorine may be given or, alternatively, the bond dissociation enthalpy. It is vital that you understand that for gaseous diatomic elements like the first two halogens, the bond dissociation enthalpy is twice the enthalpy of atomisation. For Group 1 halides and other halides where the oxidation number of the metal is +1, like the one shown in the cycle below, the change required is [image: ]. This is the value of the enthalpy of atomisation of chlorine or half the value for the bond dissociation enthalpy of chlorine.

Calculations may be of other values in the Born-Haber cycle, if the lattice enthalpy is known.

[image: ]


EXAMPLE 15

Using the Born-Haber cycle shown on the right, calculate the enthalpy of formation of silver(I) fluoride using the enthalpy changes given. The diagram is not to scale.



	Name of enthalpy change
	ΔH[image: ] /kJ mol−1



	Enthalpy of lattice dissociation of silver fluoride
	+967



	Bond dissociation enthalpy of fluorine
	+158



	Electron affinity of fluorine
	−348



	First ionisation enthalpy of silver
	+732



	Enthalpy of atomisation of silver
	+289




Answer

The most important point in this Born-Haber cycle is the type of value given for the conversion of fluorine to fluorine atoms.

The value given is the bond dissociation enthalpy which is +158 kJ mol−1 and this is the enthalpy value for the change F2(g) → 2F(g).

However in this cycle the change required is:

[image: ]

The enthalpy value for this change is half of the value for the bond dissociation enthalpy.

It is good practice to add the values for the enthalpy changes to the Born-Haber cycle as this makes the calculations simpler. The diagram below shown the Born-Haber cycle for silver fluoride with the known enthalpy changes added.

From the cycle, the enthalpy of formation of silver fluoride is calculated by going round the cycle in the other direction.

Start at the start of the arrow for the enthalpy change you want to find and go around the cycle in the other direction.


[image: ]


If you go through an arrow in the wrong direction change the sign of the enthalpy value.

For example, the enthalpy of lattice dissociation of AgF

[image: ]


[image: ]




[image: ]

Calculating ΔfH[image: ]

[image: ]

The calculations are sometimes carried out without a cycle. The values may be given and you would be expected to remember the sequence of enthalpy changes as shown in the next example.

[image: ]


EXAMPLE 16

The table below gives some values for standard enthalpy changes. Use these values to calculate the standard enthalpy of lattice dissociation of potassium bromide.



	Name of enthalpy change
	ΔH[image: ] /kJ mol−1



	Enthalpy of formation of potassium bromide (Δf H[image: ])
	-392



	Enthalpy of atomisation of bromine (Δa H[image: ](Br))
	+112



	Electron affinity of bromine (ΔEA1 H[image: ])
	-342



	First ionisation enthalpy of potassium (ΔIE1 H[image: ])
	+420



	Enthalpy of atomisation of potassium (ΔaH[image: ](K))
	+90




Answer

The enthalpy of lattice dissociation (ΔL H[image: ]) can be calculated from the other values:

[image: ]



[image: ]

Born-Haber cycles for metals with oxidation state +2

Born-Haber cycles for compounds of metals where the metal has an oxidation state of +2 are slightly more complex. The cycle below represents the Born-Haber cycle for magnesium chloride.


[image: ]


For all these diagrams the enthalpy changes are not to scale. The labels at the left and right of the different enthalpy levels show the species which should be present on these levels. These labels are there only to help you understand the cycle but are not essential if you are asked to draw one.

Metals such as Group 2 metals and many transition metals will have the metal in the oxidation state of +2. This means that an additional enthalpy change is required, the second ionisation enthalpy of the metal (ΔIE2 H[image: ]).

As the compounds require two moles of halide ions per mole of the metal ion, the enthalpy of atomisation for the halogen is multiplied by 2 (2ΔatH[image: ]) or the bond dissociation enthalpy is used (ΔBDE H[image: ]) and the first electron affinity is multiplied by 2 (2ΔEA1H[image: ]) as seen on the cycle.

Calculations using this type of cycle

The calculations using this Born-Haber cycle are similar to the calculations with the previous one.



	Name of enthalpy change
	ΔH[image: ] /kJ mol−1



	Enthalpy of formation of magnesium chloride (ΔfH[image: ])
	−642



	Bond dissociation enthalpy of chlorine (ΔBDE H[image: ])
	+242



	Electron affinity of chlorine (ΔEA1 H[image: ])
	−364



	First ionisation enthalpy of magnesium (ΔIE1H[image: ])
	+736



	Second ionisation enthalpy of magnesium (ΔIE2H[image: ])
	+1450



	Enthalpy of atomisation of magnesium (ΔaH[image: ](K))
	+150




[image: ]

Enthalpy of lattice formation

The Born-Haber cycle for magnesium chloride where enthalpy of lattice formation is used is exactly the same, except the arrow for lattice enthalpy goes down as it is an exothermic process.


[image: ]


The calculation of the lattice enthalpy can be carried out as before and the sign changed to − at the end to show the exothermic enthalpy of lattice formation.

Alternatively the following expression may be used:

[image: ]

This is using the cycle in a slightly different way. The expression may use 2ΔaH[image: ] in place of ΔBDEH[image: ] for chlorine but ΔBDEH[image: ] = 2ΔaH[image: ] for diatomic molecules.

Any unknown in the expression may be calculation from given data.

[image: ]


TIP

The use of enthalpy of lattice formation means that the enthalpy of formation is simply a total of all the other changes in the cycle. This can be done for previous examples as well but beware if enthalpy of lattice dissociation is to be calculated.



[image: ]

Born-Haber cycle for magnesium oxide

When drawing a Born-Haber cycle for the oxide of a metal with oxidation state +2, there is an additional enthalpy change. The second electron affinity of oxygen is required.


•  The first electron affinity (ΔEA1H[image: ]) of oxygen is represented by the equation:



[image: ]


•  This is an exothermic process due to the net attraction between the nucleus of the oxygen atom and the incoming electron.

•  The second electron affinity (ΔEA2H[image: ]) of oxygen is represented by the equation:



[image: ]


•  The second electron affinity of oxygen is endothermic because of the repulsion between the negatively charged O−(g) ion and the incoming negative electron.



The values required to calculate the enthalpy of lattice dissociation for magnesium oxide are given below.



	Name of enthalpy change
	ΔH[image: ] /kJ mol−1



	Enthalpy of formation of magnesium oxide (Δf H[image: ])
	−602



	Enthalpy of atomisation of oxygen (ΔaH[image: ])
	+248



	First electron affinity of oxygen (ΔEA1H[image: ])
	−142



	Second electron affinity of oxygen (ΔEA2H[image: ])
	+844



	First ionisation enthalpy of magnesium (ΔIE1H[image: ])
	+736



	Second ionisation enthalpy of magnesium (ΔIE2H[image: ])
	+1450



	Enthalpy of atomisation of magnesium (ΔaH[image: ](K))
	+150




[image: ]


When drawing the Born-Haber cycle for magnesium oxide, it is important to realise that the second electron affinity of oxygen is endothermic.

The Born-Haber cycle below is for magnesium oxide. The values for the enthalpy changes have been added to the cycle.


[image: ]


The cycle is different from previous ones as it includes the endothermic second electron affinity of oxygen so there is a level above Mg2+(g) + O−(g) + e−. Also as the second electron affinity is +844 and the first electron affinity is −142, the level with Mg2+(g) + O2−(g) must be above the level for Mg2+(g) + O(g) + 2e−.

The calculation of the enthalpy of lattice dissociation of magnesium oxide is:

[image: ]

[image: ]


TIP

Remember that the enthalpy of lattice formation is simply the negative value of the enthalpy of lattice dissociation. The enthalpy of lattice formation of magnesium oxide is −3888 kJ mol−1.



[image: ]

Understanding enthalpy changes in a Born-Haber cycle



	Enthalpy change
	Exothermic (ΔH negative)
	Endothermic (ΔH positive)



	Enthalpy of lattice dissociation
	 
	✓



	Enthalpy of formation
	✓ (mostly)
	 



	Enthalpy of atomisation
	 
	✓



	Bond dissociation enthalpy
	 
	✓



	First ionisation energy
	 
	✓



	Second ionisation energy
	 
	✓



	First electron affinity
	✓
	 



	Second electron affinity
	 
	✓




The enthalpy of lattice dissociation is endothermic whereas the enthalpy of lattice formation would be exothermic and have the same numerical value but be a negative enthalpy change.

Comparison of lattice enthalpy values

The value of the lattice enthalpy gives a measure of the strength of the ionic bond and this depends on the charge on the ions and the size of the ions. The greater the value of the lattice enthalpy, the stronger the ionic bond. Smaller ions and higher charge ions give stronger ionic bonding.


•  Smaller ions are more closely packed in the lattice and so are more attracted to each other.

•  Ions with a high charge are more attracted to each other as well.

•  For example, the lattice enthalpy for NaCl is +771 kJ mol−1 but that for NaF is +915 kJ mol−1.

•  The ions have the same + and − charges but the F− ion is smaller than the Cl− ion so the ions in NaF can pack closer together in the lattice and so lattice enthalpy is greater as the attraction between the ions is greater in NaF compared to NaCl.

•  The lattice enthalpy for MgCl2 is +2492 kJ mol−1 but that for MgO is +3888 kJ mol−1.

•  The lattice enthalpy for MgCl2 is greater than that for MgO due to the 2− charge on the O2− ion compared to the − charge on the Cl− ion. The O2− ion is also smaller than the Cl− ion so there is a stronger attraction between Mg2+ and O2− ions than between the Mg2+ and Cl− ions.

•  Note the lattice enthalpy for MgO is very high (and hence it is very stable and has a very high melting point) due to the 2+ and 2− charge on the small ions.



[image: ]


[image: ]


The balance of enthalpy values in a Born-Haber cycle may be examined. You may be asked to comment on the difference in lattice enthalpy values based on other enthalpy values in the cycle. For the difference between NaCl and NaF, it is the halogen bond enthalpy values that are different as well as the enthalpy of formation. The enthalpy of atomisation of sodium and first ionisation energy of sodium are the same in both cycles.

[image: ]


TEST YOURSELF 3


1  The enthalpy changes below can be used to calculate the enthalpy of lattice dissociation of rubidium chloride.




[image: ]



    a) Name the enthalpy change represented by step 1.

    b) Calculate the enthalpy of lattice dissociation of rubidium chloride.




2  The enthalpy of lattice dissociation of potassium chloride is +715 kJ mol−1.




    a) Explain the difference between the enthalpy of lattice dissociation of rubidium chloride compared to the enthalpy of lattice dissociation of potassium chloride.

    b) The enthalpy of formation of potassium chloride is −437 kJ mol−1 and the enthalpy of atomisation of potassium is +90 kJ mol−1. Calculate the first ionisation enthalpy of potassium from this data and the data given in the table in question 1.




3 The bond dissociation enthalpy of fluorine is +158 kJ mol−1.




    a) Write an equation, including state symbols, representing the bond dissociation of fluorine.

    b) What is meant by the enthalpy of atomisation of fluorine.

    c) The first electron affinity of fluorine is −348 kJ mol−1. Calculate the enthalpy change for the process [image: ]





[image: ]

Perfect ionic model

The distinction between ionic and covalent compounds is not black and white.


•  Some covalent compounds or molecules are 100% covalent as they are non-polar.

•  Covalent compounds can have some ionic character for example polar covalent compounds have some ionic character, i.e. the molecules are polar.

•  Ionic compounds can be perfectly ionic with no covalent character.

•  A small, large charge cation can distort a large anion so that there is covalent character to the ‘ionic compound’. This means that ions are distorted and not spherical as would be assumed in the perfect ionic model.




[image: ]


It is a sliding scale from covalent to ionic. The diagram on the left shows the scale between 100% covalent and 100% ionic.

The value of lattice enthalpy calculated using a Born-Haber cycle is the real value (i.e. that found by experiment).

The perfect ionic model of ionic compounds allows the calculation of the lattice enthalpy based on two assumptions:


1  the bonding in the compound is 100% ionic.

2  the ions are regarded as point charges or perfect spheres and are not distorted.



If the values of the experimental lattice enthalpy and the lattice enthalpy calculated from the perfect ionic model are different then the compound has some covalent character. The forces of attraction in the compound are found to be greater than predicted by the perfect ionic model so there is covalent character to the ionic compound. The greater the difference in the values, the greater the covalent character in the compound.

[image: ]


TIP

Make sure that you fully understand the perfect ionic model.

It is the last two categories which are of interest in this section as 100% ionic compounds will have an experimental lattice enthalpy (calculated from a Born-Haber cycle) roughly equal to the lattice enthalpy calculated from the perfect ionic model.



[image: ]

[image: ]


EXAMPLE 17

The following lattice dissociation enthalpy values were determined.



	 
	NaBr(s)
	AgBr(s)



	ΔLH[image: ] (experimental)/kJ mol−1
	+732
	+891



	ΔLH[image: ] (theoretical)/kJ mol−1
	+731
	+760





1  State what you would deduce about the bonding in NaBr using the data in the table.

2  State what you would deduce about the bonding in AgBr using that data in the table.



If the values for the experimental (determined from a Born-Haber cycle) and the theoretical (determined from calculations using the perfect ionic model) are almost the same, the bonding in the compound is 100% ionic.

If the experimental value is greater than the experimental value, there is additional covalent bonding in the lattice which means that the ionic compound has some covalent character.

Answers


1  NaBr is ionic as the values are almost identical.

2  AgBr is ionic with some covalent character due to the additional strength of the covalent bonding.





[image: ]
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EXAMPLE 18

The experimental lattice enthalpy of magnesium iodide is −2327 kJ mol−1. The theoretical value calculated using the perfect ionic model is −1944 kJ mol−1.

Explain the difference in the values.

Answer

The experimental value is greater than the theoretical value.

Magnesium iodide has covalent character.

There is additional covalent bonding in magnesium iodide.



[image: ]

Enthalpy of solution

Ionic compounds dissolve in water when the ionic lattice breaks up (enthalpy of lattice dissociation) and the polar water molecules form bonds with the ions (enthalpy of hydration).

[image: ]

For sodium chloride:

[image: ]

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

The enthalpy of solution is defined as the enthalpy change when one mole of a solute dissolves in water. It can be determined from other enthalpy values. For example:

[image: ]

The enthalpy of lattice dissociation for sodium chloride is represented by the equation

[image: ]

The enthalpy of hydration is defined as the enthalpy change when one mole of gaseous ions is converted into one mole of aqueous ions.

[image: ]

[image: ]


TIP

Some texts may use ‘+(aq)’ when writing the equation for solution of a substance to represent the addition of water on the left-hand side of the equation. This is acceptable but do not write ‘+ H2O’. This also applies to equations for hydration of ions. It is best to keep the equations as shown in the example for NaCl.



[image: ]

These enthalpy changes fit together in the following cycle.


[image: ]


5 kJ of energy are released when 1 mole of NaCl dissolves in water to form a solution. The enthalpy of solution may be exothermic depending on the balance between the lattice enthalpy and the enthalpies of hydration.

It is not suggested that when NaCl dissolves in water, the ionic lattice breaks up into scattered gaseous ions which then dissolve. However, it allows an alternative route for calculation enthalpy of solution values which according to Hess’s Law should give the same overall enthalpy change as the process the ions really undergo.

A simpler diagram for calculation of solution may be like the diagram below.


[image: ]


Be careful with enthalpy of solution for Group 2 halides, as 2× enthalpy of hydration for the halide ion is required as there are two moles of halide ion in one mole of the ionic compound.

When ionic compounds dissolve in water the polar water molecules are attracted to the charged ions. The δ − O atoms in H2O molecules are attracted to the positive ions and the δ+ H atoms in H2O molecules are attracted to the negative ions.


[image: ]


[image: ]


TIP

Remember to show the polarity of the water molecules and the charge on the ions if you are asked for this type of diagram. The diagram shows the interaction of 4 water molecules with the ions. There would normally be 6 for each ion. The ones above and below the plane of the paper are not shown so that we can see the ions.



[image: ]

Values for enthalpy of hydration

Enthalpy of hydration values are exothermic as energy is released when the ions are attracted to the polar water molecules.

The enthalpy of hydration for fluoride ions is −506 kJ mol−1 which is more negative than the enthalpy of hydration for chloride ions (−364 kJ mol−1).

This is because a smaller ion with the same charge has a higher charge density so the negative charge on the ion attracts the δ+ H of the water more strongly.

The same applies to cations: The enthalpy of hydration of the Mg2+ ion is −1920 kJ mol−1 whereas the enthalpy of hydration of Ca2+ ions is −1650 kJ mol−1. The Mg2+ ion is smaller and has a higher charge density than the Ca2+ ion so the ions attracts the δ− O of the water more strongly.

Halides of metals with oxidation state +2

For halides of Group 2 and other metals with an oxidation state of +2, 2× the enthalpy of hydration of the halide ion is required.

For calcium chloride:



	Name of enthalpy change
	ΔH[image: ] /kJ mol−1



	Enthalpy of solution of calcium chloride
	−141



	Enthalpy of lattice dissociation of calcium chloride
	+2237



	Enthalpy of hydration of calcium ions
	−1650




[image: ]

The enthalpy of hydration of the chloride ions is −364 kJ mol−1.

The enthalpy of solution of calcium chloride is −141 kJ mol−1.

The process CaCl2(s) ⇌ Ca2+(aq) + 2Cl−(aq) is exothermic. When treating this process as a reversible reaction, increasing the temperature would move the position of equilibrium in the direction of the reverse endothermic process. This would theoretically decrease the amount of calcium chloride which would dissolve as the position of equilibrium would be moved to the left.

[image: ]


TIP

The dissolution of calcium chloride also depends on entropy considerations so this information may be used to predict how the amount of calcium chloride which dissolves changes as temperature changes but it is not the whole picture.



[image: ]
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ACTIVITY

Experimental determination of the enthalpy of solution of sodium hydroxide and ammonium nitrate

100 cm3 of deionised water was measured into a polystyrene cup and the temperature recorded. A mass of solid was quickly dissolved in the water, stirred with the thermometer and the final temperature recorded. The results are shown in the table below.


[image: ]



1  Describe how approximately 2 g of ammonium nitrate was weighed out accurately in this experiment.

2  Explain any safety precautions which should be taken when using solid sodium hydroxide pellets.

3  Both of the substances used in this experiment consist of ions. Give the chemical formulae of the two ions that make up each of the compounds.

4  For each of the solutes, calculate the change in temperature of the water.

5  Calculate the mass of water in the polystyrene cup. The density of water at 25 °C is 0.998 g/cm3.

6  Calculate the enthalpy change that occurred in each solution. The specific heat capacity of water is 4.18 J K−1 g−1.

7  Calculate the number of moles of each solute and use this to calculate the molar enthalpy of solution for each solute.

8  Data books give the enthalpy of solution of NaOH as −44.20 kJ mol−1 and for NH4NO3, it is +25.40 kJ mol−1. Calculate the percentage error, in this experiment for each solute.

9  State one source of error in this experiment and describe how this source of error can be minimised.

10 If excess solute was used in this experiment, a saturated solution would be formed, with the excess solute in equilibrium with the solution.

    [image: ]

    By applying Le Chatelier’s principle to this equilibrium determine if the solubility of ammonium nitrate will increase or decrease when the temperature is raised.



[image: ]
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TEST YOURSELF 4


1  The experimental enthalpy of lattice dissociation of silver chloride is +905 kJ mol−1. The theoretical value of the enthalpy of lattice dissociation of silver chloride is +770 kJ mol−1. Explain the difference in these values.

2  The table below gives some enthalpy changes. Calculate the enthalpy of solution of potassium chloride.





	Name of enthalpy change
	ΔH[image: ]/kJ mol−1



	Enthalpy of lattice dissociation of potassium chloride
	+715



	Enthalpy of hydration of potassium ions
	−320



	Enthalpy of hydration of chloride ions
	−364





3  The enthalpy of hydration of fluoride ions is −506 kJ mol−1. Explain why the enthalpy of hydration of fluoride ions is more negative than the enthalpy of hydration of chloride ions given in question 2.





[image: ]

[image: ]


Practice questions


•

1  Which one of the following enthalpy changes is exothermic?




    A enthalpy of atomisation of magnesium

    B enthalpy of bond dissociation of chlorine

    C first electron affinity of chlorine

    D enthalpy of lattice dissociation of magnesium chloride.

(1)




•

2  Which one of the following equations represents the second ionisation energy of strontium?




    A [image: ]

    B [image: ]

    C [image: ]

    D [image: ]

(1)




•

3  Nitrogen triiodide decomposes on contact according to the equation. The reaction is exothermic.



[image: ]


    Calculate the enthalpy change for the reaction using the mean bond enthalpy values given in the table below.

(3)





	Bond
	Mean bond enthalpy (kJ mol−1)



	N–I
	159



	N≡N
	944



	I–I
	151





•

4  Lithium fluoride is formed from lithium and fluorine. The following data may be used to calculate the enthalpy of lattice formation of lithium fluoride.

    ΔH[image: ]/kJ mol−1

    First ionisation enthalpy of lithium +520

    Enthalpy of atomisation of lithium +159

    Enthalpy of formation of lithium fluoride −612

    Enthalpy of atomisation of fluorine +79

    Electron affinity of fluorine atoms −348




    a) Write equations, including state symbols, to represent the following enthalpy changes.




        i) The first ionisation energy of lithium

(1)

        ii) The enthalpy of formation of lithium fluoride

(1)

        iii) The first electron affinity of fluorine

(1)

        iv) The enthalpy of lattice formation of lithium fluoride.

(1)




    b) Calculate the enthalpy of lattice formation of lithium fluoride.

(2)




•

5  The Born-Haber cycle below is for sodium chloride.




[image: ]



    a) The table below shows the enthalpy changes A to F. Complete the table by giving the names of the missing enthalpy changes.

(4)





	Step
	Name of enthalpy change
	ΔH[image: ]/ kJ mol−1



	A
	Enthalpy of lattice dissociation of sodium chloride
	to be calculated



	B
	 
	−411



	C
	 
	+109



	D
	 
	+494



	E
	Enthalpy of atomisation of chlorine
	+121



	F
	 
	−364





    b) Calculate a value for enthalpy change A using the data in the table.

(2)

    c) The enthalpy of lattice dissociation for potassium chloride is +710 kJ mol−1. Explain why the value for sodium chloride calculated in (b) is greater than the value for potassium chloride.

(2)




•

6  The Born-Haber cycle shown below is for magnesium chloride. The table gives the values for the enthalpy changes involved in the cycle below.




[image: ]




	Name of enthalpy change
	ΔH[image: ] /kJ mol−1



	Bond dissociation enthalpy of chlorine
	+242



	Electron affinity of chlorine
	−364



	First ionisation enthalpy of magnesium
	+736



	Second ionisation enthalpy of magnesium
	+1450



	Enthalpy of atomisation of magnesium
	+150



	Enthalpy of lattice formation of magnesium chloride
	−2492





    a) Copy out the cycle and put the correct values on the arrows to show the enthalpy change represented by the arrows in the Born-Haber cycle.

(4)

    b) Use the information in the table and the Born-Haber cycle to calculate the enthalpy of formation of magnesium chloride.

(3)




•

7  The following data gives the enthalpy of hydration of some ions.





	Ion
	Enthalpy of hydration (kJ mol−1)



	Chloride
	to be calculated



	Bromide
	−335



	Iodide
	−293



	Lithium
	−519



	Sodium
	−406



	Potassium
	−320



	Iron(II)
	−1950





    a) Explain why the enthalpy of hydration of the bromide ion is more exothermic than the enthalpy of hydration of an iodide ion.

(2)

    b) The enthalpy of solution for potassium iodide is +20.5 kJ mol−1. Calculate the enthalpy of lattice formation for potassium iodide.

(3)

    c) The enthalpy of lattice dissociation of iron(II) chloride calculated from a Born-Haber cycle is +2631 kJ mol−1 and the enthalpy of solution of iron(II) chloride is −47 kJ mol−1 Calculate the enthalpy of hydration of a chloride ion.

(3)

    d) The theoretical value for the enthalpy of lattice dissociation for iron(II) chloride calculated from the perfect ionic model is +2525 kJ mol−1.




        i) Explain the meaning of perfect ionic model.

(1)

        ii) Explain why the enthalpy of lattice formation of iron(II) chloride calculated from the Born-Haber cycle, given in (c), is greater than the theoretical value calculated from the perfect ionic model.

(2)



Stretch and challenge


8  The diagram below gives part of the Born-Haber cycle for aluminium oxide. Examine the data given in the table and complete the cycle.

    Calculate the second electron affinity of oxygen based on the data given below.

    Compare the value you obtain for the second electron affinity for the given value for the first electron affinity. (If you have not been able to obtain a value for the second electron affinity, use +701 kJ mol−1. This is not the correct value).

(10)





	Name of enthalpy change
	ΔH[image: ]/kJ mol−1



	Enthalpy of atomisation of oxygen
	+249.2



	First electron affinity of oxygen
	−141.0



	First ionisation enthalpy of aluminium
	+580



	Second ionisation enthalpy of aluminium
	+1800



	Third ionisation enthalpy of aluminium
	+2700



	Enthalpy of atomisation of aluminium
	+324.3



	Enthalpy of lattice formation of aluminium oxide
	−15 178.9



	Enthalpy of formation of aluminium oxide
	−1675.7





[image: ]
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