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PREFACE

This volume is one of twenty Units produced by ILPAC, the Independent Learning
Project for Advanced Chemistry, written for students preparing for the Advanced
Level examinations of the G.C.E. The Project has been sponsored by the Inner
London Education Authority and the materials have been extensively tested in
London schools and colleges. In its present revised form, however, it is
intended for a wider audience; the syllabuses of all the major Examination
Boards have been taken into account and questions set by these boards have been
included.

Although ILPAC was initially conceived as a way of overcoming some of the
difficulties presented by uneconomically small sixth forms, it has frequently
been adopted because its approach to learning has certain advantages over more
traditional teaching methods. Students assume a greater responsibility for
their own learning and can work, to some extent, at their own pace, while
teachers can devote more time to guiding individual students and to managing
resources.

By providing personal guidance, and detailed solutions to the many exercises,
supported by the optional use of video-cassettes, the Project allows students
to study A-level chemistry with less teacher-contact time than a conventional
course demands. The extent to which this is possible must be determined
locally; potentially hazardous practical work must, of course, be supervised.
Nevertheless, flexibility in time-tabling makes ILPAC an attractive propo-
sition in situations where classes are small or suitably-qualified teachers
are scarce.

In addition, ILPAC can provide at least a partial solution to other problems.
Students with only limited access to laboratories, for example, those studying
at evening classes, can concentrate upon ILPAC practical work in the laboratory,
in the confidence that related theory can be systematically studied elsewhere.
Teachers of A-level chemistry who are inexperienced, or whose main discipline
is another science, will find ILPAC very supportive. The materials can be used
effectively where upper and lower sixth form classes are timetabled together.
ILPAC can provide 'remedial’ material for students in higher education.

Schools operating sixth form consortia can benefit from the cohesion that ILPAC
can provide in a fragmented situation. The project can be adapted for use in
parts of the world where there is a severe shortage of gualified chemistry
teachers. And so on.

A more detailed introduction to ILPAC, with specific advice both to students
and to teachers, is included in the first volume only. Details of the Project
Team and Trial Schools appear inside the back cover.

LLONDON 1983
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INTRODUCTION

All chemical reactions involve energy changes. For example, your school or
college is heated by burning natural gas, o0il, coal or coke, either close at
hand or in a power station; you have probably noticed a rise in temperature
when an acid reacts with an alkali in a test-tube; the metabolism of food
releases energy that is needed to 'drive’ other vital reactions in your body.

The study of energy changes is an important part of chemistry. Fundamental to
the study of energetics is the law of conservation of energy, which states that
energy is neither created nor destroyed, but can be converted from one form to
another. Such transformations account for heat from the burning of coal being
able to turn a turbine to generate electricity, and the changes in potential
energy and kinetic energy when a ball is thrown up into the air.

In this Unit, we are particularly concerned with the transformation of chemical
energy (energy stored in every chemical substance) into heat energy, and vice
versa., By the end of the Unit you should have some understanding of the
relationship between chemical energy and chemical bonds.

In Level One, we extend many of the ideas of energetics from your pre-A-level
course and introduce Hess's law, an application of the law of conservation of
energy, which enables you to calculate some energy changes that cannot be
measured directly. We also show you how the energy {enthalpy) changes associ-
ated with chemical reactions are used to discuss the stability of substances
and the likelihood of those reactions occurring spontaneocusly.

In Level Two, we look more closely at the energetics of bond formation in both
covalent and ionic substances. To enable you to predict more reliably the

possibility of a reaction occurring, we introduce you to two more thermodynamic
quantities, free energy and entropy, and show how they are related to enthalpy.

There are six experiments in this Unit, but you may not have time to do them
all. Three are in Level One, two in Level Two and one in an appendix.

There is an ILPAC video-programme designed to accompany this Unit. It is not
essential, but you should try to see it at the appropriate time if it is
available.

Using a heat of combustion apparatus



PRE-KNOWLEDGE

Before you start work on this Unit, you should be able to:

(13
{2)
(3)

(4)

(5)

do simple calculations of reacting mass based on chemical equations;
define 'heat capacity' and ’'specific heat capacity’;

calculate the heat capacity of an object of uniform composition (e.g.
all glass, all copper, all solution) using the relationship:

HEAT CAPACITY = MASS x SPECIFIC HEAT CAPACITY
usual units: kJ K-? kg kJ kg™* K71
(or J K-1 or g or J g-* K°* )

calculate the heat gained or lost by an object (i.e. its change in heat
energy) when its temperature changes, using the relationship:

HEAT GAIN OR LOSS = HEAT CAPACITY X TEMPERATURE CHANGE
usual units: kJ kJ K-1 K

solve simple simultaneous equations in x and y.

PRE-TEST

To find out whether you are ready to start Level One, try the
following test, which is based on the pre-knowledge items.
You should not spend more than 40 minutes on this test.

Hand your answers to your teacher for marking.




PRE-TEST

1.

What mass of lead would be obtained on complete reduction of 1.60 g of
lead(IV) oxide by hydrogen?

PbO2(s) + 2Hz(g) ~» Pb(s) + 2H:0(g) (4)

From the equation
CuS0,(s) + 100H20(1) = CuSO,(ag,100H20)

calculate the masses of copper sulphate and water required to prepare
the solution from 0.025 mol of the solid. (4)

State, in your own words, what you understand by the terms:
(a) heat capacity of an object;

(b) specific heat capacity of a substance. (4)

When one mole of concentrated sulphuric acid is carefully added to
sufficient water to make 1 dm® of solution, the temperature of the
solution rises by 17 °C. Calculate the increase in heat energy of the
solution. You may assume in your calculation that the specific heat
capacity of the mixture is the same as that of water, 4.2 kJ kg™ K71,

and that 1 dm® of water weighs 1 kg. (2)

A copper can (calorimeter) of mass 60 g containing 100 g of water was
heated by a spirit lamp till the temperature of the water rose by 10°C.
Calculate the heat energy transferred from the flame to the calorimeter
and contents.

(Specific heat capacities: water, 4.18 kJ kg=t K-*
copper, 0.38 kJ kg=* K1) (4)

Solve the simultaneous equations:
3 + 2y =16
2z + y = 9 (2)
(Total 20 marks)






LEVEL ONE

We start this Unit by defining some important terms used in the study of
energetics, sometimes called thermodynamics. The subject was developed in the
nineteenth century, so some of the words may seem strange. They will, of
course, eventually form an integral part of your scientific vocabulary.,

BASIC IDEAS

When you read your text-books, you may find it assumed that certain terms and
ideas are familiar to you. In the following sections, we briefly describe and
define them to aid your reading.

Objectives. When you have finished these sections, you should be able to:

(1) distinguish between system and surroundings;

(2) describe a process as exothermic or endothermic;

(3) describe in principle how enthalpy changes are measured;

(4) qgquote the standard conditions for thermodynamic processes.

System and surroundings

In your study of energetics (and, later, of chemical equilibrium), you must
define the region or particular quantity of matter of interest. This is
called the system. Two examples are:

(a) one in which no reaction is taking place; e.g. 25 g of potassium
bromide under different physical conditions:

A system The same system The same system

500 K E= ook

300 K :
GENTLE HEAT STRONG HEAT
25 g of KBr 25g of KBr 259 of KBr

Fig. 1. The same system under different conditions.



(b) one in which reaction could take place, or is taking place, or has taken
place; e.g. stoichiometric amounts of magnesium and hydrochloric acid:

A system The same system The same system

Solid magnesium Some reactants Aqueous magnesium
and dilute and chloride and
hydrochloric acid some products gaseous hydrogen

Fig. 2. A system in which a reaction occurs.

The surroundings are everything other than the system. In certain instances

it is important to specify whether the container (e.g. the crucible in Fig. 1
or the flask and syringe in Fig. 2) is to be considered part of the system or
part of the surroundings.

The symbol A (Greek letter 'delta')

In science and mathematics we use the symbol A to indicate an increase in a
quantity; for example, an increase in temperature from 285 K to 300 K may
be referred to as AT, where

AT = T (final) - T(initdial)
300 K - 285 K = 5K

i

A negative value of AT implies a decrease in temperature. However, you may
find the symbol A used to refer to a change in a quantity, X, in such a way
that both increase and decrease are positive. But remember, the strict
definition of AX is

AX = X (final) - X (initial)

Exothermic and endothermic changes

An exothermic change is one in which stored chemical energy is converted to
heat energy. We often say that 'heat is given out' (the prefix 'ex-' means
'out' - as in 'exit!') or 'heat is released! or 'heat is evolved'. This

heat energy very often increases the temperature of the system, and then is
transferred to the surroundings as the temperature returns to normal. VYou are
familiar with exothermic changes such as the burning of fuel and the conden-
sation of water vapour (this is why steam can cause more severe -scalding than
water at the same temperature].



Conversely, an endothermic change is one in which heat energy is converted to
chemical energy. Heat energy is absorbed, and this can cause a fall in
temperature of the system unless heat is transferred from the surroundings.
You are familiar with endothermic changes such as dissolving ammonium chloride
in water or frying an egg.

Enthalpy (symbol H)

The enthalpy of a substance, sometimes called its heat content, is an indica-
tion of its total energy content. We shall not attempt to define enthalpy
formally, and we cannot measure it, but we can measure enthalpy changes and
these are very useful.

A simple analogy may be helpful here: 1if you are out walking in the hills
you probably do not worry much about your height above sea level, but it is
easy to tell whether you are going up or down, and information on differences
in height is very useful in planning your journey.

Enthalpy change, AH

There are two main ways in which the enthalpy of a system can change. One is
by a change in temperature corresponding to a change in heat energy; for
instance, 25 g of water at 70°C has greater enthalpy than 25 g of water at
50°C. The other is by a change in chemical energy, or stored energy; for
instance, 25 g of water vapour at 100°C has greater enthalpy than 25 g of
liquid water at 100°C.

In each of these cases, it is possible to measure AH by measuring the heat
energy input required to make the change.

In chemical reactions, both types of enthalpy change are likely to occur, but
in order to focus attention on chemical energy we usually measure enthalpy
changes between reactants and products which are at the same temperature.

Changes in pressure and volume also have some bearing on the way we describe
energy changes, as we now show.

The constant pressure process

Consider the reaction between magnesium and hydrochloric acid:
Mg(s) + 2HCl(ag) = MgCla(ag) + Ha(g)

Assume that the reaction is carried out in the apparatus in Fig. 3 under the
laboratory conditions shown.



Mg(s), HCl(aq)
p = 1.0atm
T=25°C

Fig. 3.

We allow the two to react, and immediately after reaction we have the situation
shown in Fig. 4, where the temperature has increased due to heat energy

released in the reaction.

MgCly(aq), Halg)
p=1.0atm
7> 25°C

Fig. 4.

Then we let the system cool back to room temperature (25°C). Its final state
is described in Fig. 5.

Mg(s), HCl(aq)
p=1.0atm
T=25°C

Fig. 5.

Notice that both before and after the reaction the temperature and pressure are
the same but the volume is different.

If we measure all the heat transferred between system and surroundings in order
to return the system to 25°C, this is the enthalpy change for the reaction.

Most reactions you study are carried out at constant pressure, but sometimes
you may consider a process where the pressure may vary because the volume is
kept constant.



The constant volume process

We can perform this same reaction at constant volume in a very strong flask.
Again, we assume a set of initial conditions and let the substances react as
before. After an intermediate state when all the magnesium has reacted and
the temperature is greater than 25°C, the system cools back to 25°C, but the
pressure is higher than before. The process is shown in Fig. B.

screw-on lid

T

_>
Mg(s), HCI(aq) MgCl(aq), Halg)
p = 1atm p>1atm
T=25°C T = 25°C

Fig. 6. Chemical reaction at constant volume.

The heat energy transferred between system and surroundings is not quite the
same as the enthalpy change, AH: it is a true measure of the change in
internal energy, AU. In many cases, there is very 1little difference between
AN and AU. In Appendix 2, we show the relation between enthalpy change and
internal energy change. Ask your teacher if you should study this.

All of the reactions you perform in the laboratory are constant pressure
processes because they take place in open beakers, test-tubes and flasks.
Therefore we concentrate on enthalpy changes, especially those which ocecur
under certain standard conditions.

Standard enthalpy change, AH®

For the basis of comparison and tabulation of data, a set of standard conditions
has been arbitrarily defined for thermodynamics; the enthalpy change for a
reaction which occurs at a pressure of 101325 N m™@ (1 atm) and 298 K (25 °C) is
called the standard enthalpy change and is indicated by the symbol AZ® (298 KJ.
Usually, however, the '298 K' is omitted. If the temperature is other than this,
it is indicated.



Now that we have given a rather lengthy introduction toc enthalpy
change, you should see what your text-books have to say on the
subject. Look in the index under enthalpy change or heat of
reaction. (Note that the terms ’'enthalpy change', 'energy change’,
and 'heat' are often used interchangeably in this context.) You
should then be able to do the following exercises.

o

Exercise 1 State the temperature, pressure and concentration which
are the thermodynamic standard conditions.

(Answer on page 86 )

Exercise 2 (a) Classify the following changes as exothermic or
endothermic:

6 B

(i) Sodium hydroxide dissolves in water and the
temperature of the solution rises.

(ii) Ammonium chloride dissolves in water and the temperature
of the surroundings drops.

(iii) Hydrogen and oxygen combine explosively to form water.
(iv) Liquid water condenses to ice at 0°C.

{v) Liquid nitrogen (boiling point = 77 K) boils spontaneously
at room temperature.

(b} Explain why AH® has a negative value for an exothermic reaction
and a positive value for an endothermic reaction.

(Answers on page 86 )

It is very convenient to link values of standard enthalpy change with chemical
equations, which we now consider.

Thermochemical equations

A thermochemical equation summarises the information needed in the study of
energetics - it gives the amounts, measured in moles, of reactants and pro-
ducts, and also tells the quantity of energy involved. One such equation is
given below. It summarises these facts: when two moles of hydrogen react

with one mole of oxygen to produce two moles of liguid water, with both the
initial and final states at 298 K and 1 atm, 572 kJ of heat energy are released.

2H>(g) + 02(g) > 2H0(1); AH® = -572 KkJ mol~?

Notice the use of the symbol © to indicate standard conditions. If half the
amounts are used, then the energy is halved also.

Ha(g) + 302(g) = H20(1); AH® = -286 kJ mol~?

10



Notice that in both examples, the unit for standard enthalpy change is kJ mol-?.
You can consider that the term 'per mole' refers to all the amounts specified

in the equation. You may find it useful to think of the term ’'per mole' as
referring to 'a mole of equation' if, as in the two examples, the stoichio-
metric coefficients are not all unity.

It is important to include the state symbols (e.g. g, 1, s, ag) because the
energy change depends on the state of the substance. If the water produced
were not allowed to condense, then we would write a thermochemical equation
with a different value of the enthalpy change;

2Hz(g) + 0,(g) —+ 2H,0(g); AH® = -484 kJ mol-?

Another useful way to summarise thermochemical data is to use energy level
diagrams.

Energy-level diagrams

An energy-level diagram drawn to scale provides a way to visualise the relative
enthalpies of substances in a reaction (or process).

Objectives. When you have finished this section, you should be able to:

(5) relate thermochemical equations to energy-level diagrams;

(8) wuse an energy-level diagram to calculate enthalpy change.

We introduce energy level diagrams by a Worked Example.

Worked Example Consider the two thermochemical equations:
2Ma(g) + Oa(g) - 2H.0(g); AH® = -484 KJ mol™* W
2Ha(g) + 0s(g) = 2H,0(1); AH® = -572 kJ mol~?

Draw an energy level diagram to represent both of these changes.

Solution

1. We plot enthalpy vertically and specify the scale. Here let 1 cm =
200 kJ mol~*. Draw a horizontal line to represent the enthalpy of the
reactants. It is quite proper to do this even though we do not know where
zero enthalpy is.

| 2H2(g) + Dz(gJ
"

2. Measure the distance downward corresponding to the release of 484 kJ mol™?
of energy and drawn another horizontal line to indicate the enthalpy of 2
mol of gaseous water. The arrow shows the direction of change, as does the
negative sign.

1



2H2(gJ + Og[gJ

~-484 kJ mol-?

] ZHZDEg]

3. Measure the distance downward from the first line corresponding to the
release of 572 kJ mol™! of energy and draw a third horizontal line to show
the enthalpy of 2 mol of liquid water.

2Hz(s) + Oa(g)

\

72H20(g]

-484 kJ mol~?
-572 kJ mol™*

p 2H-0(1)

Now try the next exercise based on this diagram.

Exercise 3 How much heat is released when one mole of steam con-

denses to one mole of liquid water? Write a thermo- /'
chemical equation summarising this information. Wl‘

(Answer on page 86 )

The next exercises emphasise the use of thermochemical equations and energy
level diagrams.

Exercise 4 When one mole of graphite is burned completely in

Exercise 5

oxygen to produce carbon dioxide, 394 kKJ of heat is l'

evolved whereas, when diamond is similarly burned, W"
396 kJ is evolved.

(a) Write thermochemical equations summarising this information.

(b) Draw an energy level diagram comparing the combustion of
diamond and graphite.

(c) What is the enthalpy change for the conversion of graphite
into diamond?

(Answers on page 86 )

Draw energy level diagrams for the following reactions: /'

(a) C(s) + 2S(s) - CSp(1); AH® = +88 kJ mol™? .
W
(b) Zn(s) + 2H*(aq) =~ Zn?*(ag) + Halg); AH® = -152 kJ mol™?

(Answers on page 86 )

12



Exercise 6 The two energy level diagrams below refer to the
complete combustion, under standard conditions, of /’
1 mol of carbon when mixed with different amounts 1/
of oxygen. NE_ L

Cls) + 0x(g) Cls) + 305(g)
7 -394 kJ mol™? H -394 kJ mol”?
v CDz[g) \ COzfg) + 202[g)

Explain why the two additional moles of oxygen do not affect the
enthalpy change.

(Answer on page 86 )

Since the enthalpy change in the last exercise refers to combustion, it is
sometimes called enthalpy change of combustion or, more simply. heat of
combustion. Enthalpy changes for other types of reaction may be named in a
similar way.

Labelling enthalpy changes

In order to tabulate numerical values of standard enthalpy change, certain
types of reaction and their enthalpy changes are labelled. For example,
standard enthalpy change of formation (symbol: Aﬁﬁﬂ; standard enthalpy
change of combustion (symbol: AHgﬂ and standard enthalpy change of solution
(symbol: gban. Note that the word ’'standard’ is sometimes omitted but is
always implied by the symbol ©.

Objectives. When you have finished this section, you should be able to:

(7} define (a) enthalpy change of formation,

(b} enthalpy change of combustion,

{c) enthalpy change of solution;

(8} use your data book to find numerical values of these enthalpy changes;

{3) recognise that the standard enthalpy change of formation of an element
is defined as zero.

Look up the definitions of different types of enthalpy change in (:)
your text-book(s). Include examples in your notes. Remember that,

for example, 'standard enthalpy of combustion’ may be shortened to *:::::?
'enthalpy of combustion’ or even 'heat of combustion’.

To see if you can apply these definitions, do the next two exercises.

13



Exercise 7 (a) Select the specific term(s) which describe the ]'
enthalpy changes in the following reactions:

(1) CaHsOH(1) + 30a(g) + 2C0a(g) + 3H0(1) W\
(i) CuS04(s) + 100H,0(1) = CuS0,(aqg,100H,0)

(iii) Mg(s) + 10.(g) -+ MgO(s)

(iv) Halg) + 102(g) -+ H0(1)

(v] S(s) + 0x(g) = S0,(g)

(b) Using your data book, list the numerical value of the enthalpy
change in each of these reactions.

(Answers on page 86 )

Exercise 8 Write complete thermochemical equations showing ‘,
(a)} the standard heat of combustion of methane, CH4, /7
(b) the standard heat of formation of calcium oxide, CaO, WA
{c) the standard heat of formation of ligquid bromine, Bra,
(d} the standard heat of formation of sodium metal, Na.

(Answers on page 86 )

As stated on page 10, the amounts of reactants determine the guantity of heat
which is exchanged with the surroundings. The enthalpy change of formation of
one mole of water is -285.9 kJ mol™* and for two moles of water it is twice
this amount, -571.8 kJ mol™!. To avoid confusion in such cases, an equation
should always be written, as in the next two exercises.

Exercise 3 Write thermochemical equations to represent the following
reactions at standard conditions:

(a) the combustion of 2.00 mol of calcium;
(b) the formation of 1.00 mol of ammonia from its elements;

(c) the dissolving of 1.00 mol of magnesium chloride in 500 mol of
water;

(d) the combustion of 1.00 mol of ethane, CaMHs.

(Answers on page 86 )

Exercise 10 (a) Write a thermochemical eguation showing that when
1.00 mol of carbon burns completely in oxygen, /,

394 kJ of heat are liberated. Wl‘
(b) Calculate the enthalpy change on complete combustion
of

(i) 10.0 mol of carbon, (iii) 18.0 g of carbon.

{(ii) 0.25 mol of carbon,

(c) What mass of carbon would have to be burned to produce
(i) 187 KJ, (ii) 1000 KJ?

(Answers on page 87 )
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For convenience, we can use a shorthand notation. For example, "the standard
enthalpy change of formation of water is -286 kJ mol™*" can be represented as
AHE [H20(1)] = -286 kJ mol™t.

Similarly, for the standard heat of combustion of hydrogen we can write
AHS [Ha(gl)] = -286 kJ mol™*,

Now that you understand what enthalpy changes are, we consider practical ways
of measuring them.

EXPERIMENTAL DETERMINATION OF ENTHALPY CHANGE

In discussing enthalpy changes earlier, we spoke of heat transfers to the
surroundings and of being able to measure them. In practice, it is much

easier to measure the enthalpy change of a reaction using a calorimeter in
which the system is insulated from the surroundings. For an exothermic
reaction, the energy which would otherwise be given to the surroundings results
in an increase in the temperature of the system.

If the maximum temperature change of the system is recorded and if the heat
capacity of the system is known, it is easy to calculate the guantity of heat
which would have to be taken from the system in order to restore it to its
initial temperature. This guantity of heat is the enthalpy change.

For an endothermic reaction, the temperature of the system would drop, but again
the enthalpy change can be calculated from the temperature change if the heat
capacity of the system is known.

There are several types of insulated calarimeter you can use for simple
experiments, as illustrated in Fig. 7. These calorimeters insulate the system
from the surroundings so that all energy changes occur within the system. The
energy exchanged with the surroundings is usually small enough to be ignored.

thermos flask

.
|e——thermometer

\ a

- ) ==°/[=+— two thin plastic
cups or one of
expanded
polystyrene

plastic bottle

thermometer ——au| thermometer

Fig. 7. Various insulated calorimeters.

Before you begin Experiment 1, we give a Worked Example showing how the
enthalpy change of reaction can be calculated from experimental data.
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Worked Example An excess of zinc powder was added to 50.0 cm® of

0.100 M AgNOs in a polystyrene cup. Initially, the \A/
temperature was 21.10°C and it rose to 25.40°C.
Calculate the enthalpy change for the reaction:

Zn(s) + 2Ag*(aq) = 1Zn2?%(aq) + 2Ag(s)

Assume that the density of the solution is 1.00 g cm™? and its
specific heat capacity is 4.18 kJ kg™* K™!, Ignore the heat
capacity of the metals.

Solution

1.

Since the polystyrene cup is an insulator and its heat capacity is almost
zero, you can assume that no energy is exchanged between system and
surroundings. All the chemical energy released in the reaction is trans-
formed into heat energy which raises the temperature of the solution. The
total energy change in the system is zero, so you can write:

enthalpy change, AH, due . |change in heat -0
to reaction (at constant T) energy of sclution

Since |change in heat mass X specific heat capacity %
. = = meyp* AT
energy of solution x temperature change p

you can now write: AH + mcpAT =0

50.0

... N = "meAT =‘m

kg x 4.18 kJ kg~* K™! x 4.30 K = -0.899 kJ

*¢,, is the symbol commonly used for specific heat capacity. The 'p' refers
to constant pressure conditions (as does AH).

The value -0.899 kJ is the enthalpy change for the amounts used in the
experiment. To obtain a value for the enthalpy change of reaction,
compare the amounts used in the experiment with the amounts shown in the
equation:

Zn(s) + 2Ag*(ag) - Zn%®*(aqg) + Ag(s)
1 mol 2 mol

The amount of silver ion used = 0.0500 dm3 x 0.100 mol dm~3 = 5.00 x 10~2 mol

.. the enthalpy change using 2 mol of Ag+

2.00 mol

= 70.8989 KJ X 5557077 mo1

= -360 kJ

Now write the complete thermochemical equation:
Zn(s) + 2Ag*(ag) =+ Zn?**(aq) + Ag(s): AH = -360 kJ mol-?

Strictly speaking, you should not write A#® in this case because the
conditions of the experiment were not standard, but the values of AH and
MNH® would be very close.

Note that enthalpy changes related to equations, which include all standard
enthalpy changes, have the unit kJ mol™%.

Now you can do an experiment which is similar to the one described
in the worked example.
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EXPERIMENT 1

Determining an enthalpy change of reaction

Aim
The purpose of this experiment is.to determine
the enthalpy change for the displacement

reaction:

Zn(s) + Cu®*(ag) - Culs) + Zn?*(aq)

Introduction

By adding an excess of zinc powder to a measured amount of aqueous Coppér (11)
sulphate, and measuring the temperature change over a period of time, you can
then calculate the enthalpy change for the reaction. '

Requirements

safety spectacles
pipette, 25 cm3

pipette filler
polystyrene cup with 1lid

copper(II) sulphate solution, 1.00 M CuSO,

weighing bottle N
spatula

zinc powder

balance

thermometer, 0-100°C (0.1° graduations)
watch or clock with second hand

Procedure
1. Pipette 25.0 cm® of the copper(II) sulphate solution into a @
polystyrene cup.

2. Weigh about 6 g of zinc powder in the weighing bottle. Since this is an
excess, there is no need to be accurate.

3. Put the thermometer through the hole in the 1lid, stir and record the
temperature to the nearest 0.1°C every half minute for 2} minutes.

4, At precisely 3 minutes, add the zinc powder to the cup.

5. Continue stirring and record the temperature for an additional 6 minutes
to complete Results Table 1.
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Results Table 1

Time/min 0.0 | 0.5 1.0 1.5 2.0 2.5 3.0 3.5]14.0 4.5
Temperature/°C -
Time/min 5.0 5.5 6.6 | 6.5 7.0 7.5 8.0 8.519.0 9.5
Temperature/°C
Calculations
1. Plot the temperature (y-axis) against time (x-axis).
2. Extrapolate the curve to 3.0 minutes to establish the maximum temperature
rise as shown in Fig. 8.
&
@
5
®
@
Q
£
]
o—0Y
0
Fig. 8 time/min
3. Calculate the enthalpy change for the gquantities used, making the same
assumptions as in the preceding exercise.
4. Calculate the enthalpy change for one mole of Zn and CuSO0,(ag), and write

the thermochemical equation for the reaction.

(Specimen results on page 87 )

Questions

1.

Compare your result with the accepted value of -217 kJ mol-! by calculating
the percentage error in your answer:

experimental value - accepted value

error =
accepted value

x 100%

List some possible reasons for any difference between your value and the
accepted value.

Why do you think the temperature increases for a few readings after adding
the zinc? (Hint: it does not increase if more zinc is used or if the
powder is very finely. divided.)

(Answers on page 87 )

Now we look at another type of enthalpy change.
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Measuring an enthalpy change of solution

When substances dissolve, the enthalpy change depends on the relative amounts
of solute and sclvent. Before you do the next experiment, we give a Worked
Example to illustrate the calculations.

Worked Example When 8.85 g of anhydrous lithium chloride, LiCl,
. was added to 36.0 g of water at 25.0°C in a poly- \A/
styrene cup, the final temperature of the solution
was 29.7°C. Calculate the enthalpy change of

solution for one mole of 1lithium chloride.

Spolution

1. In problems involving heat of solution, the amount of solvent is important
so calculate the ratio: amount of LiCl/amount of Hz0. Then you can write
the correct equation describing the process for one mole of the salt.

. _m 0.85 g _
amount of LiCl i 474 g mol-1 0.020 mol
_m 36.0 g :
amount of H0 = i 76.0 g mol-? = 2.00 mol
. amount of LiC1 - 0.020 - 1
amount of Hz0 2.00 100

2. Write the equation:
LiCi{s) + 100H20(1) - LiCl(aqg,100H,0)

3. Calculate the enthalpy change for the amounts used in the experiment:

enthalpy change, AH, . change in heat energy|_ 0
on dissolving LiC1, of the solution

or AH + mcpAT = 0
N = -me AT = - 98-8 o« 4.18 kI kg=! K- x 4.7 K = -0.70 kJ
2 1000
(Note that although the mass of the solution is greater than 36.0 g (36.85 g)
its specific heat capacity is slightly less than 4.18 kJ kg=* K=*. The error
arising from considering only the water in this type of calculation is there-
fore small.)

4. Scale up to the amounts shown in the equation, as in the last worked
example:

1 mol _
NH = 0.70 kJ x m = 35 kJ

5. Write the complete thermochemical equation:

LiCl1(s) + 100H,0(1) = LiCl(ag,100H0); NH = -35 kJ mol~?

soln

You can use this method of calculation in the next experiment.
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EXPERIMENT 2

Determining an enthalpy change of soclution

Aim
The purpose of this experiment is to determine
the enthalpy change for the process

NH4C1(s) + 100H,0(1) - NH,Cl(ag,100Hz0)

Introduction

Because this is a planning experiment, we give fewer details and instructions
than you have been used to. It is, of course, very similar to Experiment 1,
but you need not plot a temperature/time graph because the maximum temperature
change occurs very rapidly.

Requirements

Make a list of requirements including the masses and amounts needed; show the
list to your teacher or technician.
Procedure

Work this out for yourself and keep an accurate record.

Results
1. Tabulate your results in an appropriate form.

2. Calculate the enthalpy change of solution for the thermochemical equation
in the aim. :

(Specimen results on page 88 )

Question

Comparé your result with the accepted value of +16.4 kJ mol™*. Suggest
reasons for any difference.

{(Answer on page 88 )

Some enthalpy changes cannot be measured easily by direct experiment. However,
you can often calculate them from the results of other experiments by using
Hess's law, which we now consider.

HESS'S LAW

Hess's law (sometimes called Hess's law of constant heat summation) is a
corollary to the law of conservation of energy. We use Hess's law to
calculate enthalpy changes which cannot be measured directly.
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Objectives. When you have finished this section, you should be able to:

(10) state Hess's law;

(11) apply Hess's law in the calculation of enthalpy changes which cannot be
determined experimentally.

Study the section of your text-book which deals with Hess's law. (:)
Note down a statement of the law which you can remember and
follow through an example of its application.

It is not possible to measure the enthalpy change for the reaction
C(s) + 10x(g) - CO(g)

directly in a calorimeter because it represents an incomplete combustion which
cannot be controlled. However, it is possible to measure the enthalpy change
for the complete combustion of both graphite and carbon monoxide, and we can
calculate the heat of formation of carbon monoxide from these results. We
illustrate Hess's law by showing this calculation, using an energy level
diagram, in a Worked Example.

Worked Example Calculate the standard enthalpy change for the

reaction \A/

Cls) + 30,(g) - CO(g),

given the following information:
C(s) + Dz(g) = COz(g); AH® = -394 KJ mol~*
Co(g) + 302(g) > CO.(g); AH® = -283 kJ mol~?

Solution

1. Draw an energy level diagram to summarise the information given. Start by
drawing a line to represent the enthalpy of 1 mol of graphite and 1 mol of
oxygen at standard conditions.

Cls) + 0a(g)

7|

2. The combustion of 1 mol of graphite produces CO: and releases 384 kJ.
Show this on the energy-level diagram (not necessarily to scale):

Cls) + 0x(g)

H®/KJ mol~*t -394

Co-(g)y

3. Now consider the combustion of CO, which gives the same product, 1 mol of
CO.. The energy released is 283 kJ mol~*. Show this on the diagram:
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Cls) + 0,(g)
H®/KJ mol-* CO(g) + 30x(g)
-394
-283
Coz[g]‘y Y

4. The gap between the two upper lines represents the heat of formation of
carbon monoxide. Show this on the diagram:

C(s) + 02(g)

AH‘G'
H®/KJ mol~? y CO(g) + 30,(g)
-394

-283

COz2(gly v

5. So you have two routes to the formation of CO. One is represented by the
heat of formation of CO.(g) and the other by the sum of two processes: the
heat of formation of CO(g) plus the heat of combustion of CO(g). Hess's
law states that the energy changes for the twoc routes are equal and you
can see that this must be so from the energy level diagram. Thus:

-394 kJ mol=* = AHY [CO(g)] + (-283 kJ mol™?)
S AE® [CO(g)] = (-394 + 283) kJ mol™* = |-111 kJ mol~*

An energy level diagram establishes clearly the validity of Hess's law, but
for solving problems, you may find it simpler to use an alternative method
based on energy cycles.

Use of energy cycles

An energy cycle simply shows two different routes between initial and final
states, without reference to energy levels. We illustrate this by using the
same example as before and showing two routes for the production of CO».

1. First represent the direct combination of elements:

[cis) + 02(p) ~ [coz(g)]

2. Write the two-step process:
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[C(s) + 0a(g) ] [co2(g)]

[cotg) + 10.(g) ]

3. Hess's law tells us that the enthalpy change via one route (’'route 1')
must equal the enthalpy change via the two-step route ('route 2').

Route 1
JAY: £}
Cls) + Dz2(g) —_— [ COz2(g)

\%qz AHo

CO(g) + 02(g)

Route 2
Ny = NHs + NHs

4. Calculate the unknown by substituting the known values:
AH2=AH1—AH3
e AH?‘[CO[gJ] = -394 kJ mol™* - (-283 kJ mol-*') =|-111 kJ mol~?

Both energy cycles and energy level diagrams are very useful in solving
problems. In the next exercise you use both methods: be careful to distin-
guish between the two. In an energy level diagram, the arrows should be drawn
vertically, and preferably to scale, to represent both direction and extent of
enthalpy change. In an energy cycle, the arrows simply indicate a change from
one state to another, and to avoid confusion we suggest you do not use vertical
arrows in energy cycles.

¢

Exercise 11 Calculate the standard enthalpy change for the
reaction

2NO2(g) = Na204(g)

given the thermochemical equations:
N2(g) + 202(g) = 2ND(gl); AQH®
Na(g) + 202(g) > N204(g); AH®

{a)l by drawing an energy-level diagram;

+33.2 kJ mol~?
+9.2 kJ mol”?

n

(b} by drawing an energy cycle.

(Answers on page 88 )

In the next exercise, you use and justify yet another way of applying Hess's
law.
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Exercise 12 Two of the possible methods of preparing a solution of /'

ammonium chloride containing 1.00 mol of NH4C1 in £
200 mol of Ha0 are summarised in the thermochemical W/‘
equations below:

Method 1

NHs(g) + HCl(g) - NH,Cl(s); AH® = -175.3 kJ mol~?

NH,C1(s) + 200HL0(1) - . NH,C1(ag, 200H20) NH® = +16.3 kJ mol™?
Method 2

NHs(g) + 100H20(1) > NHs(aq,100Hz0); AH® = -35.6 kJ mol™*

HC1(g) + 100H20(1) - HCl(ag,100Hz0); AH® = -73.2 kJ mol~*

NHs (aq, 100H20) + HCl(ag, 100H,0) - NH4Cl(ag,200H20);
AH® = -50.2 kJ mol™*

(a) Add the eguations in Method 1, and simplify the result.
(b) Add the equations in Method 2, and simplify the result.
(c) How does this illustrate Hess's law?

(d) Draw an energy level diagram and an energy cycle.

(Answers on page 88 )

We usually use the energy cycle method in the solutions we provide to exercises
because it is the most general, but you may prefer to add equations as in
Exercise 12. You should always be able to justify your method by means of an
energy level diagram.

In Experiment 3, you apply Hess's law to a reaction for which

the enthalpy change cannot be measured directly - the hydration

of magnesium sulphate, MgS0,. The method and apparatus are JL
very similar to those you used in Experiments 1 and 2.

In Appendix 3, we have included a similar experiment, the

determination of the heat of hydration of copper(II)

sulphate, CuS0,. However, it is necessary to use a vacuum

flask calorimeter, and both the practical work and the Jl
calculaticon are a little more difficult.

Ask your teacher which of these experiments you should do.
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EXPERIMENT 3

Using Hess's law

Aim

The purpose of this experiment is to determine
the enthalpy change for the reaction

MgSO,(s) + 7Ho0(1) > MgS0,*7H.0(s)

Introduction

It is impossible to measure the enthalpy change for this reaction directly
because the process cannot be controlled. However, you can calculate this
enthalpy change by measuring the enthalpy change of solution for the two
solids:

MgS04 (s) + 100H20(1) - MgS04(aqg,100H,0)
MgS0,-7H20(s) + 93H20(1) - MgSO,(ag,100H,0)
We suggest that you use 0.0250 mol of each salt, so we have calculated, from

the equations, the required masses of each salt and water.

Requirements

safety spectacles

2 weighing bottles

spatula

magnesium sulphate (anhydrous), MgSO,
access to balance

2 polystyrene cups and lids

distilled water

teat pipette

thermometer (0° to 50°C)

magnesium sulphate-7-water, MgSO,*7H20

Procedure

A. Heat of solution of MgS0,(s)

1. Weigh 3.01 g of MgS0, to the nearest 0.01 g into a clean, dry weighing
bottle. Record, in a copy of Results Table 2, the masses of weighing
bottle empty and with contents, unless your balance has a reliable taring
device.

2. Similarly, weigh 45.00 g of H20 to the nearest 0.01 g into a polystyrene
cup.

3. Put the thermometer through the hole in the 1lid and measure the temperature
of the water. Record this in Results Table 2.

4. Carefully transfer the MgS0, into the water, stir gently with the thermo-
meter, and record the maximum temperature.
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B. Heat of solution of MgSO,*7H20

5. Weigh 6.186 g of MgS0,°7H.0 to the nearest 0.01 g into a clean, dry weighing
bottle.

6. Weigh 41.85 g of Hz0 to the nearest 0.01 g into a polystyrene cup.
7. Measure and record the temperature change associated with dissolving the

MgSQy * 7H,0

Results Table 2

MgSO0, MgSOy - 7H20

Mass of weighing bottle

Mass of weighing bottle + salt
Mass of salt 3.01 g 6.16 g
Mass of polystyrene cup

Mass of polystyrene cup + water
Mass of water 45.00 ¢ 41.85 g
Initial temperature

Final temperature

Calculations

1. From the data in Results Table 2, calculate the enthalpy change of solution
for one mole of MgSO,. Assume cp = 4.18 kJ kgt K-*.

2. Similarly, calculate the enthalpy change of solution for one mole of
MgSDu'7H20

3. By means of an energy cycle, calculate the enthalpy change for the reaction:
MgSOy (s} + 7HL0(1) = MgS0,-7H20

(Specimen results on page 89 )

Questions

1. Plot the results on an energy-level diagram.

2. Why is it not necessary to plot a temperature/time graph as you did in
Experiment 17

3. Compare your result with the accepted value of -104 kJ mol~!. Suggest
reasons for any difference.

(Answers on page 89)

Now we look at another application of Hess's law.

Calculating heat of formation from heat of combustion

As you will see later, it is particularly useful to list enthalpy change of
formation for compounds. However, most compounds cannot be formed directly
from the elements, so it is impossible to measure these enthalpy changes in a
calorimeter.
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One of the most useful applications of Hess's law is in calculating heat of
formation from heats of combustion, which can be measured directly.

Objectives. When you have finished this section, you should be able to:

(12) calculate AH?'OF a compound from values of A#Z for the compound and for
its constituent elements.

We illustrate the calculation by a Worked Example, but to help
you follow it you should read the section in your text-book on <:>
this topic, paying particular attention to the explanation of

the calculation procedure.

Worked Example Calculate the standard enthalpy of formation of
ethane, CzHe, given: \A/
C(s) + 0a(g) = CO0a(g); AH® = -394 kJ mol~?

Ho(g) + 102(g) -+ Ho0(l); AH® = -286 kJ mol-?
CoHe(g) + 230,(g) — 2C0.(g) + 3HL0(1); AH® = -1560 kJ mol™?*

Solution

1. Starting with the reaction for which you want to calculate AH?} begin
to construct an energy cycle:

7+ Sate)] —& e [t

2. Put in the combustion reactions:

2C(s) + 3Ha(g) + 330,(g)| —D2 o I H.(g) + 330,(g)

S~ &

| 2c02(g) + 3H.001)]

Note that the inclusion of 330,(g), which is necessary for the combustions,
makes no difference to AH, (see Exercise 6).

3. Use Hess’'s law to eqguate the enthalpy changes.
AH2=AH1+AH3
or N, = NHy - AHjz

4. Substitute numerical values for AH, and AHs.
N, = 2 x NHS [C(s)] + 3 x AT [Halg)]
2 x (-394 kJ mol=*) + 3 x (-286 kJ mol™?)
(-788 - 858 kJ mol-*) = -1646 kJ mol-*
M5 = AHE [CoHe(g)] = -1560 kJ mol~*
NHy = NHp - DNHs
-1646 kJ mol~* -(-1560 kJ mol™*) = | -86 kJ mol™?

i

1]

|
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Now try the next two exercises to test your understanding of this application
of Hess's law.

Exercise 13 Calculate the standard enthalpy change of formation
of carbon disulphide, CSz, given that l,

-393.5 kJ mol™%, Wl‘
-296.9 kJ mol™?,
-1075.2 kJ mol~*.

It

AH? [COz(g)]
AH? [302(g)]
AHg'[C32[1]]

(Answer on page 89 )

i

Exercise 14 Calculate the standard enthalpy change of formation /'
of the following compounds: £

(f
(a) ethane, CsHe W\
(b) ethanol, CzHsO0OH
(c) methylamine, CHsNH:

Hint: For part (c) assume that when CHsNHz burns, nitrogen is
released as Na(g).

(Answers on page 89 )

Having shown you how enthalpy changes of formation can be calculated, we now
consider what use can be made of the values.

Uses of standard enthalpy changes of formation

In your data book you will find lists of enthalpy changes of formation for
both organic and inorganic compounds. Many of the values have been calculated
from experimental results in ways similar to those we have described; now you
learn how to use them.

Objectives. When you have finished this section you should be able to:

(13) use standard enthalpy changes of formation to calculate the standard
enthalpy change for a reaction.

Standard enthalpy changes of formation can be used to calculate the enthalpy
changes in a reaction. The fact that we can predict the enthalpy change for
any reaction 1s vitally important, for instance, to chemical engineers when
planning chemical plant. They need to know how much heat will be generated or
absorbed during the course of a particular reaction and make adequate provision
for extremes of temperature in their designs.

Read the section of your text-book which describes the calculation
paying particular attention to the derivation of the expression: (:)

AH?éaction = ZAH?’[products) - ZAH?‘[reaCtantsJ, *:::::?
where the symbol X meants ’the sum of'.
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You should now be able to work through the following Revealing

Exercise, which is in the form of a series of short questions and A
answers. i

We often use a Revealing Exercise to illustrate a concept or explain a
caleulation which involves many steps. You should cover the page with a sheet
of paper and move it down to the first horizontal line across the page. Write
an answer to the question which is above the line and then move the sheet down
to the next horizontal line. Compare your answer with ours and then answer the
next question. You should find each step very simple.

Consider the energy cycle:

CoHu(g) + Ha(g)| —————— |CaHe(g)

AN i

2C(s) + 3Ha(g)

Q1. Identify two routes for the conversion of CxHy and Hz to CzHe

A1. Route 1. Direct combination.

Route 2. (i) Decomposition of CzH, to the elements, followed by
(ii) formation of CaHeg from the elements.

Q2. Write down the enthalpy changes for each route.

A2. Route 1. AMH,
Route 2. -AH, + AHs

Q3. Why does AH, have a negative sign?

A3. AH, refers to the formation of CzHy from elements; -AH, refers to the
change in the opposite direction.

Q4. Apply Hess's law to obtain an expression for AF, in terms of AH, and AHs.

A4. NH, - -NHy + AHs3 or
AH1=AH3_AH2

@5. How would you obtain values for AH, and AH3?

A5. Look up AH?'[CZHu(g]] and AH?'[Csz[g]l

Q6. Why is it not necessary toc look up AH?’[Hz[g)]?

AB. AH?‘for elements in their standard states is, by definition, zero -
since it refers to a change between identical states, i.e. no change at
alll

29




Q7. Rewrite the expression in A4, using symbols for heats of formation.
A7 . AH]_ = M?[Csz[g]] - AH?[(f,zHu[g]]
Q8. Show that this is a particular case of the general expression
AHr = IAHZ products] - ZAH?[reactants]
A8, ZAH?fproductsj = AH?{Csz(gJ]
ZAH?[reactants] = AH?[CzHu(g]] + AH?sz[g]]
= AH?[CzHu[g]] + 0 (see AB)
= AH?[CZHu[gJ]
Y- S ZAH?fproducts] - ZAH?[reactantSJ
= AH?[csz(ng - AﬂgfcaHu[gJ]
Q8. Use your data book to calculate a value for AH,.
AS. AH]_ = AH?[Csz[gJ] - M?[CaHu[g]]

~-84.6 kJ mol-* - (+52.3 kJ mol-*) =-136.9 kJ mol-*

n

You can apply the same procedure to any reaction. However, once you have
understood the derivation of the expression

DS = IAFZ products] - IAfZlreactants]

you can use it to solve problems without drawing an energy cycle, as we show
in a Worked Example.

Worked Example Calculate the standard enthalpy change for the

reaction \A/

2H2S(g) + SDR(g) = 3S(s) + 2ZH.0(1)

using only standard heat of formation data.

Compound LAHS/KJ mol”*
H-S(g) -20.6
S0 (g) -296.9
H-0(1) -285.9

Solution

1.

Write an equation, leaving room to put the value of AH?’under each formula.
2H2S(g) + S02(g) ~ 3S(s) + 2H,0(1)

Calculate the standard enthalpy change of formation for the amount
specified in the equation for each substance. In this equation, 2 mol of
H-0(1) are produced.

2 AHZ [He001)] = -571.8 kJ mol-*
Similarly, for HaS(g), 2 AHZ [H2S(g)] = -41.2 kJ mol™?
and for S0z(g]l, AH?'[SOz[gJ] = -296.9 kJ mol~*

Because AH?'for all elements is zero, no value appears for sulphur.
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3. Put these values under the compounds to which they refer.
2H2S(g) + S0(g) ~— 3S(s) + 2H,0(1)
AFE/KI mol™r  -41.2 -296.9 0 -571.8

4. Add the values for the products.
ZAH§'[produots] =0 - 571.8 = -571.8 kJ mol-?

Add the values for the reactants.
IAHE [reactants] = (-41.2 - 296.9)kJ mol™! = -338.1 kJ mol™?*
5. Subtract:

AHI"

ZAH?’[products] - ZAH?‘[reactants]
[-571.8 - (-338.1)] kJ mol™* ={-233.7 kJ mol-?

Now try some examples for yourself. Be very careful about positive and
negative signs.

Exercise 15 Calculate the standard enthalpy changes for the
following reactions. Obtain values of AH?‘From
your data book.

(a) CHsO0H(1) + 1302(g) =~ CO2(g) + 2H20(1)
{b) 2CO0(g) + O2(g) - 2C02(g)

(c) ZnCDs5(s) = ZnO(s) + CO2(g)

(d) 2Al(s) + FepO0s(s) > 2Fel(s) + Alp0s(s)

(Answers on page 90 )

Exercise 16 The standard enthalpies of formation (Aﬁfﬂ at 298 K
for a number of compounds are, in kJ mol™%:

CHy(g) - 75; Ho0(g) - 242; CO(g) - 110

/ part

Calculate the enthalpy change for the reaction:
CHy(g) + Hx0{g) > CO(g) + 3Hx(g)
(Answer on page 90 )

Another important use of enthalpy changes of formation is the prediction of
the relative stabilities of compounds. However, it is important to clarify
what we mean by the word ’'stability’, which we do in the next section.
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ENERGETIC AND KINETIC STABILITY

™N
Potential energy
change is
‘unstable’ negative.

Potential energy
Potential energy

Fig. 9.

We can discuss the stabllity of the man at the top of the ladder (Fig. 9) in
two different ways. He is unstable in that if he misses his footing or is
pushed, he would fall to the ground. He 1s liable to fall from a pocsition of
high potential energy to one of lower potential energy. We can therefore say
that his position is one of energetic instability.

However, if he stands carefully, he can stay at the top of the ladder indefi-
nitely. The rate at which he actually falls to the ground is then zero, even
though we might expect him to fall by consideration of energy levels. The word
'kinetic’ refers to the rate of a process; thus, we can say that the man is
kinetically stable.

Objectives. At the end of this section, you should be able to:

(14) distinguish between kinetic and energetic (thermodynamic) stability;

(15) describe compounds as stable or unstable with respect to specified
substances, using the enthalpy change of reaction-

Read the appropriate section in your text-book, looking for other

examples of kinetic and energetic stability to clarify the (:)
concepts. (You may find the term thermodynamic stability used for

energetic stability.) Look alsoc for the way in which stability ‘[:]::;
may be inferred from values of enthalpy change so that you can do

the following exercises.

Exercise 17 (a) Would you expect a compound with a negative value l’
of AH?'to be stable or unstable? Explain your £

answer. W/‘

(b} Draw an energy level diagram showing the enthalpy
change of formation of H202(1).

(c) Calculate the enthalpy change for the reaction:
Ha0,(1) > Hx0(1) + %0.(g)

Show this on the same energy-level diagram.

(d) Comment on the energetic stability of H20-(1).

(Answers on page 90)
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Exercise 18 Comment on the thermodynamic stability of NO(g). /,
Base your answer on the two equations: 5

//
INa(g) + 302(g) - NO(g); AH® = 90 kJ mol—t W\

it

NO(g) + 30.(g) = NOa(g); NAH® = -74 KJ mol~?
{(Answer on page 90 )
Exercise 19 Comment on the stability of ethyne, CzHz, relative
to the elements and relative to benzene, CgHg. !/
V20
3C.Ha(g)  CAPAlYST (1)

(Answer on page 90 )

Exercise 20 The standard enthalpy of formation at 298 K of carbon
dioxide, CO0z, is -384 kJ mol™* whilst that of carbon /&
monoxide, CO, is -110 kJ mol~1?, part

{(a) State precisely what is meant by standard enthalpy
of formation.

(b) (i) Calculate the enthalpy change for the reaction:
CO0,(g) = CO(gl) + 302(g)

(ii) Are these oxides of carbon thermodynamically stable or
unstable with respect to carbon and oxygen? Explain.

(Answers on page 90 )

The exercises you have just done suggest that you can predict whether a
particular reaction can occur or not simply by calculating AHF®. Although
this is a useful idea, you have to be careful in applying it, as we now show.

Using AH®values to predict the direction of change

Just as we would expect the man to fall off the ladder if he were given a push,
we might expect any reaction which has a negative value for its enthalpy change
to proceed spontaneocusly. It may not happen, of course, if the system is
Kinetically stable. Such a system is

Ha(g) + 102(g) > HL0(1); AH® = -286 kJ mol™?

Hydrogen and oxygen can stay mixed for years with no sign of reaction. But
in the presence of a spark (similar to a 'push’ causing the man to fall from
the ladder) the reaction proceeds explosively.

However, there are reactions with positive values of AH® which also proceed
spontaneously; e.g.

880[:12(1] + F8C13'8H20[SJ g Fecl3(8] + SSUZ(g) + 12H81[g];
AH® = +1271 kJ mol-?

Your teacher may be able to demonstrate this for you.
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Conversely, there are some reactions with negative values of AH® which do not
proceed spontanecusly, even with a ’push' or a catalyst to increase the rate.
One example 1is:

Nz[gJ + Z%Dz[g] -+ N20s(s); ANH® = -43.,1 kJ mol-?

And, of course, you know a number of reactions which can go in either direction.
These reversible reactions may have positive or negative values of AH®,
depending on the way the equation is written.

No(g) + 3Hz(g) = 2NHs(g); AH® = -46.0 kJ mol~*
2NHs(g) = Nalg) + 3H,(g); AH® = +46.0 kJ mol->

Obviously, our 'ladder’ analogy, like most analogies, must not be pressed tco
far - we never expect to see a man fall up a ladder, nor to remain suspended
at the top if he is pushed off!

So, it is clear that enthalpy changes alone do not govern the direction in
which a reaction can proceed. The guantity we should use is the standard free
energy change, AG®, and you will learn more about this later in the course. It
is AG® and not AF® which is negative for a reaction which goes to completion.

Fortunately, however, AG® is closely related to A#® and for most (:>
reactions (at 298 K) has similar values. Check this in your data
book by looking up values of AG?’and AH?’— they are usually tabu- R::I::?

lated in adjacent columns.

Provided AG?'values are known, you can calculate AG® for a reaction just as you
calculated AH®. Use the relationship: \

NG® = ZAG?'[products] - IAGE [reactants]

Exercise 21 Calculate AG® for the following reactions and compare
your answers with the values of AH® calculated in
Exercise 15. Comment on any difference.

(a) CHsOH(1) + 140,(g) = COx(g) + 2HL0(1)
(b) 2C0(g) + 0O,(g) - 2C0,(g)

(c) ZnC0Os(s) -~ Zn0(s) + COx(g)

(d) 2Al(s) + Fep0s3(s) = 2Fe(s) + Alp03(s)

(Answers on page 91 )

The last exercise illustrates the fact that AF® is usually a good guide for
predicting the relative stabilities of substances and the direction of change.
You will often use AH® for this purpose, but you should remember that it is
better to use AG®, if values are available (frequently they are not!).

(Free energy is often called 'Gibbs free energy' after the famous American
thermodynamicist, J. Willard Gibbs who first introduced the term - hence the
use of the letter G.)
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LEVEL ONE CHECKLIST

You have now reached the end of Level One of this Unit. The following is a
summary of the objectives in Level One. Read carefully through them and check
that you have adequate notes. At this stage you should be able to:

(1) distinguish between system and surroundings;

(2) describe a process as exothermic or endothermic;

(3} describe in principle how enthalpy changes are measured;

(4) guote the standard conditions for thermochemical processes:;

(5) relate thermochemical equations to energy-level diagrams;

(B8) use an energy level diagram to calculate enthalpy change.

(73 define (a) enthalpy change of formation;

(b) enthalpy change of combustion;

(c) enthalpy change of solution;

(8} use your data book to find numerical values of these enthalpy changes;

{9) recognise that the standard enthalpy change of formation of an element
is defined as zero; P

(10) state Hess's law;

(11) apply Hess's law in the calculation of enthalpy changes which cannot be
determined experimentally;

(12) calculate A for a compound from values of AHS for the compound and for
its constituent elements;

(13) wuse standard enthalpy changes of formation to calculate the standard
enthalpy change for a reaction;

(14) distinguish between kinetic and energetic (thermodynamic) stability;

(15) describe compounds as stable or unstable with respect to specified
substances, using the enthalpy change of reaction.

LEVEL ONE TEST

To find out how well you have learned the material in Level One,
try the test which follows. Read the notes below before starting.

1. You should spend about 1 hour on this test.

2. Hand your answers to your teacher for marking.
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LEVEL ONE TEST

Wuestions 1 to 5 are either questions or incomplete statements followed by five

suggested answers. Select the best answer in each case.

1.

(o)}

L3

The enthalpy of formation of ethane (CzHeg) is the enthalpy
change represented by /Q\

A 2C(s) + BH(g) =~ CzHe(g) D 2C(g) + BH(g) = CazHsl(g)

B Cqu(g] + Hz(g) g CgHs(g] E 2C(s) + 3H2(gJ g Csz[g]
C CzHg[gJ + 2H2(gJ - Csz(g) M

The standard enthalpies of combustion of carbon, hydrogen and
methane are -394, -286 and -831 kJ mol~?, respectively. /ﬂ\

Which one of the following expressions gives the correct value

for the enthalpy of formation of methane?

A 394 + (2 x 286) - 891 D -394 - 286 + 891
B -394 - (2 x 286) + 891 E -394 - (4 x 288) + 891
C 394 + 286 - 8391 (1)

The enthalpy changes for two reactions are given by the

equations /\

2Cr{s) + 13402(g) = Cr20s(s); AH = - 1130kJ

C(s) + 102(g) = CO(g); OAH = - 110 kJ
What is the enthalpy change, in kJ, for the reaction
3C(s) + Cra0s(s) = 2Cr{s) + 3C0O(g)?

A - 1460 C + 800 E + 1460
B - 800 D + 1020 \ (1)

CS2(1) NOC1(g) CCl,(1) SOa(g) /ﬂ\
AHZ (298)/KJ mol™* 88 53 139 -296

From the data above, the value of AHF® (298) in kJ mol™, for the reaction
CS>(1) + 4NOCl(g) =+ CC1,(1) + 2S0,(g) + 2Na2(g) is
A -1031 B -731 C -431 D 431 E 1031 (1)

Some heats of formation, in kJ mol~?', at 298 K are
Se(rhombic) 0, Sslg) 103, S(g) 274. A

What is the heat of atomization of sulphur in kJ mol-%*?

A 133 B 103 C 274 D 274 + 133 E 274 + 103 (1)

{a} Write a thermochemical equation to summarise the following statement.

'When a mole of anhydrous copper{II) chloride (melting point 771 K)
is formed from its elements at a temperature of 800 K, and under
constant pressure conditions, 210 kJ of heat is evolved.’ (3)
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(b)

(ec)

(d)

Calculate AH® at 25°C for the reaction

from

(a)

(b)
(c)

(a)

(b)

Draw an energy level diagram (not to scale) to represent the
information given above. (2}

(i) Define standard enthalpy of formation. (2)

(ii) What value is assigned to the standard enthalpy of formation
of an element? (1)

(i) Why can the enthalpies of formation of compounds not always be
determined by direct experiment? ~ (2)

(ii) State, and briefly explain, the law which allows such enthalpies
of formation to be calculated. (3)

H(g) + Br(g) - HBr(g) , /ﬂ\

the following data, which refer to 25°C:
Halg) = 2H(g); AH® = +436 kJ mol-1;

Bro(g) - 2Br(gl; AH® = +133 kJ mol-*;
Ho(g) + Bralg) - 2HBr(g); AH® = -104 kJ mol-* ()

Calculate the standard enthalpy of formation of ethanoic
acid, CHsCO,H(1), from the following data: /ﬂ\

AHE [graphite] = -394 kJ mol™?

AH® [Ha(g)] = -286 kJ mol™*

C
AH [CH5CO02H(1)1 = -873.2 kJ mol™* (4)
What can you deduce about the stability of ethanoic acid? (2)

What further information would you need to make a more reliable
statement about the stability of ethanoic acid? (2)

Use the data in Table 2 to determine AH® and AG® for the following
reactions

N20s(s) = 2ND2(g) + 302(g)
NzDs(S] > NzDu(g) + %szg]

Table 2
Compound | AF2/KJ mol™* | AGR/kJ mol™*
N20Os (s) -43.1 +113.8
NO2 (g) +33.2 ' +51.3
1 N20y (g) +9,2 +37.8 (6)

Would you expect N20s(s) to be stable? (3)
' {Total 40 marks)
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LEVEL TWO

In this level we consider in more detail the energetics of bond formation.
First we consider covalent molecules and introduce the idea of an average bond
energy; then we consider the energetics of ionic bond formation.

BOND ENERGY TERM

The energy required to break a particular bond depends not only on the nature
of the two bonded atoms but also on the environment of those atoms. For
instance, not all the C-H bonds in ethanol, C:Hs0OH., are equally strong because
the oxygen atom has more influence on those near it than on those further away.

Similarly, C-H bonds in methane, CH,, are not gquite the same as those in
benzene, CeHe, or ethane, CyHy. Fortunately, however, the differences are

small enough for the concept of average bond energy (bond energy term) to be
very useful.

Objectives. When you have finished this section, you should be able to:

(16) state what is meant by bond energy term ;

(17) distinguish between bond dissociation energy and bond energy term.

Read about bond energy term (sometimes just called bond energy (:)
or average bond energy) in your text-book paying particular
attention to the difference between bond energy term and *:::::;

bond dissociation energy. This will help you to do the next
two exercises.

Exercise 22 Table 3 gives enthalpy changes for four successive /'
dissociation reactions: /
Table 3 W\
Reaction AH®/KJ mol™ 1

CH4(g) ~ CHs(g) + H(g) +435
CHs(g) = CHa(g) + H(g) +444
CHo(g) - CH(g) + H(g) +440
CH(g) - Cl(g) + H(g) +343

(a) Calculate the enthalpy change for the reaction
CHy(g) — Clg) + 4H(g)
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Exercise 22 (cont.)

(b) Calculate the average bond energy of a C-H bond in methane.
(c) What name do we give each of the enthalpy changes in Table 37
(d) Suggest a reason why each is different.

(Answers on page 91 )

Exercise 23 (a) Explain the difference between ’'bond energy term’
and 'bond dissociation energy’. ,!'
(b) Name a molecule for which the bond dissociation W\

energy is the same as the bond energy term.
(Answers on page 91 )

’

We cannot always obtain bond energy terms by the method you have just used
because bond dissociation energies are often not known. In the next section
we look at another method of calculation.

Calculating bond energy terms

Once again we can use an energy cycle and Hess’'s law to determine an enthalpy
change which cannot be measured directly. We illustrate this method by a
Worked Example.

Objective. At the end of this section, you should be able to:

(18) calculate the bond energy term for a molecule using standard heat of
formation data and standard enthalpy of atomization data.

The standard enthalpy change of atomization of an element is the enthalpy change
in the production of one mole of gaseous atoms from the element in its standard
state. For example, it refers to processes such as

Na(s) - Nalg) and iClz(g) =~ Cll(g)

We deal with the atomization of compounds later.

Worked Example Calculate the C-H bond energy term in methane.

Solution \A/

1. Write the equation for the complete dissociation of methane.
CHy(g) > Clg) + 4H(g)

2. Construct an energy cycle by including the elements in their standard states.

CHy (g) A, Clg) + 4H(g)

N e

Cls) + 2Ha2(g)
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Here AH, is the standard heat of formation of methane, AH?’[CHu(gJ]; and
AHs is the standard enthalpy change of atomization of carbon plus four
times the standard enthalpy change of atomization of hydrogen; i.e.

Al = Mg, [C(g)] + 4 Mg [H(g) .
3. Look up these values in your data book:
A [CHy(g)] = -74.8 kJ mol™?
Mg [C(g)] = +715.0 kJ mol™?
4 NSy [H(g)] = 4(+218.0 kJ mol™*) = 872,0 kJ mol~™*
4. Apply Hess's law
DHy + AHy = M5
5. Substitute the appropriate values and sclve for AH,:
My = N - N>
(715.0 + 872.0 - -74.,8) kJ mol™! = 1661.8 kJ mol~?

i

8. This is the energy required to break four bonds. We want to know the
average value for one bond.

1661.8
4

S E(C-H) = kJ mol=* = [415 kJ mol~!]

Now try two similar problems.

Exercise 24 Determine the enthalpy change for the process: /'
H.S(g) - 2H(g) + S(g) i
and so calculate the bond energy term, E(H-S).

(Answer on page 91 )

Exercise 25 Calculate E(N-HJ, given the following data:
N2 (g) + BHa(g) > NHs(g); AH® = -46 kJ mol™? /d\
IHa(g) > Hlgl); AH® = +218 kJ mol™?
iN2(g) > Nlg); AH® = +473 kJ mol™*

(Answer on page 91 )

i

Notice that in all these examples and exercises, reactants and products are in
the gaseous state. If the substance we are decomposing exists as a liquid in
its standard state, it must first be vaporised, and this requires energy.

CCl,(1) > CCl,(g); Aﬁsép [cC1,(1)] = 30.5 kJ mol~?

Apply this idea in the next exercise.

Exercise 26 Calculate the enthalpy change for the process:

CCl,(g) ~ Clg) + 4Cl(g)

and calculate the bond energy term, E(C-C1).

(Answer on page 91 )
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So far you have averaged energies for similar bonds within identical molecules.
Now you investigate the validity of assuming that bond energy terms can be
applied to similar bonds in different molecules. Start by working out, in the
next exercise, what bonds are broken and formed in the combustion of some
similar alcohols.

Objectives. When you have finished this section, you should be able to:

(19) describe briefly how the heats of combustion of a series of alcohols
can be measured;

(20) interpret heat of combustion data for a series of alcchols in terms of
bonds broken and bonds formed.

Exercise 27 This guestion concerns the combustion of a number of
T alcohols. The structural formulae of some of these !/
alcohols and of the other substances involved are: W‘/‘
1 L
H—C—C—0—H H—C—C—C—0—H 0=0
H H L H A
ethanol propan-1-ol oxygen
i
H——C——C——é——é——o——H 0=C=0 H—0—H
bbb
butan-1-o0l carbon dioxide water

Two equations for combustion are:
CoHs0H(1) + 30,(g) - 2C0.(g) + 3H,0(1)
CsH,0H(1) + 41i0-(g) - 3COx(g) + 4H,0(1)

(al For the combustion of one mole of each alcchol, calculate
(i) the number of bonds of each type broken, (ii) the number
of bonds of each type formed, and complete a copy of Table 4.

Table 4

Bonds broken/mol Bonds formed
Alcohol C—C C—H C—0 0—H 0=0 0=C 0—H
ethanol

propan-1l-ol
butan-1-o0l

(b) What is the difference, in terms of bonds broken and bonds
formed, between the combustions of ethanol and propan-l-ol
and between the combustions of propan-l-ol and butan-l-ol?
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{c} Use your answer to part (b) to complete Table 4 for two more
alcohols, pentan-1l-cl, CsHi1,0H, and hexan-1-o0l, CeHis0H,
which have very similar structural formulae to the others.

(d) Which of the bonds you have identified in part (b) are
identical, i.e. bonds between the same atoms in identical
molecules, and which are merely similar, i.e. bonds between
the same atoms in different molecules?

(e} Would you expect a constant difference in AF® between one
alcohol and the next in the list, (i) at a temperature high
enough for all reactants and products to be gaseous, (ii) at
298 K?

Hint: the difference in AH{5p between one alcohol and the
next is between 1 kJ mol™ and 6 kJ mol™*.

(Answers on page 92 )

Now you can check your answer to Exercise 27 part (e). You can

either obtain the values from your data book or, if your teacher

agrees, perform an experiment to determine the heats of combustion JL
of a series of alcchols.

If you are going to do Experiment 4, you will find it helpful to
look at the ILPAC video-tape 'Using a heat of combustion apparatus’' [::::J

If you are not doing the experiment, go directly to Exercise 28
on page 47.

EXPERIMENT 4

Determining heats of combustion

Aim
The purpose of this experiment is to determine the
heats of combustion of a series of similar alcohols

from butan-1-o0l to octan-1-ol.

Introduction

In this experiment, you burn a measured mass of an alcohol in a spirit lamp
and transfer the heat energy released to a calorimeter containing water.
From the resulting temperature rise you can calculate the heat of combustion.

In your earlier calorimetric experiments, you assumed that all the heat energy
released in a chemical reaction was absorbed by the contents of the calorimeter.
You cannot make that assumption in this experiment for two reasons.
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1. The heat energy is released in a flame, and although the apparatus is
designed to transfer most of the energy to the calorimeter, a significant
guantity is lost to the surrounding air.

2. The heat capacity of the calorimeter itself is not so small as to be
insignificant compared with the heat capacity of its contents.

You can take account of both these factors by calibrating the apparatus using
an alcohol with known heat of combustion.

Requirements

safety spectacles

heat of combustion apparatus

spirit lamp

wood block

retort stand (with 2 clamps and bosses)
Drechsel bottle

filter pump

rubber tubing (for connections to filter pump)
water (at room temperature)

adhesive labels

propan-1-ol, CsH-0H @
butan-1-o0l, CyHeOH (If these alcohols are supplied

pentan-1-o0l, CsH,.0H in separate spirit lamps, you

hexan-1-0l, CegHi30H will not need the next two

heptan-1-o0l, C,Hi1s0H items.) A\@/
octan-1-0l1, CgH;-0H TN
8 beakers, 50 cm?®

6 teat pipette droppers

Bunsen burner and protective mat

wood splints

tweezers (not plastic-tipped)

balance (preferably capable of weighing to 0.001 g, but 0.01 g will do)
thermometer -5 to -50°C (in 0.1°C)

Hazard warning

The alcohols you will be using are very flammable and

can be poisonous by absorption through the skin and Q @

lungs. Therefore you MUST:

KEEP THE STOPPERS ON THE BOTTLES WHEN NOT IN USE
KEEP THE BOTTLES AWAY FROM FLAMES

WASH YOUR HANDS AFTER USE (DR WEAR GLOVES)

WEAR SAFETY SPECTACLES

Procedure

A. Determination of the heat capacity of the apparatus

1. Arrange the heat of combustion apparatus (i.e. the calorimeter), the
Drechsel bottle, etc., as shown in Fig. 10. Don’'t use the calorimeter
base supplied by the manufacturer but stand the burner on a small block
of wood to ensure a good flow of air. Adjust the height of the
calorimeter (or the size of the block) so that the top of the spirit
lamp is level with the bottom of the calorimeter.
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stirrer

\f“———-——» water pump

Drechsel bottle

water

Fig. 10. Heat of combustion apparatus

11.

12.

Use water at room temperature (not direct from the tap) to fill the
calorimeter to about 1.5 cm below the rim. Mark this level with a
label.

Pour a little propan-l-ol into a small beaker and use
a teat pipette to half-fill the spirit lamp. (This may @

have been done for you already.) Replace the wick and
cap, return any excess alcohol to the bottle, and remove
both bottle and beaker to a safe distance from any flame.

o)

Turn on the filter pump and adjust the flow of air through the Drechsel
bottle to about 3-4 bubbles per second.

Stand the spirit lamp away from the calorimeter, and use a wood splint
to light it. Adjust the height of the wick, using metal tweezers, to
obtain a flame about 1 cm high.

Check that the lamp burns satisfactorily for about 15 seconds in
position under the calorimeter. If it goes out, either increase the
flow of air or adjust the height of the lamp relative to the calori-
meter. Once these adjustments have been made, they should not be

changed for the rest of the experiment. Extinguish the flame and put

on the cap.

Weigh the spirit lamp, including the cap, as accurately as possible and
record the mass in Results Table 3.

Stir the water in the calorimeter and record its temperature, to the
nearest 0.1°C.

Put the lamp under the calorimeter and light it.

Slowly and continuously stir the water in the calorimeter and watch the
thermometer. When the temperature has risen by about 10°C, extinguish
the flame and immediately replace the cap. Record the maximum tempera-

ture of the water.
1

Re-weigh the spirit lamp and cap and record the mass.

Without removing the calorimeter from the stand, and holding both
together carefully, pour away the water.

45



13. If you have time, repeat the experiment to increase the accuracy of
your calibration. This second run should be much quicker because you
should not need to make any adjustments (i.e. start at step 7).

14. Before doing any calculations, repeat the experiment using as many of
the other alcohols as you have time for and complete Results Table 4.
If you have to use the same spirit lamp, you will have to empty it,
rinse it with the new alcohol, and fit a new wick (or dry the old wick).
If time is limited, your teacher may suggest that you share your
results with other students, or may give you some pre-determined results.

Results Table 3 1st run 2nd run
Molar mass of propan-l-ol, M g mol™?
Initial mass of spirit lamp + alcohol, m; g
Final mass of spirit lamp + alcohol, m; g
Mass of alcohol burned, m; — mz g
Amount of alcohol burned, n=(my — ms)/M mol
Initial temperature of calorimeter °C
Final temperature of calorimeter °c
Temperature change, AT K
AH?’[propan-l-olj (given) -2017 kJ mol-*

Heat released during the experiment, AH
= AHS [propan-1-0l] x amount burned

-2017 kJ mol=* x = kJ

Heat required for a rise in _ O4

temperature of 1 K T AT
= (', the calorimeter calibration factor kJ K-t
Average value of ¢ kJ K™%
Results Table 4 C4HsOH CsH120H | CgH1s0H | C,Hi50H | CgHi,OH

Molar mass, M/g mol™?
Initial mass of lamp/g
Final mass of lamp/g
Mass of alcohol burned/g
Amount burned, »n/mol
Initial temperature/°C
Final temperature/°C

Temperature change, AT/K

AH

C

- C—%ﬂ/w mol-1

(Specimen results on page 92 )
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You can make use of your experimental results in the next exercise.

Exercise 28 (a) Either using your experimental results or
NH® values from your data book, fill in the j/
first column of Table 5. ’ W,‘
Table 5
T Differences
Alcohol DHZ/KJI mol” /kJ mol-1
propan-1-ol, CsH-0OH 147

butan-1-ol, CyHeOH

pentan-1-o0l, CsHi1,0H

hexan—l~ol, CsHlaoH

heptan-1-o0l, C;H1s0H

octan-1-ol, CgHi70H

Average difference =

(bl Calculate the differences and fill in the second column.
Calculate the average difference in AH§1

(c) Do you now think it is reasonable to use average bond energy
terms for C-C and C-H in the different alcohols? Explain
your answer.

(Answers on page 92 )

Having established that a particular kind of bond has a particular guantity of
energy assoclated with it, we can calculate two average bond energies, E(C-H)
and E(C-CJ), by solving simultaneous equations.

Determining two bond energy terms simultaneously

Work through the following revealing exercise where we show you

how to do this calculation. You need the following infermation: a_

butane: CuyHiolg) = 4C(g) + 10H(g); AH®
pentane: CsHi2(g) = 5C(g) + 12H(g); AH®

+5165 kJ mol-?

+6337 kJ mol~?

Q1. How many bonds are broken in the atomization of butane and pentane?

A1. In butane, 3 C-C bonds and 10 C-H bonds are broken per molecule; in
pentane, 4 C-C bonds and 12 C-H bonds are broken per molecule.

Q2. Express the enthalpy changes for the atomization of pentane and butane

as the sums of the bond energy terms.
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A2. Butane: 3E(C-C) + 10E(C-H) = +5165 kJ mol-*
Pentane: 4E(C-C) + 12F(C-H) = +6337 kJ mol™*

Notice that for a compound, AHgf refers to one mole of molecules, whereas
for an element it refers to one mocle of atoms.

Q3. Let E (C-C) = 2 kJ mol™?

E (C-H) = y kJ mol™?

i

and solve these eguations simultaneously.

A3. 3z + 10y = 5165 (1)
4x + 12y = 6337 (2)
Multiply equation (1) by 4 and equation (2) by 3 and subtract:
122 + 40y = 20660
12x + 3By = 18011
4y = 1648 ooy = 412,25

Substitute this value for y into either equation (1) or (2).

3 + 10(412.25) = 5165
3 = 5185 - 4122.5 = 1042.5 @ = 347.5
. B(c-c) = [347.5 kJ mol-* B(c-H) = [412.2 KJ mol~*|

Now that we have shown you how bond energy terms can be obtained we illustrate
their use in estimating enthalpy changes in reactions for which there are no
experimental data.

Uses of bond energy terms

In order to obtain a bond energy term which can be tabulated and used generally,
an average value is taken for a particular type of bond in a large number of
compounds. The bond energy terms quoted in your data book should, therefore,
not be considered as accurately stating the bond energy in any particular
molecular environment. Calculations using bond energy terms can only give
approximate answers.

Objectives. When you have finished this section, you should be able to:

(21) use bond energy terms to estimate enthalpy changes that cannot be
determined directly.
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Using bond energy terms to estimate enthalpy changes

You have already used one method for calculating enthalpy changes that cannot
be determined directly, by substituting known enthalpy data into an energy
cycle and applying Hess's law. We now show you another method, this time
using bond energy terms, in a Worked Example. We remind you that:

BOND BREAKING REQUIRES ENERGY (ENDOTHERMIC)
BOND MAKING RELEASES ENERGY (EXOTHERMIC)

Worked Example Use bond energy terms to calculate the enthalpy
change for the reaction: \A/

CHu(g) + Clalg) - CHsCl(g) + HC1(g)

Solution

1. Write the equation using structural formulae:

'r *?
H—?—H+'mf{l - H—%—C1+H—€l
H H

2. List the bonds broken and bonds made under the equations as shown:

H H
H—¢~+I+C}—Cl - H—%—CI+H—{1
% H v J [§ H Y J

bonds broken bonds made

C—H C—C1

C1—C1 H—C1

3. Look up the bond energy terms for the bonds broken and made. Add them up
as shown, including negative signs for the exothermic bond-making.

ﬁ' H.
H——?——H + C1—C1 > H——?——Cl + H—C1

H H

bonds broken bonds made
E(C-H) = 435 kJ mol7* -E(C-C1) = -339 kJ mol™>
E(C1-Cl) = 242 kJ mol™* -E(H-C1) = -431 kJ mol~*
Total = 677 kJ mol~* Total = -770 kJ mol-1

4. Add the values for bond breaking and making (including the correct signs)
to obtain the required enthalpy change

AH = 677 kJ mol~' - 770 kJ mol~' = -93 kJ mol™*
5. Write the complete thermochemical equation:

CHu(g) + Cla(g) - CHsCl(g) + HC1(g); AF =|-93 kJ mol~!]|

The following energy level diagram summarises the energy changes during the
reaction we have just considered.
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CHs + H + Cl1 + C1

CHs + H + Cla

Energy required to break

a C1-Cl bond = +242 kJ mol~* .
Energy released in making

a C-Cl bond = -339 kJ mol~1

CH, + Cl, 1

CHsCl + H + C1

Energy required to break a
C-H bond = 435 kJ mol-?

Energy released in making
an H-Cl bond = -431 kJ mol-?

AHr =.-93 kJ mol~*

| CHsC1 + HC1

Now attempt the following exercises, two of which are A-level questions.

Exercise 28

Exercise 30

Use bond energy terms listed in your data book to /,
calculate the enthalpy change for the reactions

(a) Halg) + Clalg) - 2HC1(g) ATV ZnN
(b) Nalg) + 3Ha(g) = 2NHs(g)

(Answers on page 92 )

Some bond energy terms are listed below:

Table 6 A

Bond H-H c-H |c-Br |cC-C c=C Br-Br

Bond energy
/kJ mol™* 436 413 209 346 611 112

{(a) What do you understand by bond energy term?

(b) Using the given data, calculate the enthalpies of formation,
from gaseous atoms, of

(i) gaseous propene, (propylene), H\ T
C=C—C—H
VR
H H H
{(ii) gaseous 1,2-dibromopropane T ?r T
H——?——?——?-—H
Br H H

(c} Calculate the enthalpy change, AH¥®, for the reaction:
CHz = CH - CHs(g) + Bra(g) = CH2BrCHBrCHs(g)

(Answers on page 93 )
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Exercise 31 (a) Use the values of bond energy terms contained

in your data book to calculate the standard /ﬁ\
enthalpy change for the reaction:

(b) Calculate another value for this standard enthalpy change
from heats of formation.

(c)] Write a short account of the reasons why the two values you
have calculated differ from each other.

(Answers on page 93 )

So far in Level Two your work has been confined to covalent compounds. You
have seen how to use bond energy terms to calculate the enthalpy change of
formation of a molecular compound from its constituent gasecus atoms - an
important step in the calculation of AH® for a reaction. Now we look at energy
changes in the formation of ionic compounds.

LATTICE ENERGY

It is often useful to know the heat of formation of an ionic compound from its
constituent gaseous ions. The energy value is called the 'lattice energy’ of
the compound, because ionic bonding always leads to a solid crystal lattice.
It provides a measure of the strength of ionic bonds.

Objective. When you have finished this section, you should be able to:

(22) define lattice energy;

° The lattice energy of an ionic compound is the enthalpy
Z\fﬁat change which cccurs when one mole of it is formed, as a
crystal lattice, from its constituent gaseous ions.

This definition of lattice energy always gives a negative sign, e.g.
Na*(g) + C17(g) = Na'Cl7(s); OAAP.: = -781 kJ mol~?

If we were considering the energy required to separate the salt into its
separate ions then the enthalpy change must have a positive sign:

Na*C17(s) - Na*(g) + C17(g); AH, . = +781 kJ mol™!

You may find that some books guote positive values of lattice energy, but you
will not go wrong if you always relate AH® to the appropriate equation.

Since it is impossible to determine lattice energies directly by experiment we

use an indirect method where we construct an energy diagram called a Born-Haber
cycle.
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Calculating lattice energy using a Born-Haber cycle

The Born-Haber cycle is yet another application of Hess's law but the alter-
native routes involve more steps than you have used so far.

To construct a Born-Haber cycle you need two enthalpy changes not previously

mentioned in this Unit, ionization energy and electron affinity.

You should

be familiar with ionization energy from ILPAC S2 (Atomic Structure).

The ionization energy of an element is the enthalpy

/

positive ions, e.g.

Nalg) - Na'(g); AH§'= +500 kJ mol™*

The electron affinity of an element is the enthalpy

gaseous negative ions, e.g.

Br(g) + e” > Br(g); AHS =

-342 kJ mol~?

Z&f{ﬁ} change which occurs when one mole of its gaseous atoms
loses one mole of electrons to form one mole of gaseocus

foff} change which occurs when one ‘mole of its gaseous atoms
e accepts one mole of electrons to form one mole of

Objectives. When you have finished this section, you should be able to:

(23) construct a Born-Haber cycle for an ionic

compound

(24} use a Born-Haber cycle to calculate the lattice energy for an ionic

compound.

Find the section on the Born-Haber cycle in your text-book.

Skim through it and then use it to help you with the revealing

exercise which follows.

Below is a generalised Born-Haber cycle for an ionic compound.

Elements in their M

standard states

v

Ions in the
gaseous state

AR

lattice
. energy

Compound as an ionic
crystal lattice

@1. Redraw the cycle including the appropriate formulae for the formation of

sodium chloride.
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AHy

Al. Na(s) + 3Cla(g) > [Na"(g) + Cl (g)
JAY: P lattice
energy

lNa+Cl'(s]

Q2. AH, is the sum of the energy changes associated with four steps, two for
sodium and two for chlorine. Write thermochemical equations for these
four steps.

A2. Nal(s) = Nalg); AHgE +108 kJ mol™?
Nalg) = Na'(g); AHF = +500 kJ mol~*
sClalg) > Cllg)s; Mg, = +121 KJ mol”*?
Ci(g) + e ~ Cl7(g); OHS = -364 kJ mol™*

R3. Calculate AH;.

A3. OHy = AHZ (Na) + AHY(Na) + Aﬂg£(5012) + AFS(C1)
So AH, = (+108 + 500 + 121 - 364) kJ mol-' = +365 kJ mol~?

Q4. What name is given to AH,? Look up a value in your data boock.

A4. NH, is the enthalpy change of formation of sodium chlorice.
AH?{NaCl[S]] = -411 kJ mol™*

Q5. Insert the values for AH; and AH, in the energy cycle.

+365 kJ mol™*

A5. |Nals) + iCl (g)] ~ | Na*(g) + C1-(g)]
~411 kJ mol~? lattice
energy
Na*tC1-(s)

Q6. Use Hess's law to calculate the lattice energy for sodium chloride.

AB. 385 kJ mol~! + lattice energy = -411 kJ mol™?!
lattice energy = -411 kJ mol~*  -365 kJ mol™* =|-776 kJ mol~?

Born-Haber cycles are often drawn as energy level diagrams. Compare the
following energy level diagram with the cycle you drew in the revealing
exercise and trace the various steps.
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Na"(g) + e  + Cllg)

AFZ [Cllg)]|= +121 KkJ mol™*

Nat(g) + e + %Clz[g]

AES(C1(g) ] |= -364 kJ mol™*

! Na*(g) + C1 (g)

AH;INa(g]] = +500 kJ mol™*

He
- - —1
MHT [NaCl(s) ] 776 kJ mol

Na(g) + 3C1,(g)

AR [Na(s)]|= +108 KJ mol™*

Na(s) + %Clzfg]

AH?{NaCl[s]] = =411 kJ mol™*

NaCl(s) 1

Born-Haber cycle for sodium chloride, drawn approximately to scale.

Note that Born-Haber cycles are freguently not drawn to scale, in order to save

time and space. Also, the electrons are not always included in the ionization
steps.
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Try drawing some Born-Haber cycles for yourself in the following exercises,
and use the cycles to calculate some lattice energies.

Exercise 32 Draw a Born-Haber cycle for each of the following ionic

Exercise 33

compounds, and then calculate their lattice energies.
{Note that in sodium hydride, the hydrogen forms a
negative ion.) The cycles need nat be drawn to scale.

w1\

Table 7
Metal Non-metal
AHG Aﬂef NH® AHef NH®

Compound /KJ mol™*| /k3mo1 | /k¥ mo1=* | k3 moit | /KkS mo1-?
KBr

(K*,Br-) -392 + 89 +420 +112 -342
NaH

(Na*,H™) - 57 +108 +500 +218 - 72

(Answers on page 93 )

Complete Table 8 and draw Born-Haber cycles to obtain
lattice energies. Note that in this example yocu may
have to combine successive values for AHS and AHS
Also, whereas AH® is always positive, AH%'may be
positive or nega%lve

Table 8
Metal Non-metal
AH® NH® NS AV bnd AY: ing
f at i at e
Compound /kJ mol™*| /kJ mol=* | /kJ mol-'| /kJ mol-*| /kJ mol~-*
BaCl, ~-860 +175 + 500 +121 -364
(Ba®+,2C17) +1000
Sr0
(Sr2*,0%7)

(Answers on page 94 )

Born-Haber cycles are not used exclusively to calculate lattice energies as
the next two exercises illustrate.
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Exercise 34
A = -411 kJ mol~* /&
part

Na(s) + 1Cla(g) - NaCl(s)

Nalg) Cilg)

Na*(g) + Cl (g)

Use the above diagram and the following data to calculate AH for
the reaction:

Ci(g) + e~ > Cl (g)
Na(s) - Na (g); AH = 108 kJ mol~*
Nalg) - Na*(g); AH = 500 kJ mol™?
3C1 (g) =~ Cl(g); OF = 121 KJ mol™?
NaCl(s) - Na*(g) + Cl (g); AH = 776 kJ mol™*

{Answer on page 94 )

Exercise 35 The Barn-Haber cycle for the formation of calcium
chloride is given below: /&
part

Ca2*(g) + 2C17(g) 5 CaCla(s)
A [ A

B D
C?(gl ZC%(gJ F
4

A C

Cals) + Clal(g)
A = 177 kJ mol™?* C
1690 kJ mol-? E = -2197 kJ mol™*

(a) A is the enthalpy change of sublimation (atomization) of
solid calcium. Similarly, define the following:

(i) B (ii) C (4i1) E (div) F

242 kJ mol~? F = -795 kJ mol-?

83}
1t

(b} Calculate the enthalpy change D.

(Answers on page 94 )

Another use of Born-Haber cycles enables us to discuss the stoichiometry of
compounds which might be formed by direct combination.
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Lattice energy and stoichiometry

We now use enthalpy data and suitable Born-Haber cycles to predict the formula
of a compound.

Objective. When you have finished this section, you should be able to:

(25) npredict the stoichiometry of a compound using calculated values of
standard enthalpy of formation.

In the exercise which follows, you construct Born-Haber cycles for MgCl, MgCls,
and MgCls to determine heats of formation and then decide which would be the
most likely formula for magnesium chloride.

Exercise 36 (a) Construct Born-Haber cycles for MgCl, MgCl;
and MgCls, inserting all the values except AHS.
Since experimentally determined lattice energies
for MgCl and MgCls are not available, use the
theoretically calculated values:

AHTét[MgC1] = -753 kJ mol~?
S I -1
AHT  TMgCls] = -5440 kJ mol

(b} 'Use the cycles to obtain values for
(i) AHZ [MgC1] (i1) AHY [MgCla] (iii) AHY [MgCls]

(c) Which of the three compounds MgCl, MgCl., MgCls is/are
energetically stable with respect to the elements?

(d) Calculate the enthalpy change for the hypothetical reaction
2MgCl(s) - MgCl,o(s) + Mgl(s)
using the AH?’values you calculated in part (b).

(e} Discuss briefly the relative stability of MgCl and MgCl: in
the light of your answer to (d). Does this explain why MgCl
is not known?

[(Answers on page 94 )

To test your understanding of the last section you should do the
following teacher-marked exercise which is a question taken from \//
a past A-level examination paper.

Teacher-marked Use your data book to determine the lattice energy
Exercise of strontium chloride. Show how you arrive at your
answer. A substance of formula SrCls does not exist. /ﬂ\
What further energetics data would you need to
explain this fact? Show how you would use the data.

In the next section we return to the experimental determination of heat of
reaction and show you how to adapt for this purpose the titration method you
learned in Unit S1.
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THERMOMETRIC TITRATIONS

We now give you another method for determining experimentally the enthalpy
change of a reaction, i.e. using the technigue of thermometric titration.

Objectives. When you have completed this section you should be able to:

(26) perform a thermometric titration in order to determine the enthalpy
change of a reaction; :

(27) define standard enthalpy change 'of neutralization.

In thermometric ‘titrations we make use of the fact that reactions in

selution are accompanied by temperature changes, and thus it is

possible to follow the course of a reaction using a thermometer. In iL
the next experiment you perform two thermometric titrations.

EXPERIMENT 5

A thermometric titration

Aim

The purpose of this experiment is to determine

the concentrations of two acids, hydrochloric
acid, HCl, and ethanoic acid, CH3CO,H, by thermo-
metric titration; and having done that, to
calculate the enthalpy change for each reaction -
the enthalpy change of neutralization.

Introduction

You titrate both hydrochloric acid and ethancic acid in turn with a standard-
ised solution of sodium hydroxide and record the temperatures of the mixtures
during the course of the titrations. In each case aplot of temperature against
time will enable you to determine the maximum temperature rise, from which you
calculate both the concentration of the acid and the enthalpy change of
neutralization.

Requirements

-safety spectacles
pipette, 50.0 cm?3
pipette filler

expanded polystyrene cup p—
sodium hydroxide solution, 1 M NaOH (standardised) _ _ . _ _ _ - - o __ - _ - - "sitﬁi
thermometer, 0-50°C (in 0.1°C)

burette, 50.0 cm?3

filter funnel, small
hydrochloric acid, ~ 2.0 M HC1
ethanoic acid, ~ 2.0 M CHsCOxH
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Hazard warning

Sodium hydroxide is very corrosive. Therefore you must:

=
USE THE PIPETTE FILLER SUPPLIED ;.g_&'l
WEAR SAFETY SPECTACLES
Procedure
Titration of hydrochloric acid with standard sodium hydroxide solution
1. Using a pipette and filler, transfer 50.0 cm?® of NaOH solution g%:&
into the polystyrene cup. Allow to stand for a few minutes. -
2. Record the temperature of the solution.
3. From a burette, add 5.0 cm® of HCl1 solution to the cup.
4. Stir the mixture with the thermometer and record its temperature.
5. Add successive 5.0 cm® portions of HCl solution stirring the mixture and
recording its temperature after each addition. ‘
6. Record your results in a copy of Results Table 5. Stop after the addition

of 50.0 cm® of acid.

Titration of ethanoic acid with standard sodium hydroxide solution

7.

Follow the same procedure as you did for the titration of HCl, except that
you use ethanoic acid in the burette. When filling the burette, remember
to use correct rinsing procedures. If in doubt, ask your teacher.

Record your results in a copy of Results Table 6.

Results Table 5 Titration of hydrochloric acid

Volume
added/cm® | 0.0 5.0110.015.0] 20.0} 25.0 | 30.0 | 35.0 {40.0445.050.0

Temper-
ature/°C

Results Table B Titration of ethanoic acid

Volume
added/em3{ 0.0 5.0 10.0| 15.0| 20.0{ 25.0| 30.0} 35.0{ 40.0{ 45.0| 50.0

Temper-
ature/°C

Calculation

1.

2.

Plot temperature (y-axis) against volume of acid added (x-axis) for each
acid on the same graph.

Extend the straighter portions of the curves near the top as shown in
Fig. 11. The point at which they meet corresponds to both the volume of
acid required for neutralization and to the maximum temperature.

(Specimen results on page 95 )
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Fig. 11.

3. Calculate the concentration of each of the acids. If necessary, look at
your notes in Unit S1: The Mole, to help you.

4. From the maximum temperature rise, determine the quantity of energy released
in each titration. Assume that the specific heat capacity of the solutions
is the same as that for water, 4.18 kJ kg™ K™ and that the heat capacity
of the cup is zero.

5. Calculate the standard enthalpy change of neutralisation for each reaction.

(Specimen results on page 95 )

Questions

1.

The enthalpy change of neutralization for a very dilute strong acid (i.e.
an acid which is completely ionized in solution) reacting with a very
dilute strong base is constant at -57.6 kJ mol™* where mol~* refers to one
mole of water produced. Why is the value constant?

Experimental results for hydrochloric acid are usually a little less nega-
tive than -57.6 kJ mol~'. Suggest two reasons for this.

Ethanoic acid is a weak acid, i.e. it is not completely ionized in sclution.
Suggest a reason why the heats of neutralisation for reactions involving
weak acids and/or weak bases are always. less negative than for strong

acids and bases.

(Answers on page 96 )

In the final section of this Unit, we take you a little further in your study
of free energy change, AG, which you first encountered at the end of Level
One. Syllabus requirements vary widely in this area; we therefore suggest
that, before you start this section, you ask your teacher which parts of it
are relevant to your study. While some of the ideas are simple, others are
more difficult to grasp; consequently, your teacher may recommend that you
spend only a short time on this section now and return to it at a later stage
in your course.

>
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THE DIRECTION OF CHANGE

You have already learned that the use of AH® to predict the stability of
substances and the direction of change is useful but not completely reliable.
It is AG® rather than AH® which is always negative for a reaction which goes
to completion. We now show you how AH® and AG® are related to each other.

Objectives. When you have finished this section, you should be able to:

(28) state the equation relating AH® and AG®;

{29) state how the value of AG® determines the feasibility of a reaction.

Free energy and enthalpy, and alsc changes in these quantities, are related by
the following equations,

G=H-1T5
AG =NH - TAS
AG® = NH® - TAS®

where S is another measurable (or calculable) thermodynamic property called
entropy and T is the absolute temperature. Before we discuss entropy. however,
we want to be sure that you understand the use-of the symbol © in this context.

N, NG and AS refer to any change in a system. For a chemical reaction, this
change may involve any amoumnts of reactants under any conditions and may also
be a partial change into a mixture of reactants and products.

AH®, AG® and AS® refer only to a complete change in a system from reactants to
products as shown in an equation, where reactants and products are at the same
standard conditions of temperature, pressure and concentration.

The simple rule that a spontaneous change in a system can only occur if AG < O
is, unfortunately. not always easy to apply because we have to work with
tabulated values of AG®, not AG. It is not strictly true that spontaneous
change can only occur if AG® < 0: it has been shown that although a reaction
with a small positive value of AG® cannot proceed to completion, it can
proceed towards an equilibrium mixture of reactants and products, because that
change has a negative value of AG.

The following diagram shows how the possibility of change is related to values
of AG and AG®.

NG ' AGe
AG POSITIVE AG® LARGE POSITIVE
SPONTANEQUS CHANGE NO REACTION
5] 0 AG® NEAR ZERO
PARTIAL REACTION
AG NEGATIVE -30 kJ mol™* |-~ o~
SPONTANEOUS CHANGE
PDSSIBLEHAN AG® LARGE NEGATIVE
COMPLETE REACTION
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The boundary between partial reaction and complete reaction is, of course, not
clearly defined. As AG® becomes more negative, reaction favours products more
and more until, at values of AG® below about -30 kJ mol~*, it can be regarded
as complete.

Similarly, as AG® becomes more positive, reaction favours products less and
less until, at values of AG® above about +30 kJ mol™ ', it can be regarded as
not occurring at all.

You will learn more about incomplete changes, and the significance of the
values *30 kJ mol™!, in the ILPAC Units on equilibrium. At this stage you
should simply try to remember the following expressions:

AG < 0 spontaneocus change possible
AG® < 0 reaction possible; products favoured
AG® < ~-30 kJ mol™* complete reaction possible

NG® = AH® - TAS®

The following sections on entropy will help you to apply them.

Entropy, S

The only completely satisfactory definition of entropy is a mathematical one,
which you need not concern yourself with at A-level. However, the definition
does allow the calculation of absoclute values of entropy for any amount of any
substance. Non-mathematical definitions are imprecise, but you may find the
following statements help you (eventually!) to get some mental picture of
entropy.

1. Entropy is an indication of the degree of disorder in a system.
2. Entropy is a measure of the extent to which energy is dispersed.

3. Entropy is a measure of 'sameness’', i.e. substances with high entropy are
more nearly alike than those with low entropy.

It is a fundamental law of experience that entropy tends to increase in
natural processes. Applying this to the three statements gives:

1. Disorder tends to increase.
2. Energy tends to become dispersed.

3. Things that are different tend to become less distinguishable.

Clearly it is possible for us to create order, to localise energy and to
separate mixtures, all of which decrease the entropy of a system, but we
believe this can only be done at the expense of a greater increase in the
entropy of the surroundings. This means that in the passage of any interval
of time.

AS(total) > 0O

You may like to reflect on the philosophical significance of this statement as
regards the nature of time and the future of our universe. (Does it mean that
we are inexorably moving towards a state of maximum entropy where energy and
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atoms are totally and randomly dispersed - the so-called 'heat- death'?)
However, it is of more relevance to your A-level studies to focus on entropy
changes within a defined system. Since

AS(total) = AS(system) + AS(surroundings)

we can say that

AS{system]) + AS(SUrroundingsJ >0

and therefore that, in many cases, AS(system) > 0.

Thus, just as the enthalpy of a reacting system often (but not always) decreases
(AH® negative), so the entropy often increases (AS® positive).

Objectives. When you have finished this section, you should be able to:
(30) explain, in simple terms, the differences in entropy between solids and
liquids, and between liguids and gases; -

(31) state whether the standard entropy change for a given reaction is
positive or negative.

Read about entropy in your text-book(s). Don't worry if you
still feel a little uncertain about the nature of entropy.

The way you use values of entropy is very simple, and when you
have mastered that, you may wish to return to your text-book
and also re-read the preceding pages of this Unit.

Fo

Now try the next two exercises.

Exercise 37 Does the entropy of a substance increase or decrease /'
when its temperature is raised? Explain your answer. £
(Answer on page 96 ) W‘,‘

Exercise 38 Look up and record the values of S at 298 K for /,
the following substances: /
(a) iodinel(s) (d) water(l) W\
(b) bromine(1l) (e) water(g)

(c) chlorine(g)

(Answers on page 96 )

Whenever you use tables of entropy, you should bear in mind three points;

1. The tabulated entropy values give the entropy of one mole of substance in
its standard state.

2. The unit is J K™* mol™! (not kJ K=' mol™*).

3. These are actual entropy values, not entropy changes.

If we can look up entropy values for reactants and products, it is a simple
matter to calculate AS®, but first we consider how to predict whether AS® is
positive or negative without reference to tables.
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Predicting entropy changes

We consider five examples.
1. 2Cul{s) + 0x(g) ~> 2Cul(s)

Gases have much higher values of entropy than solids because they are 1
ordered and energy is more dispersed. The conversion of gas to sclid,
in this example, is therefore accompanied by a large decrease in entrop

2. 2Hx(g) + 0x(g) = 2HL0(1)

Here there is a large decrease in entropy because three moles of gas fo
two moles of liquid. Liquids have lower values of entropy because they
are more ordered and energy is more localised. '

3. 2H2[gJ + Dz(g) -> 2H20(g]

Here there is a decrease in entropy because three moles of gas form two

eSS
as
V.

rm

moles and the system becomes more ordered. However, the entropy decrease

is not so great as in .Example 2.
4. Na04(g) = 2NOz2(g)

In this reaction, one mole of gas forms two moles of gas. Therefore, t
entropy increases.

5. H20(1) - H>0(g)

Here one mole of liquid forms one mole of gas. Therefore, the entropy
increases.

To see if you can apply this to an examination question,. try the next exerc

he

ise.

Exercise 39 For each of the following reactions, indicate whether
the entropy is likely to increase, decrease or stay
the same, explaining your reasoning.

/ part

(a) Halg) + CaHulg) = CaHelg)
(b) Ng[g] + 3H2(g) -> 2NH3(g]
(c) 2NaNOs(s) -+ 2NaNOs(s) + Ox(g)

(Answers on page 96 )}

You can confirm the predictions made in the examplés and in the Exercise by
calculating the entropy changes.

Calculating entropy changes

Objective. When you have finished this section, you should be able to:

(32) calculate AS® for a process from tabulated values of S°.

Because entropy is a function like enthalpy, we can calculate the entropy
change for a process by the relation

AS® = S® (products) - S® (reactants)
We illustrate this by a Worked Example.
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Worked Example. Calculate the standard entropy change for the

reaction \A/

2Cu(s) + 0x(g)} =~ 2CU0(s)

Solution

1. Look up the value of S® for each substance, multiply it by the number of
moles in the reaction, and put this value under the formula.

2Cu(s) +  0Oa(g) =+ 2Cul(s)
S5°/J K™ mol™! (2 x 33.3) (204.9) (2 x 43.5)

2. Calculate the total entropy of the products.
S5® [products] = 2 x 43.5 J K™ mol™! = 87.0 J K™* mol™?
3. Calculate the total entropy of the reactants.
S® [reactants] = ((2 x 33.3) + 204.9)) J K * mol™* = 271.5 J K™% mol™*
4, Calculate the entropy change by subtraction.
AS® = 5 [products] - S® [reactants] = (87.0 - 271.5) J K™ mol™*

= |-184,5 J K~ mol-?

Now work out some values of AS® for yourself.

Exercise 40 Calculate AS® for the reactions in Exercise 39.

(Answers on page 96 )

W
Exercise 41 Predict whether AS® will be positive or negative
for each of the following reactions. In at least !,
one example, check your prediction by calculation. “/‘

(a) CO(g) + Cla(g) - COCla(g)

(b) 2H.0,(1) = 2H,0(1) + B2(g)

(c) CaHylg) + 302(g) = 2C0x(g) + 2HR0(1)
(d) 2KC10s(s) = 2KC1(s) + 30x(g)

(e) 2C(s) + 02(g) = 2C0(g)

(Answers on page 96 )

Now that you know how to calculate AS®, you can use the value to calculate AG®
in order to see whether or not a reaction is possible.

Using AS® to calculate AG®

You already know that the standard free energy change, AG®, is related to
enthalpy and entropy changes by the eguation

NG = AH® - TAS®
and that, for a reaction to be possible, AG® must be substantially negative.

We now show you how to predict the feasibility of a reaction by calculating
NG®.



Objectives. When.you have finished this section, you should be able to:

(33) . calculate AG® for a process given tables of AH® and $° values;

(34) use calculated values of AG® to determine if a process is possible.

We start with a Worked Example.

Worked Example Calculate the standard free energy change, AGS,

for the process

Cal(s) + H,0(1)

+ CalOH)2(s)

at 25°C, using the following values of standard enthalpy

formation and entropy.

Table 9
AH?VKJ mol~? 5%/ K™ mol~1
Call(s) -636.5 39.7
Ca(OH)> (s} -986.6 76.1
H-0(1) -285.9 70.0

Solution

1. Calculate the standard enthalpy change.

AHG‘

n

i

It

2. Calculate the standard entropy change.

AHE [products] - AHZ [reactants]
-986.6 kJ mol-* - (-635.5 - 285.9) kJ mol~?
(-986.6 + 821.4) kJ mol™* = -65.2 kJ mol™*

AS® = 5° [products] - $° [reactants]

Note the change of unit from J to kJ.

3. Substitute into the expression for AG®

NG® = NH® - TAS®

1

i

76.1 J K™ mol- - (39.7 + 70.0) J K- mol-?!
(76.1 - 109.7) J K~* mol™?

= -33,6 J K™* mol™*

0.0338 kJ K~* mol-*?

This is necessary for the next step.

-65.2 kJ mol~-* - (298 K x 0.0336 kJ K~* mol-?)

(-85.2 - 10.0) kJ mol~? =

-75.2 kJ mol !

The negative value of AG® indicates that at 25°C and 1.00 atm, this reac-
tion can proceed spontaneously (although it may, of course, be slow).

Now try some similar calculations for yourself.
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Exercise 42 Calculate the standard freeenergy change, AGS,
accompanying each of the following processes at
25°C.

(a) 2NO(g) + 02(g) = N20,(g)
(b) NHs{g) + HCl(g) - NH4Cl(s)
(c) H20(1) == H0(g)

(Answers on page 97 )

You may have realised that it would have been simpler to calculate AG® in the
last exercise using the expression you met in Level One.

NG® = ZAG?’[products] - IAGE [reactants]

However, the great advantage of using AH® and AS® is that you can calculate
AG® at temperatures other than 298 K as we show in the next section.

Temperature and spontaneous processes

You would expect AG® to vary considerably with temperature because of the form
of the equation

AG® = AH® - TAS®

‘This variation means that some processes which are not possible at low temper-
atures become feasible at higher temperatures, and vice versa. For an example,
consider the familiar process

You know that this change does not occur to completion (in a closed system]) at
25°C but that it proceeds spontaneously at temperatures above 100°C. This
shows that AG® has very different values at different temperatures.

Note that the variation of AG® with temperature is quite separate from the
fact that an increase in temperature increases the rate of reaction. Remember
that thermodynamics tells us nothing at all about how fast a feasible reaction
will occur.

Objectives. When you have finished this section, you should be able to:

(35) calculate AG® for a stated reaction at any temperature;

(36) explain why many endothermic reactions are possible only at high
temperatures.

To calculate AG® at a temperature other than 25 °C we should, strictly speaking,
use values of AH® and AS® at the appropriate temperature. Fortunately, the
variation of AH® and AS® with temperature is small enough for us to ignore in
this context.
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Exer01se 43 Calculate AG® (1000 K) for the following reactions
and compare with given values of AG® (298 KJ. g /'
State whether or not the reactions are feasible at W‘,‘
each temperature.

(a) 2NO(g) + O2(g) = Nz204(g); AG® (298 K) = -75.6 kJ mol~*
(b) NHs(g) + HC1(g) -~ NH4Cl(s); AG® (298 K) = -92.3 kJ mol~?
(c) Ha0(1) = H0(g); AG® (298 K) = +8.6 kJ mol~*

(d) CaCOs(s) = CaO(s) + COx(g); AG® (298 K) = +130.2 kJ mol~?
{calcite)

{Answers on page 97 )

Exercise 44 (a)} In what circumstances can an endothermic reaction /'
take place spontaneously?

(b) Explain why, in -the majority of cases, AH® provides W"
an indication of the feasibility of a reaction at
298 K.

{(Answers on page 97 )

In the rest of your course, you will often use AH® as an indication of the
stability of a substance, i.e. to indicate whether a certain reaction is
likely to occur. You should now realise that AG® provides a better indication
than A#® and should be used if data is available.

In order to consolidate your understanding of the use of NA® and
AG® as guides to the feasibility of a reaction, your teacher may N//
wish you to attempt the following Teacher-marked Exercise, which

is taken from a Special Paper.

Teacher-marked '"Not all exothermic reactions are spontaneous; some
Exercise  endothermic changes are spontaneous.’ /ﬂ\
Discuss the extent to which a knowledge of the

enthalpy change for a reaction is a guide to its
ability to proceed.

Illustrate your answer by considering FOUR reactions
of varied type, TWO of which are exothermic, and TWO
endothermic.

You may wish to consider some or all of the ?ollowing
reactions or others of your own choice.

N204(g) = 2NO2(g)

Na(g) + 3Ha(g) = 2NHs(g)
NH,C1(s) = NHs(g) + HCl(g)
CaCOs(s) Cab(s) + COx(g)

1

68



LEVEL TWO CHECKLIST

You
the

(18)

(18)

{(18)

(21)

(22)
(23)

(25)

(26)

(273
(28)
(29)
(30)

(31)

(32)
(33)

(35)
(36)

have now reached the end of this Unit. In addition to what was listed at
end of Level One, you should now be able to:

and (17) state what is meant by bond energy term and bond dissociation
energy;

calculate the bond energy term for a molecule using standard heat of
formation data and standard enthalpy of atemization data;

and (20) describe briefly how heats of combustion of a series of alco-
hols can be measured and interpret the results in terms of
bond-breaking and bond-making;

use bond energy terms to estimate enthalpy changes that cannot be
determined directly:

define lattice energy;

and (24) construct a Born-Haber cycle for an ionic.compound and use it
to calculate the lattice energy;

predict the stoichiometry of a compound using calculated values of
standard enthalpy of formation;

perform a thermometric titration in order to determine the enthalpy
change of a reaction;

define standard enthalpy change of neutralisation;

state the equation relating AH® and AG®, the standard free energy change;

state how the value of AG® determines the feasibility of a reaction;

explain, in simple terms, the differences in entropy between solids and
liquids and between liquids and gases;

state whether the standard entropy change, AS®, for a given reaction is
positive or negative;

calculate AS® for a process from tabulated values of S5°;

and (34) calculate AG® for a process from tabulated values of AH® and
5®, and use it to determine whether a process is feasible;

calculate AG® for a stated reaction at any temperature;

explain why many endothermic reactions are possible only at high
temperatures.

Check that you have adequate notes before going on to the End-of-Unit Test.

END-OF-UNIT TEST

To f
try

1.
2.
3.

S3—D

ind out how well you have learned the material in this Unit,
the test which follows. Read the notes below before starting.

You should spend about 13 hours on this test.
You will need a sheet of graph paper and a data book.

Hand your answers to your teacher for marking.
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END-OF-UNIT TEST

For questions 1-4, select the best answer from those given, A-E.

1.

Which change would have a negative AH value?

A Na(s) -+ Nalg) D Cilz(g) = 2Cl(g) /A\
B Na(g) > Na*(g) E Cl(g) -+ Cl17(g)

C Na'Cl7(s) = Na*(g) + Cl-(g) 1)

For the reaction
Ha(g) + 302(g) = He0(gl), AHEss = -242 kJ /ﬁ\
the enthalpies of dissociation of hydrogen and oxygen are given by
Hao(g) -+ 2H(g) AHSse = +436 kJ mol~?
Ox(g) = 20(g) AHSss = +500 kJ mn1~?

The bond energy of the O-H bond in water is

A +121 KJ B +242 KJ C +444 KJ D +464 KJ E +589 kJ (1)
For which equation is the energy change called the bond energy :
term of the C—H bond? /Q\
A iCHu(g) = -iC(g) + H(g) D iCHy(g) = 1iC(s) + iHx(g)

B CHy(g) = C(s) + 2H,(g) E CHu(g) = Clg) + 2Ha(g)

C CHylg) - Clg) + 4H(g) (1)

The lattice energy of magnesium chloride is numerically equal
to the energy change for the reaction /ﬂ\,

A Mg2*(s) + 2C17(s) -+ MgCla(s)
Me2¥(g) « 2C1(g) > MgCla(g)
Mglg) + Cla(g) -~ MgCla(g)

Mg2¥(g) + 2C17(g) =+ MgCla(s)
Mg2*(ag) + 2C1-(agq) - MgCla(s) 1)

m o O @

In Questions 5 to 8 inclusive, one, more than one, or none of the suggested
responses may be correct. Answer as follows:

A
B
C
D
E

5.

if
if
if
if
if

only 1, 2 and 3 are correct
only 1 and 3 are correct
only 2 and 4 are correct
only 4 is correct

some other response, or combination, is correct.

The heat of combustion of a liquid may be measured by burning
the ligquid in a spirit burner and drawing the products of /G\
combustion through a copper tube immersed in a calorimeter. A

result LOWER than the correct value for the heat of combustion
would be obtained if:
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1 some of the ligquid evaporates from the wick of the burner after use

but before the final weighing

2 the flame deposits some soot in the calorimeter

3 the temperature of the waste gases leaving the calorimeter is a little

above the temperature of the water in the calorimeter

4 some water condenses in the calorimeter

6. Which of the following would be necessary to calculate the value
of AH?TZQBJ for a hypothetical ionic compound consisting of only
two elements?

1 the lattice energy of the compound

2 the electron affinity of the non-metallic element
3 the ionization energy of the metallic element
4

the heats of hydration of the ions of its elements

7. Which of the following data are necessary to calculate the over-
all enthalpy change for 3Cla(g) - Cl (agl)?

1 the hydration energy of Cl~ ions

2 the electron affinity of chlorine

3 the heat of atomization of chlorine
4

the first ionization energy of chlorine
8. Which of the following experimentally determined quantities
requires MORE THAN ONE thermochemical experiment?

the lattice energy of calcium chloride

the heat of formation of methane

1

2 ;

3 the energy required to atomise 1 mol of dimethyl ether, (CHs)a0
4

the heat of combustion of decanol

For questions 9 and 10, choose an answer from A to E as follows:

A Both statements true: second explains first.

B Both statements true: second does not explain first.
C First true: second false.
D First false: second true.
E Both false.
First statement Second statement
9. The standard enthalpy of formation The formation of a compound

of a compound has the same numerical from its elements in their

value as the enthalpy of atomization standard states involves

of the compound, but is opposite in the release of an amount of

sign. energy equal to the sum of
all the bond energy terms
in the compound.
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10.

1.

The standard free energy The standard free energies /ﬂ\

changes of all sponta- of the elements in their
neously occurring reactions standard states and at
are positive in value. 760 mmHg pressure and 298 K
are taken as zero. (1

The following table lists the enthalpy changes of combustion of

several monohydric alcohols. /ﬁ\
Table 10

alcohol AHE/KJ mol~1

methanol - 715

ethanol -1367

propan-1l-ol -2017
butan-1-ol -2675

(a)

(b)

(c)

(d)

Draw a plot of Aﬂg'against-the relative molecular mass of the
alcohols. ’ (3)

From your graph estimate a value for the enthalpy change of
combustion of pentan-1-ol. (2)

Given AH® [H20(1)] = -286 kJ mol™! and AHZ [CO2(g)] = -394 KkJ mol~ %,
calculate the standard enthalpy change of formation of ethanol. (3)

The enthalpy change of combustion of ethane-1,2-diol is
-1180 kJ mol™*. What would you expect the corresponding value for
propane-1,3-diol to be? (1)

In the next question you need to know that the structural formula of ethene
is HzC:CHz .

12.

(a)

(b)

(e)

(d)

Define: /\

(i) standard enthalpy of formation;

(ii) standard enthalpy of combustion. (2)

The standard enthalpy changes, in kJ mol-?!, of the following
reactions refer to a temperature of 298 K

C(s) + Oa(g) = CO2(g); AH® = -394

Hz(g) + 102(g) -+ H20(1); AH® = -286

CoHy(g) + 302(g) > 2C02(g) + 2Hx0(1); AH® = -1411

Calculate the standard enthalpy of formation of ethene, CzHy. (4}

If, at 298 K, the enthalpy of sublimation of graphite is

713 kJ mol~! and the bond energy terms H-H and C-H are 436 and

415 kJ mol~? respectively. calculate the C=C bond energy

term. (7)

When ethene is burned in oxygen, does the entropy increase,
decrease or stay the same? Explain your answer. Assume that the
reactants and products are at 298 K. (2)
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13.

14.

The diagram shows in outline, and not to scale, the 'Born-Hahber'
cycle for one mole of magnesium oxide. Some of the information /ﬁ\
has been left out.

The relevant data from which the cycle is constructed are:

Standard enthalpy of formation of magnesium oxide -610 kJ mol~?

I

Sublimation energy of magnesium = +153 kJ mol~?

+2178 kJ mol~?

i}

Sum of first two ionization energies of magnesium
Dissociation energy of oxygen = +250 kJ mol™! (of oxygen atoms formed)

Electron affinity of oxygen (for two electrons gained) = +748 kJ mol-?

(a) Complete the diagram by inserting the appropriate energies in the
empty squares and the appropriate formulae on the dotted lines. (7

(b) State what is meant by the ’'lattice ensrgy' of magnesium oxide and
compute its value. (5)

In an experiment to determine the enthalpy of neutralization of
sodium hydroxide with sulphuric acid, 50 cm® of 0.40 M sodium

hydroxide was titrated, thermometrically. with 0.50 M sulphuric A&
acid. The results were plotted as follows:
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15.

o)

&7
o
Y

w

o)
A4

temperature change/°C
N

\)

Fig. 12.

(a)
(b)
(c)

(d)
(e)

(a)

(b}

0 T .
0 4 8 12 16 20 24 28 32
volume of H,S0,/cm3

Define 'enthalpy of neutralization'®. (2)
What is a thermometric titration? (1)
Describe, or draw a labelled diagram of, the apparatus you would

use for such a titration. (2)
How do you account for the shape of the graph? (2)

Calculate a value for the enthalpy of neutralization of sodium
hydroxide with sulphuric acid. (The specific heat capacity of

water is 4.2 J K™ g~',) What assumptions have you made in your
calculations? (5)

Calculate the standard entropy change and standard free energy
change at 2398 K accompanying the following process:

CO(g) + Cla(g) —+ COCla(gl); AH® = -112 kJ mol~*
given the following table of standard entropy values.
Table 11

Substance | 5°/J mol~! K71

Co(g) 198
cocl (g) | 289
Cla(g) 233

(5)

Would you expect this reaction to be feasible (i) at 298 K, and
(ii) at very high temperatures? (2)

(Total 65 marks)
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APPENDIX ONE

THE BOMB CALORIMETER

The apparatus and procedures you used to determine the enthalpy change of
combustion in Experiment 4 are capable of giving reasonable but not highly
accurate results. For more accurate results a bomb calorimeter is used.

Objective. When you have finished this section, you should be able to:

(37) describe the bomb calorimeter.

For a description of the bomb calorimeter and how it works read
your text-book. Look out for the difference in the conditions of (:)
pressure between the bomb calorimeter and the enthalpy of combustion i:]::?
apparatus you used in Experiment 4.

Exercise 45 Fig. 13 represents a bomb calorimeter.

stirrer —_— —— thermometer

screw-on lid

calorimeter fuse wire

crucible

bomb

Fig. 13. A bomb calorimeter.

(a) What substance would be put into:
(1) the crucible, (ii) the bomb, (iii) the calorimeter?

(b) How is the combustion initiated?

(c) Why is the energy produced by the complete combustion of
one mole of the substance in this apparatus not the same
as the enthalpy change of combustion of the substance?
(Hint: see page 7 for conditions of pressure for
measuring AH.)

(Answers on page 98 )
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Under the conditions of constant volume employed in the bomb., the energy
change measured is known as the internal energy change (symbol: AU), and
not enthalpy change, AH. However, the value of AU can be converted to A

using the expression:
N = AU + I RT
where T = average water temperature in the calorimeter
R
n

gas constant

increase in number of moles of gases during the reaction

This expression is derived in Appendix Two.
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APPENDIX TWO

INTERNAL ENERGY CHANGE, Au

The symbol U represents a property called the internal energy which, like H,
has a definite value for a given system in a given state.

Objectives. When you have finished this section, you should be able to:

(38) explain the term internal energy change:;

{(39) derive the equation relating A7 to AU and use it in calculations.

Consider the same reaction
Mg(s) + 2HC1l(ag) ~» MgClz(ag) + Hz(g)

taking place in each set of apparatus shown in Fig. 14. In (a) the tap is
open, in (b) it is closed

Ha(g)

tap open tap closed

retaining springs

Ha(g)

Mg(s) + HCI(aq)

(a) (b)
Fig. 14

Let us suppose that equal amounts of reactants are used in each case, and that
it is possible to measure the heat given out to the surroundings in cooling to
the original temperature. Do you think the quantities of heat given ocut in

(a) and (b) will be the same? Give this a few. moments thought before going on.

In fact, a little more heat will be given out in (b) where the evolved gas is
unable to expand into the syringe. The reason is this: in (a) the evolved
gas will push the piston of the syringe outwards against the pressure of the
atmosphere, i.e. it will do work against the atmosphere; this will use up
some of the energy which would otherwise be given out as heat. In (b) the
reaction takes place at constant volume, and no work is done against the
atmosphere; thus, more energy is available for evolution as heat than in (al.
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In (a) the heat given out at constant pressure is called an enthalpy change
(symbol: AH). an energy change with which you should now be familiar.

In (b) the heat given out at constant volume is called an internal energy
change (symbol: AU). This is the energy change which is measured in a bomb
calorimeter. (See Appendix One.)

The reaction in Fig. 14 was one in which gas is evolved. For a reaction in
which gas is used up, the system contracts at constant pressure and, in this
case, the atmosphere does work on the system so that the enthalpy change AH
is numerically greater than the internal energy change AU.

Relationship between AU and AH

The first law of thermodynamics (the law of conservation of energy) states

that in any conversion of energy from one form toc another, or to heat or to
work, no energy is either created or destroyed. (There are many alternative
ways of expressing this as you will find when reading different text-books.)

An important consequence of this law is that for a system undergoing a change
in its internal energy, the total work and/or heat changes involved must egual
the change in internal energy.

This can be expressed as
AU = A = W veennnnnes (1)

where w is the work done by the system against the atmosphere. (w is negative
if the atmosphere does work on the system, as in a reaction where gas is used
up.)

Note that the difference between AH and AU is only significant for reactions
involving changes in the amounts of gases present. The small volume changes
encountered in most other reactions mean that, in elementary work, the
difference between AH and AU may be ignored.

We now show you how we can convert expression (1) into a form which will
enable us to calculate AU values from given AH values and vice versa.

For a reaction taking place at constant (atmospheric) pressure, the work done
against atmosphere, w, is given by

w = force x distance .
Dividing and multiplying by area,

force
area

X distance x area

it

I

pressure x volume change = pAV
So, the relationship (1) becomes

AU =N - pAV vvvaennas (2)
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Now the pressure, volume and temperature of an amount of gas are related by
the ideal gas equation,

PV = NRT vvaiinrens (3]

where R is the universal gas constant. (You will study this equation further
in Unit P1: The Gaseous State.) For a reaction at constant pressure and
temperature where the increase in volume is AV and the increase in the amount
of gas is M, equation (3) becomes

pPAV = MRT
Substituting this expression into equation (2] gives
AU = N - MRT
For the reaction at constant pressure and 298 K:
Mg(s) + 2HCl(aq) = MgClz(ag) + Ha(g); AH® = -463 kJ mol~?
M = +1 mol, T = 238 K, R =8,31J K * mol~! and AH = -463 kJ

" DU = N - MRT = =483 kJ - (1 mol x o522 kJ K™ mol™? x 298 K)
= (-463 - 2.47) kJ = -465 kJ and AU® = | -465 kJ mol™*

Note that even in a reaction involving the production of gas, the difference
between AU® and AH® is seldom great.

Now try some similar calculations for yourself.

Exercise 46 Calculate AU® for the reactions: l'
(a) BaCOs(s) = BaO(s) + COx(g); AH® = +267 kJ mol~? Y:
. W\
(b) Na(g) + 3Ha(g) = 2NHs(gl); AH® = -92 kJ mol~
(c) CeHe(l) + 3Hglg) > CeHin(1l); AH® = -208 kJ mol~?

{Answers on page 98 )
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APPENDIX THREE

ANOTHER PRACTICAL APPLICATION OF HESS'S LAW

1

This determination of an enthalpy change which cannot be measured directly is
an alternative to Experiment 3. You use better apparatus, but you need to
work more carefully and the calculation is a little more difficult.

EXPERIMENT 6

Using Hess's law

Aim

The purpose of this experiment is to determine
the enthalpy change for the reaction

CuS0,(s) + 5H,0(1) =~ CuSO,-5H20(s)

Introduction

Because CUSO,(s) is slow to dissolve, and AH® is small, it is best to do this
experiment in a vacuum flask. However, the flask has a measurable heat
capacity which you must determine before you proceed with the experiment.

To calculate the required enthalpy change, you perform two 'heat of solution’
determinations. You should calculate the masses of the salts and water
required. Base your calculations on the following equations:

CuSO, (s) + 100HL0(1) - CuSO0,(aqg,100H:0)
CUSD;;'SHQD(S] + 95H20(1) > CUSOQ(@C{,"DOHQD]

and use 0.025 mol of the appropriate salt in each of the determinations.
Show your calculations to your teacher just in case you have made an error
which would spoil your laboratory work.

Requirements

safety spectacles

vacuum flask with thermometer fitted

pipette, 50 cm?®

distilled water

2 beakers, 100 cm?®

Bunsen burner, tripod, gauze and bench mat
thermometer, 0-100 °C

access to balance (weighing to nearest 0.01 g)
2 welighing bottles

spatula

anhydrous copper(II) sulphate, CuSO,
copper(II) sulphate-5-water, CuSO, - 5H;0, finely ground beforehand
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—5to 50°C (in 0.1°C) thermometer

rubber bung

small ‘thermos’ flask
calorimeter

Fig. 15.

Procedure

A. Determination of the heat capacity of the vacuum flask

1. Check that the inside of the vacuum flask is dry and pipette into it
50 cm3® of distilled water at room temperature.

2. Place the thermometer-fitted bung in position and shake gently. Make sure
that the entire inside surface of the flask is wet. To read the steady
temperature, hold the bung firmly in and turn the flask on its side so
that the water covers the mercury reservoir of the thermometer. Read the
steady temperature to the nearest 0.1°C. Leave the bung and thermometer
in position.

3. Pipette 50 cm® of distilled water into a clean, dry 100 cm® beaker and
heat it gently till its temperature reaches about 40°C - use a small
0-100°C thermometer. Remove from heat.

4. Use the thermometer trom the vacuum flask (with bung still fitted) to gently
stir the water in the beaker to ensure its temperature is uniform
throughout. Record this temperature to the nearest 0.1°C.

5. Immediately pour all of the warmed distilled water into the vacuum flask,
close with bung and thermometer, shake gently and note the steady
temperature to the nearest 0.1°C. Remember to wet the inside surface and
tilt the flask to read the temperature as before.

6. Complete Results Table 7 and then, if you have time, repeat the procedure.
It is good practice to do the determination twice and average the results.
Furthermore, because this is the first time you have done such an experi-
ment, the second determination should improve your technigue.

7. To make best use of laboratory time, we suggest that you complete parts B
and C of the experiment before calculating the heat capacity of the flask.
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Results Table 7

Mass of cold water in vacuum flask g
Mass of warm water added g
Initial temperature of flask and cold water °C
Initial temperature of warm water °c

Final temperature of flask and mixture °C

°c
°c
°C

The specific heat capacity of water is 4.18 kJ kg™* K™*.

-3

The density of water is 1.00 g cm

B. Heat of solution of CuSO04(s)

Rinse the inside of the vacuum flask with distilled water and drain we

11.

2. Weigh the calculated gquantity of anhydrous copper(II) sulphate (CuSO4)

’

to the nearest 0.01 g, into a clean dry weighing bottle. (Do not keep

bottle lids and/or stoppers off longer than is necessary. Why not?)

3. Weigh the appropriate calculated quantity of water, to the nearest 0.1
into a dry 100 cm?® beaker, and then pour this water into the vacuum f1
(I+ the balance you are using has sufficient overall weighing capacity
you may weigh the water directly into the vacuum flask - why is it bet
to do this?) Close with bung and thermometer, shake, and note the ste
temperature, tilting the flask as before.

4. Remove the bung and thermometer from the vacuum flask and guickly and
carefully tip all of the weighed sample of anhydrous copper(II]) sulpha

into the water. Replace the bung and thermometer, shake to dissolve t
salt, and note the temperature once it has become steady. This last s

g,

ask .

’

ter
ady

te
he
tep

may take up to 15 mins (shaking periodically) because the anhydrous sa
is often very slow to dissolve.

5. Complete Results Table 8 and then move on to part C.
Results Table 8

Mass of anhydrous copper(II]) sulphate g
Mass of water g
Initial temperature of vacuum flask and water °c
Maximum temperature of vacuum flask and solution °C

C. Heat of solution of CuS0,:5H,0(s)

Wash out your apparatus and then repeat the procedure in part B using the

1t

hydrated salt (CuSO,-5H20). In this second determination the salt dissoclves

quickly in step 4 and the final steady temperature will be obtained within
half a minute. Complete Results Table 3.

Results Table 9

Mass of copper(II) sulphate-5-water g
Mass of water g
Initial temperature of vacuum flask and water °c
Maximum temperature of vacuum flask and solution oC

84




Calculation A (heat capacity of flask)

1. Since the flask is insulated, no heat energy is transferred between
system and surroundings (in this case, the flask is part of the system).
Therefore vou can write:

Change in heat . Change in heat . Change in heat -
energy of flask energy of cold water energy of warm water

2. In each case, the cHange in heat energy = heat capacity x AT

o

and for the water, heat capacity mass X specific heat capacity

mass X 4.18 kJ kg™* K71

3. Substitute values from Results Table 7 into these expressions and so
obtain a value for the heat capacity. ¢, of the flask. Remember that AT
is positive for the flask and the cold water but negative for the hot
water, and also that the mass must be in kg.

Calculations B and C (enthalpy changes)

1. Again, there is no heat energy transfer between system and surroundings
so that:

Change in heat . Change in heat . Enthalpy change -0
energy of flask energy of contents of solution
2. Use this expression and values from Results Tables 8 and 8 to obtain the
enthalpy changes for dissolving the weighed amounts of the two salts.

Ignore the very small heat capacities of the salts, i.e. use the mass and
specific heat capacity of the water in your calculations.

3. Scale up to the amounts shown in the equations.
4. Use Hess's law to calculate the required standard enthalpy change.

(Speciment results and calculations are on page 98 )

Questions

1. Suggest a reason why i1t would be difficult to determine, by direct
experiment, AH® for the reaction

CuSO,4(s) + 5HR0(1) =+ CuS0,-5H20(s)

2. Why is it good practice to replace the stoppers/lids of chemical bottles
as soon as possible?

3. Why, in step 3 of part B of the experiment, would it better to weigh the
water directly into the vacuum flask rather than in a beaker?

(Answers on page 98)
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S3 Chemical Energetics

A sound knowledge of energetics, allied with the ability to use thermochemical
conventions with confidence, is essential for all A level chemistry students.

This Unit provides a clear yet detailed and thorough introduction. The theoretical
treatment of enthalpy changes emphasises the impnrtance of Hess’s law and is
complemented by selected experiments. Thermochemical equations and energy level
diagrams are fully explained and numerous worked examples are provided.

IL

Extensive trials have proved ILPAC

PAC UNITS

Starter Block

S1
S2
S3
S4

The Mole

Atomic Structure
Chemical Energetics
Bonding and Structure

Physical Chemistry

Bl
P2
P23

P4

25
P6

The Gaseous State
Equilibrium I: Principles
Equilibrium II: Acids and
Bases

Intermolecular Forces and
Solvation

Chemical Kinetics
Equilibrium I1l: Redox
Reactions

Organic Chemistry

01 Hydrocarbons
02 Some Functional Groups
03 More Functional Groups
04 Big Molecules

‘s efficiency as a route to examination success.
But even more significant is the way in which ILPAC develops/ implants habits of
independent study which are indispensable for post-A level work.

Inorganic Chemistry

I
12
I3
14
I5
16

s-Block Elements
The Halogens

The Periodic Table
Group IV Elements
Transition Elements
Selected p-Block
Elements



