Changes in Enthalpy,

A First and Second Year Blog for the week commencing the 23rd February 2020.
This Blog is all about the calculation of ∆H (this being the symbol for a NET change in Enthalpy)
•

Energy is required to break a bond, and energy is given out/released when a bond is formed. The amount
of energy required to break a bond must be exactly the same as the amount of energy released when that
particular bond is formed.

•

The amount of energy involved in any reaction will be determined by the conditions under which the
reaction occurs. It is therefore imperative to state clearly and precisely the conditions under which any
particular reaction is being conducted. In “How Far/How Fast?” or “Thermodynamics and Kinetics” it is
wrong NOT to specify the states (or phases) of every single Reactant and every single Product in a reaction,
and it is always assumed that every reaction is conducted under the FOUR STANDARD CONDITIONS of
Temperature/Pressure/Concentration/and Standard States.

•

When looking at a reaction, we look at the Sum Total or the NET amount of energy either consumed or
(conversely) released in the reaction. If energy is consumed in a reaction then it is called an
ENDOTHERMIC reaction, and if energy is released or generated during a reaction then it is called an
EXHOTHERMIC or EXOTHERMIC (the American spelling) reaction.

•

A Bond Energy Term or a Standard Bond Enthalpy is the approximate AVERAGE amount of energy
involved in the making or breaking of a given type of bond in widely differing situations (but all of them
under Standard conditions). For example, the amount of energy involved in breaking each one of the four
C–H bonds in CH4(g) is NOT the same, therefore ∆H for a C–H bond is an average of all the differing
amounts of energy involved in making or breaking C–H bonds in all the different molecules containing C–H
bonds.

•

If a graph is constructed with Enthalpy as the “y” axis, and the formation/destruction of the different
Reactants and Products involved in a reaction as the “x” axis (this being labelled the “Reaction Pathway”),
then it is easy to plot the changes in energy involved when the Reactants become the Products; and, since the
diagram will show when a gain of energy is involved and when a loss of energy is involved, then it is easy to
identify endothermic from exhothermic reactions using such diagrams. These diagrams are called “Enthalpy
Profile Diagrams” or “Born-Haber diagrams/graphs”.

•

The total amount of energy involved in changing the Reactants in a reaction into the final Products of a
reaction will exactly equal the total of the individual amounts of energy involved in changing the Reactants
into the different intermediaries and then the intermediaries into the final products in the reaction. It is
therefore easily possible to calculate one unknown intermediary ∆H if all the other ∆Hs involved in the
reaction are known. This fundamental principle can be used to calculate a ∆H which cannot itself be
calculated by experimentation. For example, the ∆H of Formation of Carbon Monoxide cannot be calculated
by experimentation [because some of the Carbon being combusted will always form CO2 (g) rather than CO
(g)]; but, since the ∆H of formation of CO2 (g) and the ∆H of combustion of CO (g) can BOTH be
calculated by experimentation, then an Enthalpy Profile Diagram can be constructed that will allow the ∆H
of Formation of CO (g) to be calculated theoretically rather than by experimentation (cf. pages 14/15).

•

An Enthalpy Profile Diagram can be moderately complicated visually; but, luckily, a scientist called “Hess”
developed a beautiful little device for calculating ∆H (and later on, unsurprisingly, the device became called
a “Hess-Cycle”) – and the exploitation of an Hess-Cycle allows extremely complicated ∆H calculations to
be performed with ease and with speed.
Hess’ Law states that “the change in Enthalpy in converting the reactants A and B into the products X and Y
is EXACTLY the same regardless of the processes used to effect the conversion – provided only that the
initial conditions in each instance are the same, and that the final conditions in each instance are the same”.
(In other words, it does not matter whether you go from London to Edinburgh by train plane or car, if
Edinburgh is 47 metres above sea-level and London is 35 metres above sea-level, then you will gain 12
metres whichever method you choose to make the journey.

•
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• In the Sciences, the symbol “∆” stands for “a change in”, or “a difference in”, therefore “∆H”
stands for “a change in the Enthalpy of a system”.
• Energy is the capacity to do “Work”. There is no such thing as “Work” in any system. The things
in a system (such as the Potential Energy/Kinetic Energy/Internal Energy) all have the ability to
do WORK, but there is no entity called WORK actually in any system. I don’t know where the
next diagram came from, but I think that it may have been from Georgia State University.

If there is no motion, then there is no Work
Done. Work Done is always measured in
the direction that the Force is applied. If it is
not in the same direction, then it is the
Trigonometric equivalent that must be used.
e.g. if the Force is at right angles to the
motion, then there is no Word Done because

cos 90˚ = 0

• All atoms and molecules are constantly in motion – they vibrate/they spin/they align themselves
with or in opposition to magnetic fields/and they dash hither and thither and they never stand still!1
The study of the Energy that determines Motion in matter is called the Kinetic Theory of Matter,
and it describes many things including
• Translational motion2 (movement from one location to another)
• Vibrational motion (small back and forth movement of solid particles affected by IR energy), and
• Rotational motion viz. the spinning motion of solid particles (as in NMR/MRI spectroscopy), etc.
• The total Kinetic Energy (KEtotal) in a molecule is composed of
KETotal = KETranslational + KEVibrational + KERotational
• We will talk a lot about “Internal Energy” in your Second Year, but for the moment what I need to
tell you is that the subject matter of this Blog, ENTHALPY (H) is defined as
Enthalpy (H) = Internal Energy of a system (E) + PV
• It is very difficult (if not impossible) to measure the absolute Enthalpy in a system, but it is not at
all difficult to measure the Change in Enthalpy in a system because it is measured by the Thermal
energy (the Heat Energy) that is absorbed or the Heat Energy that is given out by a system when a
reaction takes place – and it is the measurement of Heat/Thermal Energy that quantifies Enthalpy.

1

Except at a temperature of Absolute Zero.
I accept that it is a funny name, and it has nothing whatsoever to do with translating from one language to
another.
2
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OVERVIEW
Enthalpy, H = Internal Energy of a system + (Pressure x Volume)
and at ‘A’ Level, we consider only the change in Enthalpy involved in a given situation.
• Most scientific theories were painstakingly developed by scientists doing experiments
methodically and laboriously over many years – and the material that we all learn and take for
granted was not at all obvious until the work that was done by our forefathers (the pioneers in
science) had been carried out.
• In exams, you will always be questioned on two things (a) the theory involved, and (b) the ability
to apply that theory. In the questions on Enthalpy changes, when the examiners ask you how to
apply the theory, they are most often going to ask you how to calculate a ∆H for a particular
experiment – and in this Section you will therefore be required to learn FOUR ways to calculate
a ∆H viz.
1) using experimental data where you use the formula “∆H = m . c . ∆T”
2) using Enthalpy Profile Diagrams
3) using Hess’ Cycles, and
4) using Average Bond Enthalpies/Bond Energy Terms.
1) For (or from) experimental data, use “∆H = m . c . ∆T”
You can be given the data of an experiment that involves either the generation or the consumption
of heat, and if so, then all that you will need to do is to apply the following formula (and I will
define the terms involved shortly)
“∆H = m . c . ∆T”
and please always use “∆T = INITIAL temp - FINAL temp” (and by doing so, you will
always be certain of obtaining the correct sign for ∆H).
2) Enthalpy Profile Diagrams/Born-Haber diagrams
You could be given the information in an Enthalpy Profile diagram, and then the important thing
to remember is that equal vertical distances in the same diagram represent equal differences
in energy! Do learn how to manipulate these easy diagrams in your first year because you WILL
be required to manipulate much more complicated ones in your second year. If you understand the
principles by manipulating the easy diagrams now, then you will later on be able to apply those
principles to make the complicated ones just as easy.
3) Hess’ Cycles
You could be given pieces of information about the ∆Hs of different reactions (in First Year
Chemistry you are usually given two ∆H of Combustion figures, or two ∆H of Formation figures)
and you are then required to calculate a third ∆H by constructing a Hess’ cycle.
4) Average Bond Enthalpy/Bond Energy Term
You could be given Average Bond Enthalpies/Bond Energy Terms, and if so you must then
remember that for Hr (the Enthalpy involved in a particular reaction)
∆Hr = ∑ ∆H for bonds broken + ∑ ∆H for bonds formed
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and you must then remember that
• ∆H for bonds broken must be shown as POSITIVE numbers, while
• ∆H for bonds formed must be shown as NEGATIVE numbers.
5) The Standard Enthalpy change of FORMATION, ∆Hf
• The Standard Enthalpy change of FORMATION is the net amount of energy involved when one
mole of the substance under consideration is formed (under standard conditions3) from its
CONSTITUENT ELEMENTS (I’ll say that again, ELEMENTS as in the Periodic Table) when
they are ALL are in their standard states.
• Please note that although this next reaction equation is chemically correct, it is misleading
thermodynamically
the ∆Hf of SO3 (g) is NOT given by

SO2 (g) + ½ O2(g) ––> SO3 (g)

because SO2 is NOT an ELEMENT (it is a compound).
• The correct statement is
because

S and O

S (s) + 3 O2 (g) ––> SO3 (g) ; ∆Hf of SO3 (g)
2
ARE the constituent ELEMENTS of SO3 .

• Both the reaction equations above are correct, but only one of them expresses the ∆Hf of SO3 (g).
6) The Standard Enthalpy change of COMBUSTION, ∆Hc
• The Standard Enthalpy change of COMBUSTION is the net amount of energy involved (in this
case released) when one mole of the substance under consideration in its standard state is
combusted completely in Oxygen under standard conditions.
e.g. CH4 (g) + 2O2 (g) ––> CO2 (g) + 2H2O (l) ;

∆Hc of CH4 (g) = 415.5 kJ mol–1

Now would you please use your brains and work out why the equation would not be correct for
CH4 in its liquid form.
7) The Standard Enthalpy change of a Reaction, ∆Hr
• The Standard Enthalpy change of a Reaction is the amount of energy involved when the
substances in the reaction equation react in the states shown and in the mole ratios shown
(under standard conditions).
e.g. aA (aq) + bB (s) + cC (l) ––> dD (s) + eE(g) ; ∆Hr = x kJ mol–1

3

Standard current IUPAC conditions for STP are a Temperature of 0˚C / 273.15K, a Pressure of 100,000Pa (100 kPa), the
concentrations of all liquids/solutions to be at 1 mol dm–3, and all the substances have to be in their Standard States (viz.
solid or liquid or gas) under these conditions. Please note that there is a confusing variety of alternative definitions for the
standard reference conditions of temperature and pressure. The Temperature used for STP is 0˚C, and the Pressure used is
100kPa, but the definition of “Room Temperature” can vary between 20˚C and 25˚C.
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NB The figures given in the exam data booklet do not have a sign and YOU have to remember that
To BREAK a bond requires energy, therefore bond breaking requires a positive sign, and
Bond FORMATION releases energy, therefore bond formation requires a negative sign.
The Naming of this Module viz. Thermodynamics and Kinetics or “How Far, How Fast”
• The name of this Module is derived from the fact that
- sometimes only a part of the Reactants in a reaction react and form a Product, while the
remaining parts of the Reactants remain unreacted – and this gives rise to the “How Far has
THIS reaction gone?” part of the name (and this is all about Thermodynamics), and
- different reactions take place at differing speeds and this gives rise to the “How Fast does
THIS reaction take place?” part of the name (and this is called Kinetics).
Some Introductory Concepts
• Let us start this Module with the one word that is used all the time in this Module viz.
“ENTHALPY”.
• Energy is the capacity to do Work, and in the Universe there are many different types of Energy
e.g. such as
EQUATION
• nuclear
E = mc2
• magnetic
E = ½LI2
• internal (or thermal): the change in U
∆U = Q + WD
• chemical : the change in H
∆H = mc∆T
• kinetic
Ek = ½m(v2)
• electrostatic potential
Ee = VIt
• elastic potential
Eep = ½k(e2)
• gravitational potential
Egp = mgh
where
E
m
c
L
I
U
Q
WD
U
H
c
∆T
v
V
t
k
e
g
h
J
N
s

= Energy
= mass
= the speed of light
= inductance
= current
= Internal energy
= the sum of all heat energy transferred into and out of the system
= the net work done on the system
= Q – Work done by a system, or Q + Work done to a system
= Enthalpy
= in addition to the speed of light, it can also stand for “specific heat capacity”
= change in temperature
= velocity
= potential difference or voltage
= time
= the spring constant for that spring
= the amount by which the spring has extended
= gravitational field strength
= the height above the surface of the Earth
= Joules
= Newton
= seconds
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• In an enclosed thermodynamic system, at constant pressure, the Enthalpy (H) for a gas is defined
as the sum of the Internal Energy E plus the product of the pressure P and volume V of the system.
Therefore,
H = E + PV
and if you want to do so, you could go to NASA at http://www.grc.nasa.gov/WWW/K12/airplane/Enthalpy.html or look up Wikipedia, but I would advise you to just keep reading,
and later on when I have given you a better idea of what this topic is all about, then you can delve
more deeply into the subject if you want to do so.
• The Chemical symbol for Enthalpy is “H”, and it is measured in kilojoules per mole (“kJ mol–1”).
• The symbol “∆” in the Sciences means “the difference in”, and a change or a difference in
Enthalpy is therefore shown as “∆H”, with ∆H being measured in kilojoules per mole (“kJ mol–1”)
of whatever is being measured – and this is usually one mole of the type of bond under
consideration.
• An “ENDOTHERMIC” process is one in which a NET amount of energy is CONSUMED by the
system undergoing the change, and an EXHOTHERMIC4 process is one where a NET amount of
energy is RELEASED from the system undergoing the change.
• The easiest way of remembering the difference between the two names (Exhothermic and
Endothermic) is to remember that an “exit” is something where things leave, therefore in an
“exhothermic” process, energy (usually in the form of heat) LEAVES the process.
• In HFHF we tend to investigate the change in the amount of energy involved (i.e. ∆H) when the
Reactants under consideration react and become the Products in a given reaction. Later on I will
tell you how ∆H can be measured experimentally; but, while it is very difficult to measure the
absolute amount of energy possessed by the Reactants and by the Products in a given reaction,
nevertheless it is quite easy to measure ∆H i.e. the net amount of energy released (or generated)
during the reaction, or to measure ∆H the net amount of energy consumed during the reaction.
• Thus, for instance, when Hydrogen and Oxygen react and combine to form Water, energy is
required to break the bonds in both sets of diatomic molecules; but, when the O and the H atoms
combine, they form new bonds and this releases energy – and the amount of energy released in
this bond formation EXCEEDS the amount of energy involved in the bond breaking, therefore the
net effect is that the reaction is an exhothermic one. In HFHF we measure the NET change in
energy involved in a reaction. In the Formation of Water, the net effect that we consider is given
by the equation
H2 (g) + ½ O2 (g)

––>

H2O (l)

;

∆H = -286 kJ mol–1

• Please note that although the initial product formed in this reaction is STEAM, nevertheless, the
reaction equation quite clearly states “H2O (l)” and not “H2O (g)”! “H2O (gas)” would be
WRONG in this context, and the reason for this will become very clear as we start to learn about
the subject.
• If there is a net release of energy during a reaction, then this fact is indicated by a negative sign;
whereas, if there is a net consumption of energy during a reaction, then this is indicated by a
positive sign i.e.
• for Exhothermic reactions, ∆H has a “ -ve ” sign, and
• for Endothermic reactions, ∆H has a “ +ve ” sign.

4

“Exothermic” is the American way of spelling “Exhothermic”.
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• It really is very important to remember that “Energy is REQUIRED to break a bond (this being an
endothermic reaction), but that energy is RELEASED when a bond is formed (this being an
exhothermic reaction).”
• When we were doing the Foundation Module, I told you that Chemists tended to write the
Reaction Equation for the formation of Water as
“2H2 (g) + O2 (g) ––> 2H2O (l)”
but that when we got to this topic we would write it differently. Well, we have now arrived here,
and we will therefore start writing the equation as follows
H2 (g) + ½ O2 (g)

––>

H2O (l)

;

∆H = -286 kJ mol–1

• At this point I do NOT want you to read on. I want you to stop and to spend a few minutes
thinking about why we use this form of the equation for the formation of Water rather than the
form that we used earlier, the earlier equation being
“2H2 (g) + O2 (g)

––>

2H2O (l)”

Take as long as you like before you read on (because the answer to this question is very important)!
.....................................................

• OK, when you are ready, read on.
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• The reason why we write the Reaction Equation in the format on page 7 is that we are measuring
the precise amount of energy that is released when ONE MOLE of Water molecules is formed
when Hydrogen and Oxygen are reacted together – and we will be interested in the unit “ONE
MOLE” for EVERYTHING that we measure in this Module.
• The reaction equation
2H2 (g) + O2 (g)

––>

2H2O (l)

deals with the formation of TWO moles of Water, whereas the equation
H2 (g) + ½ O2 (g)

––>

H2O (l)

deals with the formation of ONE mole of Water.

• The Reason for Standardisation
If we are measuring the amount of energy involved in producing Water, then it would not be
sensible for scientists to disagree about the amount of energy involved as a result of the fact that
they had arrived at different answers merely because they had produced differing amounts of
Water – e.g. one scientist had produced one gram of Water while another had produced one
tonne of Water! It is imperative that all scientists should be measuring things on a like-for-like
basis; and, as our unit of measurement for ∆H, scientists have agreed to calculate the amount
of energy involved when ONE MOLE of a substance is involved, e.g. for ∆Hf we calculate the
amount of energy involved when ONE MOLE of the substance is formed from its constituent
elements, and for ∆Hc we calculate the amount of energy involved when ONE MOLE of the
substance is reacted completely with Oxygen (and in both situations we use standard states and
standard conditions). We could have chosen the amount of energy released when two (or three/or
four/or five/or ‘x’) moles of the product are formed (or the reactant is reacted), but it makes a lot
more sense to use as the base unit of measurement the amount of energy involved when ONE
MOLE of anything is formed or is reacted!
• Standard States
As you can see, I have inserted all the Standard States in the Reaction Equation for Water – and I
have done so because the STATE of every Reactant and the STATE of every Product is absolutely
crucial to the ∆H involved! If, for example, in the formation of Water, I had started with liquid
Hydrogen and liquid Oxygen instead of the gaseous Reactants, then I would have arrived at a
TOTALLY different ∆H in my calculations! Equally, I have given the Standard State of H2O as
“liquid” even though the product (H2O) that is formed is initially a gas (i.e. Steam), and I have
done so because H2O is a liquid at 298K (or 25˚C)5 – and we will see in just a second why this is
absolutely crucial! Even if I had changed the State of just one of my Reactants or one of my
Products, then I would have arrived at a different answer for ∆H – and thus I would have altered
all my findings! In the Foundation Module there was some leeway for making mistakes with your
Standard States but in HFHF you have NO ROOM whatsoever for making errors with Standard
States!

5

The sign for degrees is written before the symbol for Celsius/Centigrade (e.g. as in 25˚C) – but you do NOT put the
symbol for degrees in for K (Kelvin). The omission of the word “degree” is meant to indicate that it is not relative to an
arbitrary reference point as is the case with the Celsius and Fahrenheit scales (where 0˚C/32˚F is the temperature at which
Water turns to ice). NB X˚C = (X + 273.15)K.
Page 8 of "Changes in Enthalpy"

• Actually, (now that I have started you thinking about the things that could affect the accuracy of
your answers), I would like you to spend another few minutes thinking about what other
conditions you would have to specify in order to standardise the reaction conditions for all
equations in HFHF. Again, take as long as you like, and then read on.
..........................................................

Standard Conditions
• Differing governing bodies have their own conditions for measuring temperature/pressure/etc., but
since 1982 the International Union of Pure and Applied Chemistry’s (IUPAC's) definition of
Standard Temperature and Pressure has been
- a temperature of 0 °C (= 32 °Fahrenheit = 273.15 Kelvin),
- and a pressure of 100,000Pa (100 kilo Pascals = 1 bar =14.504 psi = 0.986 atm),
but for Room Temperature and Pressure the definition is much less robust and is defined as a range
RTP is 20-25 °C and 101,325 kPa (25˚C = 298.15 K; and 101.325 kPa = 1 atm =14.696 psi)6.
• However, please note that I do not want you to get bogged down in definitions. I want you to
concentrate on STANDARD STATES in this Blog. Is it a liquid/is it a solid/is it a gas? THAT is
what I want you to concentrate on!
• In Chains & Rings, we kept gaily Heating/Boiling/Distilling/Refluxing/and so on –
but, as I pointed out when I was telling you about the Oxidisation of Primary Alcohols, the textbooks are sometimes happy to say “Reflux” even when the reaction concerned happens fairly
quickly anyway! I myself am not at all happy with such imprecise instructions – but in Chains &
Rings it often does not matter if you heat something a bit more than is needed, provided that you
cannot “overcook” the entity that is under consideration. However, in HFHF, you must state
PRECISELY what you want done and under what conditions, or else the result from all your
calculations will be INCORRECT!
• For example, the amount of energy involved in a reaction will depend upon the number of reacting
molecules involved. In the reaction for the Formation of Water, we specified one mole of
Hydrogen molecules in gaseous form and half a mole of Oxygen molecules in gaseous form – but
could you now spend a few moments thinking about what we would have specified if we had been
working with a liquid (in say the neutralisation of an acid by an alkali). OK, now could you look
at the footnote to see what the correct answer is.7
• To see why the Concentration of ALL liquids must be 1 mole dm–3 let us assume that I was
working with Sulphuric Acid, and that I had wanted 1 mole of H2SO4 molecules in an aqueous
solution – but if I had not specified what I wanted clearly and unequivocally, then I could easily
have been given 1 mole of H2SO4 molecules in one cubic decimetre of Water/or in 10 cubic
decimetres of Water/or in any other volume of Water that you care to name – and of course I
would then have finished up with totally different answers in my Thermodynamic calculations
because

6
7

“STP” is a scientific measurement condition. “RTP” is NOT .
The answer is that the Concentration of ALL liquids must be 1 mol dm–3!
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a) it would have taken a lot longer for the reacting molecules to have collided with each other in e.g.
10 dm3 than in 1 dm3 of Water, and
b) the heat generated by the reaction would have raised the temperature of 10 dm3 of Water much
less than it would have raised 1 dm3 of Water!
• OK, let me now bring together the four theoretical “Standard Conditions” for HFHF
- all solutions must have a CONCENTRATION of 1 mole dm-3
- the TEMPERATURE at which reactions are executed must be 293.15K / 0˚C
- the PRESSURE must be 1 bar (100,000 Pa), and
- all Reactants and Products must be in their STANDARD STATES for such conditions.
• I believe that the term “bar” comes from the instrument that was used for measuring pressure in
the olden days viz. a “barometer”. 1 bar = 100,000 Pascals = 100,000 Newtons per square
metre.
• Although STP is for 0˚C or 273.15K, in reality most experiments are executed in a laboratory at
room temperature, and at a pressure determined by the altitude above sea-level at which the
laboratory is situated. The atmospheric pressure in a laboratory in Grindelwald in Switzerland (at
the foot of the Eiger mountain in the Alps) is less than in a laboratory in Gillingham (at the mouth
of the River Medway in England). Any calculations would take these variations into account in the
formula PV = nRT (and we will come to that formula in your Second Year).8
• Ironically “Standard Conditions” are for Room Temperature (20-25˚C) and Pressure 101,325 Pa
(and not for Standard Temperature (0˚C and Pressure 100,000 Pa).
• The symbol used to specify Standard Conditions is
“∆Ho ” = the change in Enthalpy under Standard Conditions
but this is often taken for granted and ∆H is frequently written instead of ∆Ho.
• We can therefore state the conditions involved for
RTP ( Room Temperature and Pressure ) viz.
- Temp of 20-25˚C
- Pressure of 101.325 kPa
- Concentration of 1 mol dm–3
STP (Standard Temp and Pressure) viz.
- Temperature of 0˚C
- Pressure of 100,000 Pa
- Concentration of 1 mol dm–3

• There are going to be a lot of diagrams in HFHF so let us start by getting used to one of the most
important diagrams – an Enthalpy Profile or Energy Level diagram (but, please be warned that
there are many different types of Energy diagrams).

8

Atmospheric pressure in a town in Tibet in the High Himalayas would be even less, but (although my late wife and I did
the climb from Grindelwald to Kleine Scheidegg four times when she was alive) we never visited Tibet. My wife loved the
Alps in the Summer, but I am told that Tibet is very cold, even in the Summer!
Page 10 of "Changes in Enthalpy"

An ENDOTHERMIC Process (viz. a process where energy is absorbed)
(∑ H for Products > ∑ H for Reactants, therefore ∆H is positive)
• The important thing to remember in Enthalpy Profile Diagrams is that
• equal vertical distances in any given diagram represent equal differences in Enthalpy,
• ∑ H represents the total amount of Enthalpy possessed by that system.

∆ H ––>

H

––––––––––>

Enthalpy of the system
∑ H for the Products

Energy is being absorbed/consumed
by the system in this process!

∑ H for the Reactants
Reaction Pathway
The symbol "∑" means "The sum total of .......", and the symbol "∆" means "the difference or change in ....".

An EXHOTHERMIC Process (viz. a process where energy is released/given out)
(∑ H for Products < ∑ H for Reactants, therefore ∆H is negative)
Enthalpy of the system

∆ H ––>

H

––––––––>

∑ H for the Reactants

Energy is being released/given out
by the system in this process!
∑ H for the Products
Reaction Pathway

The symbol "∑" means "The sum total of .......", and the symbol "∆" means "the difference or change in ........".

Differing Sorts of ∆H
• ∆Hie1
• ∆Hie2
• ∆Hea1
• ∆Hea2
• ∆Hf
• ∆Hc
• ∆Hn
• ∆Hm
• ∆Hvap

=
=
=
=
=
=
=
=
=

• ∆Hsub =
• ∆Hhyd =

∆H of First Ionisation Energy.
∆H of Second Ionisation Energy.
∆H of First Electron Affinity Energy.
∆H of Second Electron Affinity Energy.
∆H of a Formation reaction.
∆H of a Combustion reaction.
∆H of a Neutralisation reaction.
∆H of a Melting reaction (in making the transition from a solid to a liquid).
∆H of a Vapourisation reaction (in making the transition from a liquid to a gas). The
vdW inter-molecular forces of attraction are broken, and thus the molecules of the
substance are no longer held together and fly apart from each other.
∆H of a Sublimation reaction (in making the transition directly from a solid to a gas).
∆H of Hydration of an ionic substance by Water where every ion becomes surrounded
by Water molecules e.g. Cl– (g) + H2O ––> Cl– (aq). Hydration enthalpies are always
negative. The size of/amount of the Hydration Enthalpy is influenced by the charge
density of the metal cation involved.
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• ∆Hsoln =
• ∆Hsolv =
• ∆Habe

=

• ∆Hat

=

• ∆Hlatt =

∆H of a Solution reaction (where the solute dissolves in a very large excess of Water).
The reaction can be either endothermic or exhothermic.
∆H of a Solvation reaction (the reaction between a solute and a solvent that is not
Water).
∆H of Average Bond Enthalpy viz. the breaking a particular type of bond (e.g. the C–H
bond).
∆H of an Atomisation reaction (i.e. the forming of gaseous atoms of the substance
from its normal state under standard conditions e.g. Na (s) ––> Na (g)
∆H of Lattice Energy. The lattice dissociation Enthalpy is the Enthalpy change needed
to convert 1 mole of the substance (in its standard state and under standard conditions)
into its scattered gaseous ions e.g. MgCl2 (s) ––> Mg2+ (g) + 2Cl– (g). Lattice
dissociation enthalpies are always positive. (For lattice formation Enthalpy, reverse the
sign.) The term “lattice” normally implies an ionic substance (but metallic substances
also have lattice formations) .

• ∆H of a Formation and ∆H of a Combustion reaction are the two ∆Hs that are used most in First
Year Chemistry, but we will discuss all the different ∆Hs that we need when we come to them.
However, possibly the most useful of all the ∆Hs is ∆Hr where
∆Hr = ∆H of the particular Reaction under consideration!
You do not need to be any more specific than that! ∆Hr means the change in Enthalpy involved in
the particular reaction under consideration – whatever that reaction may be!
• Let me tell you one more thing, and then we will be ready to start HFHF. If you are good at Maths
or if you have a logical mind, then you will absolutely love this Module and score VERY high
marks in it. Equally, even if you are not good at Maths, nevertheless if you pay careful attention to
what I tell you and then learn and apply the techniques that I have set out, then you will find
this Module is a doddle, and you will score a high mark in it! (Learn the techniques involved and
you will get a good mark. If, additionally, you are a good or even just a competent Mathematician,
then you will get a brilliant mark.)
• I am not sure how much Physics you know, so before we start, let me tell you that
“4.18 J g–1K–1” in English means that “4.18 Joules of energy are involved in changing the
temperature of 1 gram of the substance under consideration by 1 Kelvin” and in Mathematics
“4.18 J g–1K–1” can be written as “4.18 J x 1 x 1”.
g K
• If you were then to multiply the top and bottom lines of “4.18 J x 1 x 1” by 1000,
g K
it would not change the validity of the statement at all, but the statement would now become
“4.18 x 1000J x
1 x 1” = “4.18 kJ (kg)–1K–1” or “4.18 kJ kg–1K–1”
1000g K
and in English this reads as “the amount of energy involved is 4.18 kilojoules per kilogram of the
substance concerned per Kelvin”.9

9

The convention is not to call it a “degree Kelvin”, but just a “Kelvin” (because it is not a relative measure whereas ˚C and
˚F are relative measures with regard to the freezing point of Water).
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• I hope that you know enough Mathematics to be aware that the units “g” and “g–1” will cancel
each other out, and that “K” and “K–1” will also cancel each other out – and that when doing
calculations, there is often a lot of cancelling out of units to be done (especially when you get to
Second Year and also when you are at University).
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Oxidisation is a net exhothermic process10
• An Oxidisation reaction is one where the species under consideration
- either gains Oxygen in the reaction
- or loses Hydrogen in the reaction
- or loses electrons during the reaction (remember OILRIG!).
• However, in order to pull an electron away from the nucleus to which it is bound, energy is
required – therefore (strictly speaking) Oxidisation is an ENDOTHERMIC process and not an
exhothermic process! However, in Oxidisation, when something combines with Oxygen and new
bonds are formed, then energy is released (and more energy is released than was consumed in the
bond-breaking bit) therefore the NET effect of the reaction is an exhothermic one and in HFHF
we consider the NET effect of a reaction. That is what the Syllabus means when it insufficiently
precisely says that “Oxidisation is an exhothermic process”.
• For example, when a fuel is combusted, what happens is that existing bonds are being broken and
new bonds are formed – and the energy released by the formation of the new bonds is greater
than the energy consumed in the breaking of the existing bonds, and the NET effect is that
energy is released in the process! Therefore we can say that “Oxidisation and Combustion11 are
both net exhothermic processes”.
• In the last module we spent a fair amount of time considering the combustion of Carbon based
fuels – and a large amount of energy is generated in the Combustion and Oxidisation of fuels.
Indeed, the very point of burning fuels is to produce energy (to power a car/or to generate heat for
cooking/or to generate heat to make steam to turn a turbine to generate electricity/................. and
so on) – and all of this demonstrates that Combustion/Oxidisation is a net EXHOTHERMIC
process!
• Let us consider an example, and you will see what I mean – and what is more, you will then
begin to learn to use some of the techniques in this Module. We have already learnt that
H2 (g) + ½ O2 (g)

––>

H2O (l)

;

∆H = -286 kJ mol–1

but what you may not have appreciated is that whilst this equation is the equation for the
Formation of Water, nevertheless it is also the equation for the Combustion of (or the Oxidisation)
of Hydrogen. Not only does the equation above describe the amount of energy released when 1
mole of Water is formed, but it also describes the amount of energy released when 1 mole of
Hydrogen is combusted, therefore arithmetically
∆Hf of Water = ∆Hc of Hydrogen =

-286 kJ mol-1

NB The formation of Water is NOT the same as the combustion of Hydrogen, but the same equation
describes both reactions. The same amount of energy is generated NO MATTER WHICH
ASPECT OF THE REACTION WE CONSIDER.
• Moreover, it is very often the case that whilst there is no easy way of calculating the ∆H of some
particular thing, nevertheless a few moments of thought would reveal that there is another way of
looking at exactly the same reaction and thus another way of calculating the required answer via
an alternative approach. This way of looking at the same thing but from a different point of view is
called “lateral thinking” – and it is very important in HFHF that you should think laterally.
10

Please remember that the verb is “to oxidise” therefore the noun that derives from the verb must be “oxidisation” (and not
“Oxidation”). If we chaps who write Chemistry textbooks cannot write good English, then that is OUR problem. I do not
want YOU to write bad English. It is just so sloppy!
11
Combustion is just one form of Oxidisation (and the “rusting” of iron would be another form of Oxidisation).
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• In the next paragraph you will see that Aerobic Respiration is part of the UK ‘A’ Level Chemistry
Syllabus. I am told by my Biology colleagues that it is the ‘haemodynamic response’ via
adenosine triphosphate (ATP) that takes place between glucose and oxygen that produces the
energy that is supplied during the process of respiration.
Aerobic Respiration (“Aerobic” means using Oxygen)
• We spent a lot of time looking at Combustion in Chains & Rings, but we did not discuss
“Respiration”, so let us look at that process now, because you are required to know something
about Respiration – and discussing Respiration will be helpful to those of you who are doing
Biology (but please remember that I know absolutely nothing whatsoever about Biology).
• The Oxygen that animals inhale becomes bonded to the Iron in “haemoglobin” in blood, and the
Oxygen is thus carried around the body in the bloodstream and it is thereby delivered to wherever
it is needed. A lot of things happen during Respiration – but one of the things that happens is that
Oxygen oxidises the Sugars in Carbohydrates, thereby forming CO2(g) and Water. This is the
equation you need for ‘A’ Level Chemistry
C6H12O6(aq) + 6O2(aq) ––> 6CO2(aq) + 6H2O (aq) ; ∆H = -2,820 kJ mol–1
You DO need to know the above equation for the examination so please learn it off by heart. The
stoichiometric ratio in this equation is 1 : 6 ––> 6 : 6 . Glucose + Oxygen ––> CO2 and H2O.
Specific Endothermic processes
• You already know that an Endothermic process consumes/absorbs energy, but at ‘A’ Level you are
also required to know about some specific Endothermic processes viz.
i) the thermal decomposition of Calcium Carbonate, and
ii) Photosynthesis (a process where energy is absorbed from sunlight).
i) The thermal decomposition of Calcium Carbonate (a net Endothermic process)
• We saw (when we were studying Group II of the Periodic Table in the Foundation Module) that
Calcium Carbonate, CaCO3, is found in nature in the form of egg-shells/sea-shells/chalk/marble/
limestone/etc – and, indeed, one very important form of CaCO3 is in the bones of animals; and, if
there is not enough of it in the bones of a human being, then you have the medical condition
known as “Osteoporosis” (which now afflicts more than 20% of all females in the UK above the
age of the menopause)!12
• Calcium Carbonate is an ionic substance, and energy (in the form of heat) is required to break its
bonds. The thermal decomposition of CaCO3 is thus a net Endothermic process. In fact, in one of
your earliest practical experiments you will learn is that when Calcium Carbonate is heated, it
breaks down into Carbon Dioxide and Calcium Oxide (“quicklime”). A thermal decomposition
reaction is often shown with a “∆” (and in this particular reaction, energy is consumed in this
process)

∆
CaCO3 (s) ––––> CO2 (g) + CaO (s)
12

If you do not know what the “menopause” is, then please get on the web and look it up. Other factors, such as proteins,
salt intake, vitamin D intake, impact exercise (such as walking or running as opposed to swimming), and exposure to
sunlight, can all influence bone mineralisation, making calcium intake just one factor among many in the development of
osteoporosis.
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ii) Photosynthesis (a net Endothermic process)
• All forms of life need energy to survive, and most (but not all) forms of plant life on earth derive
that energy by photosynthesis – this being the process whereby plants use sunlight to convert
Carbon Dioxide and Water into Carbohydrates viz.
Sunlight
CO2 (g) + H2O (l) –––––> Carbohydrates (aq) + O2 (g)
• The lovely thing about Respiration and Photosynthesis is that they show how beautifully animals
and vegetation fit together on the planet. Animals breathe in Oxygen and use it to manufacture
Energy and then they breathe out the by-products created (i.e. Carbon Dioxide and Water),
whereas vegetation takes in Carbon Dioxide and Water, converts them into energy, and then
breathes out Oxygen. Isn’t that beautiful! Animals and vegetation could have been made for each
other! As it happens, they may or may not have been “made” for each other, but animals and
humans certainly co-evolved in a dependent manner – and that is why the destruction of the
world’s rainforests by man will one day threaten the very existence of Mankind.

A simple Enthalpy Profile Diagram (for the formation of steam and Water)
• The diagram that follows is the Enthalpy Profile Diagram for the Reaction Equation
H2 (g) + ½ O2 (g)

––>

H2O (l) ; ∆Hf of Water = ∆Hc of H2 (g)13 = -286 kJ mol–1

Enthalpy
∑ H for the Reactants viz H2 (g) + 1 O 2 (g)
2
<–– ∆H r = -242 kJ mol -1
∑ H for the Product viz H O (g)
2
-1
<–– ∆H r‘ = -44 kJ mol
––>

∑ H for the Product viz H 2O (l)

–––––––––––>

–––––––––––––>

H

<–– ∆Hf of Water = ∆H c of H2 (g)
= -286 kJ mol -1

Reaction Pathway
NB You can see that when gaseous molecules of Water are formed (i.e. when “steam” is formed),
then ∆Hr = -242 kJ mol–1, and if those gaseous molecules are allowed to cool down to liquid
Water (where the ∆H for condensation, ∆Hr´ = -44 kJ mol–1), then ∆Hf of H2O (l) = (-242 - 44 =)
-286 kJ mol–1.
Please note that these three ∆Hs are negative, i.e. these are all net exhothermic processes!

13

Please do remember this identity viz. ∆Hf of Water = ∆Hc of H2(g). It is a very useful one. Please also note that one mole
of gaseous H2 molecules is being combusted, and not one mole of gaseous H atoms. The ∆Hs for the two are not the same.
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• Let me do another example for you. [NB Both ∆Hf of CO2 (g) and ∆Hc of CO (g) are exhothermic
Reactions, therefore ∆H is negative in each case!]
• When you burn or combust Carbon (which is a solid under standard conditions) in excess Oxygen
then you get Carbon Dioxide
C (s) + O2 (g)

––>

∆Hc of C (s) = ∆Hf of CO2 (g) = -394 kJ mol–1

CO2 (g) ;

and when you burn Carbon Monoxide (which is a gas under standard conditions) in excess
Oxygen, then you also get Carbon Dioxide
CO (s) + ½ O2 (g)

∆Hc of CO (g) = -283 kJ mol–1

––> CO2 (g) ;

• I hope that you have been sufficiently alert to notice that in the second equation I have NOT said
that it will also give you the ∆Hf of CO2 (g) – and the reason for this is because Carbon Monoxide
is NOT one of the constituent ELEMENTS of CO2! Carbon and Oxygen ARE the constituent
ELEMENTS of CO2 therefore it was correct in the first equation to say that
∆Hf of CO2(g) = ∆Hc of C(s), but it would NOT have been correct to say that in the second
equation. (Please see page 7.)14

Enthalpy Profile Diagram for the formation of Gaseous Carbon Monoxide and Carbon Dioxide
Enthalpy
∑ H for Reactants viz C (s) + O 2 (g)

–––––––––>

<–– ∆H f of CO 2(g)
-1
= -394 kJ mol

H

∑ H for Product viz CO 2(g)

-1

∑ H for new Reactants viz CO (g) + 1 O 2 (g)
2

––––––––––>

–––––––––––––––––––>

<–– ∆H f of CO (g) = unknown kJ mol

<–– ∆H c of CO (g) = -283 kJ mol

-1

Reaction Pathway

• In each case you end up with 1 mole of Carbon Dioxide (so you finish up with the same amount of
Enthalpy) therefore you draw both END products at exactly the same point on the y-axis.
• Now let me ask you a very important question “Can you use this diagram to work out the
Change in Enthalpy for the Formation of Carbon Monoxide?”
• Could you please think VERY CAREFULLY about the answer to this question before you read on
– and I will give you a hint : write down the Reaction Equation for the Formation of 1 mole of
Carbon Monoxide! [I will answer my question very soon!]

14

If you want to put a whole sentence in parentheses (in brackets), then you must put the full-stop inside the brackets also,
because the full-stop constitutes a part of the whole sentence.
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E) Enthalpy Changes and Chemical Reactions
• A Chemical reaction occurs when reactant species collide with sufficient energy for existing bonds
to be broken and new bonds to be formed. [If no existing bonds are broken and no new bonds are
formed, then the two species will merely collide with and bounce off each other and no reaction
will have occurred! It is exactly the same as bumping into a girl/boy on the school bus without
falling in love with her/him.]
• As a corollary to the above, it will also be true to say that when a reaction occurs, then either (a) a
net amount of energy will be consumed or (b) a net amount of energy will be released.
NB Some of the signs that a reaction has occurred are
- heat is given off or heat is consumed (cf. above), therefore
- the reactants / products undergo a change in temperature e.g. Zn (s) reacting with AgNO3 (aq) on
page 25
- a change might occur in the colour of the reactants e.g. the classic orange ––> green in the
oxidisation of some Alcohols
- a precipitate might form as with AgI/AgBr/AgCl, or
- in certain reactions a gas (such as H2 or CO2) might be generated. When an acid attacks a metal
H2(g) is generated, and when an Acid attacks Calcium Carbonate, then CO2 (g) is generated.

The use of Enthalpy Profile diagrams in calculations
• It is very difficult to measure the ∆H of Formation of Carbon Monoxide (because it is difficult to
make sure that no Carbon Dioxide at all is formed during the reaction); but, let us say that
a) you know the value of the ∆H of Combustion of Carbon Monoxide, and that
b) you know the value of the ∆H of Formation of Carbon Dioxide
– then, it becomes a very simple matter to deduce the ∆H of Formation of Carbon
Monoxide.
Let me show you how to solve the problem by using an Enthalpy Profile diagram where “X” is the
unknown amount of energy in kJ mol–1.
Enthalpy
∑ H for Reactants viz C (s) + O 2 (g)
–––––––––>

H

-1

––––––––––>

–––––––––––––––––––>

<–– ∆H f of CO (g) = X kJ mol

<–– ∆H f of CO 2(g)
-1
= -394 kJ mol

<–– ∆H c of CO (g) = -283 kJ mol

∑ H for Product viz CO 2(g)

-1

Reaction Pathway

and since equal vertical distances represent equal amounts of Enthalpy, then you can now see that
∆Hf of CO (g) + ∆Hc of CO (g) = ∆Hf of CO2 (g), therefore
∆Hf of CO (g) = ∆Hf of CO2 (g) – ∆Hc of CO (g)
= [ -394
–
(-283)
] kJ mol–1
∆Hf of CO (g)
=
-111 kJ mol–1
• Isn’t it beautifully simple – and isn’t it simply beautiful!
Isn’t that easy (but only if you were careful with your signs)!
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• We have talked fairly extensively about ∆H, and could you note that ∆H can be called the
“Change in Enthalpy in a Reaction” or the “Enthalpy Change of a Reaction” (and I prefer the
former to the latter).
• You are required to know about the Standard Conditions for the measurement of ∆H, therefore let
me remind you of them.
• Ironically “Standard Conditions” are for Room Temperature (20-25˚C) and Pressure 101,325 Pa
(and not for Standard Temperature (0˚C and Pressure 100,000 Pa).
STP is for 0˚C and 100,000 Pa.15
• Unless otherwise stated, Standard Conditions are always assumed to be the case, therefore people
often write just “∆H” as a shorthand for “∆Ho”, therefore for ∆H or ∆Ho , the four Standard
Conditions are
•
All solutions must have a CONCENTRATION of 1 mole dm–3
•
The TEMPERATURE of the reaction must be 293-298K (i.e. 20-25˚C)
•
The PRESSURE must be 101,325 Pa, and
•
All Reactants/Products must be in their STANDARD STATES for the above.
NB In the exam you must use whatever figures that you are given in the exam data booklet.
1 Pa = 1 Nm–2 i.e. 1 Newton per square metre.

Average Bond Enthalpy/or Average Standard Bond Enthalpy/or Bond Energy Term
• These three phrases refer to exactly the same thing viz. “the average amount of energy that is
required to break one mole of a particular type of covalent bond in differing situations”.
[Let me repeat that last bit “Covalent bond” and NOT “Ionic bond”.] NB To break a bond
requires energy.
• For instance, the Average Bond Enthalpy/or Average Standard Bond Enthalpy/or Bond Energy
Term for
Breaking the following bonds
is
Average Bond Enthalpy (kJ mol–1)
(Endothermic processes therefore “+ve” figures)
(Approximately)
•
O–O
146
•
O=O
496
•
H–H
436
•
C–H
412
•
C–C
347
•
C=C (C double bond C)
612
•
C triple bond C
837
• Any good data book (e.g. “Chemistry Data Book” Stark & Wallace, ISBN 0-7195-3951-X) will
contain these numbers – and any numbers that you need in the exam will be provided for you in
the exam.

15

This is the definition that IUPAC has adopted since 1982. NIST gives a different definition. Since we are learning
Chemistry, just stick to what the International Union of Pure and Applied Chemistry (IUPAC) says.
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• I do however want you to appreciate one important thing i.e. there is no such thing as a PRECISE
figure for an Average Standard Bond Enthalpy/Bond Energy Term – and the explanation for this
is as follows.
• Let me start by asking you a question. “Would it take exactly the same amount of energy to break
each C–H bond in CH4 (g)?”, and if your answer is “No!”, then you are absolutely spot on! After
breaking the first C–H bond in CH4 (g), the central C atom is now attached to only three H atoms
– and it will therefore take a (slightly) different amount of energy to break the next C–H bond;
and, when we go to break the next C–H bond after that one, the central C atom is holding on to
only two H atoms, therefore the circumstances have changed again – therefore the amount of
energy required to break the third C–H bond is again different, ............ and so on!
• In fact, the amount of energy required to break each of the successive C–H bonds has been found
to be
•
•
•
•

Reaction
CH4 (g)
––> CH3 (g) + H (g)
CH3 (g)
––> CH2 (g) + H (g)
CH2 (g)
––> CH (g) + H (g)
CH (g)
––> C (g) + H (g)
Bond Energy Term = Average

∆H (kJ mol–1)
435
444
440
343
=
415.5 kJ mol–1

and if you add up and average the four different figures above, then you will get 415.5 kJ mol–1 ,
and you will see that this figure is not very different from the Average Bond Enthalpy/Bond
Energy Term for ALL C–H bonds in all the molecules in which they may occur (viz. 412 kJ mol–1
as shown in the first table above)! However, if we did the same exercise for C2H6 the answer
would be slightly different, and different again for C3H8. There is no precise answer for ∆H for a
C–H bond. It all depends on the environment in which you are breaking (or forming) the bond.
• There is a HUGE number of possible C–H bonds in a HUGE number of different Carbon
molecules, and you can see now that there is no one single precise figure for Average Bond
Enthalpies! Bond Enthalpies are merely the average figure for breaking one mole of a given bond
in all the differing molecules in which that bond can be found (and if you are a Mathematician,
then you will be aware that there are many different ways of “averaging” a set of numbers e.g. a
simple arithmetic average/a weighted arithmetic average/a geometric average/an exponential
average/ ... and so on).

The relationship between ∆Hr and Average Bond Enthalpies/Bond Energy Terms
• ∆Hr = ∑ ∆H for bonds broken + ∑ ∆H for bonds formed
and you will remember that
• ∆H for bonds broken must be shown as a POSITIVE number, while
• ∆H for bonds formed must be shown as a NEGATIVE number.
• The net change in Enthalpy in any given reaction (∆Hr) must be equal to the sum of
- all the Energy required to break whichever existing bonds had to be broken during the reaction
i.e. ∑∆H for all the bonds broken (and this will be a positive figure)
PLUS
- all the Energy generated by the formation of the new bonds created during the reaction i.e.
∑∆H for all the bonds formed (and this will be a negative figure) therefore
∆Hr = ∑ Energy involved in bond breaking + ∑ Energy involved in bond making
(endothermic therefore a positive number)

(exhothermic therefore a negative number)
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• Let us do an example from the excellent textbook “Advanced Chemistry Calculations” ILPAC
(Lainchbury, Stephens & Thompson) ISBN 0-7195-7506-0, and you will see how it works.
• Problem : Use bond energy terms to calculate the Enthalpy change for the reaction
CH4(g) + Cl2(g) ––> CH3Cl(g) + HCl(g)
• Solution
1) Draw the bond line diagrams for Methane/Chlorine/Chloromethane/and Hydrogen Chloride viz
H
H
|
|
H ––– C –––– H
+
Cl ––– Cl
––>
H –––– C –––– Cl
+
H–––Cl
|
|
H
H
2) Work out which bonds have been broken and which have been formed. You do not need to worry
about bonds that are not broken. In the example above, three “C – H” bonds are not broken
therefore you do not need to worry about them (because the amounts involved in breaking them
and then reforming them will be the same numerically except that the signs will be different). [If
you do the sum below a second time, but on the second occasion do it for four “C – H” bonds
being broken and three “C – H” bonds being reformed, then you will see that the answer that you
get is exactly the same as in the sum as I have done it.]
3) Look up a data book to find out the average bond enthalpies/bond energy terms.
4) Multiply by the relevant number of moles where necessary, and add up the ∆Hs for the bonds
broken and the bonds formed.
5) Use the formula
“∆Hr = ∑ Energy involved in bond breaking + ∑ Energy involved in bond making”
(making sure that the appropriate signs are used for bond making and bond breaking).
… and then you will have the answer!
• If you are doing ‘A’ Level Maths then you will know that in Statistics an average is indicated by a
dash above the symbol concerned; therefore, for example, the symbol “ x̄ ” means “the average
value of x”.
• If therefore you have never encountered the symbol “𝐸" ”, then please note that the symbol “𝐸" ” is
the symbol for AVERAGE Bond Enthalpy or AVERAGE Bond Term.
• 𝐸" (H–Cl) means “the average amount of energy required to make or break one H–Cl bond (or one
mole of H–Cl bonds, depending on the context)”.
• ∑ Energy generated by bond making (Right hand side of the equation)
CH4(g) + Cl2(g) ––> HCl(g) + CH3Cl(g)
= [1 x 𝐸" (H–Cl) + 1 x 𝐸" (C–Cl)]
= [ 1 x (-431) + 1 x (-339)] kJ mol–1
= -770 kJ mol–1
• ∑ Energy required by bond breaking (Left hand side of the equation)
= [ 1 x 𝐸" (C–H)
+ 1 x 𝐸" (Cl–Cl)]
= [ 1 x 435
+ 1 x 242] kJ mol–1
–1
=
677 kJ mol
• Therefore ∆Hr
= [-770 + 677] kJ mol–1
∆Hr
= - 93 kJ mol–1
where the minus sign now indicates that the reaction is a net exhothermic one.
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• Right, that is how you could use Average Bond Enthalpies or Bond Energy Terms to calculate a
very rough value for a given ∆H – but, please note that all you would get by doing this is A
VERY ROUGH VALUE of ∆H! The calculation will give an approximate value of ∆H and no
more than that.

Let me now ask the question “How can you calculate ∆H experimentally”?
• At the beginning of this Section I told you that it is not easy to measure the absolute amount of
Enthalpy possessed by the Reactants and by the Products in a reaction – but that it is easy to
measure either the net amount of Enthalpy released (i.e. ∆H) or the net amount of Enthalpy
consumed (again ∆H) during a reaction. OK, so
Q :

How can the heat generated/consumed in a reaction be calculated experimentally?

A:

By using the formula “∆H = m . c . ∆T”16

•

You will NOT be given this formula in the exam so please commit it to memory NOW.

“∆H = m . c . ∆T”,

“∆H = m . c . ∆T”,

“∆H = m . c . ∆T”.

• If a reaction that involves a liquid is carried out inside a calorimeter,17 then nearly all the heat
generated by the reaction (if it is an exhothermic reaction) will be retained inside the calorimeter
and this heat will be absorbed by the things involved in the reaction – these being
•
the solutions/liquids involved in the reaction
•
the solids involved in the reaction
•
the calorimeter/and the air in the calorimeter,
but inevitably, some of the heat will be lost to the air surrounding the calorimeter.
• Therefore, ∆H, the heat generated in the reaction
= the heat absorbed by EVERYTHING involved in the reaction

<––This is a very primitive calorimeter.

16

In Mathematics/Physics/and in Chemistry, a “.” is often used as a multiplication sign (especially where an “x” could be
misconstrued as the symbol for one of the variables).
17
A “calorimeter” is a highly insulated piece of equipment in which an experiment involving heat can be conducted in a
laboratory (but, in fact, a polystyrene cup with a lid on it can perform the function of a calorimeter fairly well).
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• However, in First Year ‘A’ Level, (because the heat absorbed by everything else other than the
solids/liquids involved is small) we normally tend to ignore the heat absorbed by everything other
than that absorbed by the liquids involved in the reaction, therefore for First Year ‘A’ Level we
can say that ∆H, the heat generated in a reaction = the heat absorbed by the liquids involved in the
reaction.
• The next question to be asked therefore is “How can the amount of heat that is absorbed by the
solids/liquids involved in the reaction be calculated?”, and (now this is where the formula
comes into play because) the answer is given by the formula “∆H = m . c . ∆T” where ∆T is
the change in temperature measured in Kelvin and not in degrees Centigrade (but, as it
happens, the two pure numbers are mathematically exactly the same).
• OK, what does “∆H = m . c . ∆T” actually mean, and the answer is that
i) if we know the value of “c”, i.e. how much heat one gram of something absorbs when its
temperature is increased by one Kelvin (K), and
ii) if we know the mass (m) of that thing
then we can calculate the amount of heat that it will absorb (or generate) when its temperature
changes by an amount ∆T (measured in K).
• Item (i) is called “specific heat capacity”; and, in the exam, the question will always state the
specific heat capacities of the important things in the experiment.
• The amount of heat absorbed by any one item can then be calculated by the formula
Heat absorbed = mass of the thing x
specific heat capacity x ∆T
∆H
=
m
x
c
x ∆T
Units
(J)
(g)
(J g–1K–1)
(K)
or
(kJ)
(kg)
(kJ kg–1 K–1)
(K)
and the total amount of heat absorbed can then be calculated by adding up the amount of heat
absorbed for each individual item. [Just to remind you : J g–1K–1 = Joules per gram per Kelvin.]
• Liquids : One litre (=1 dm–3) of Water weighs 1 kg, therefore 1 cm3 of Water weighs 1g – and for
the purposes of most experiments, unless it is stated to the contrary, (i) the mass of a liquid is taken
to be the same as the mass of Water, and (ii) the specific heat capacity of a liquid is also taken to
be that of Water viz. 4.18 Jg–1K–1 or 4.18 kJ kg–1K–1. At ‘A’ Level the error involved in making
these assumptions is quite small.
• Solids : If the specific heat capacities of the solids concerned are given, then the heat absorbed by
those solids has to calculated (by the above formula), and if it is not given, then the question
obviously assumes that the amount of heat that they have absorbed is too small to worry about.
• Heat lost to the air INSIDE the calorimeter : This is small and at ‘A’ Level it is ignored.
• Heat lost to the surrounding atmosphere : The heat lost here may be significant and if so it has
to be calculated. [One way of doing so is to estimate the amount of heat lost by extrapolation,
using a temperature graph drawn from measurements taken during the experiment.]
• Let me take you through a typical experiment and you will then see how the thing works. This
example is taken from “Advanced Chemistry Calculations” ILPAC (Lainchbury, Stephens &
Thompson) ISBN 0-7195-7506-0 – and if you are serious about doing HFHF, then I cannot
possibly recommend this book more highly to you. It is an absolutely excellent textbook for
calculations! Ask for one as a Christmas present! It will serve you well for the two years of your
‘A’ Level Chemistry. Mine cost 1p plus postage (from Amazon).
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• Some reactions will be exhothermic (i.e. heat will be generated in the reaction) and some reactions
will be endothermic (heat will be consumed in the reaction), therefore let me tell you two things
viz.
1) ALWAYS calculate ∆T as “INITIAL temperature minus FINAL temperature”!

∆T = INITIAL temp - FINAL temp
• If you do so, then you will always get the sign for ∆H right. An exhothermic process will always
come out with a negative answer, and an ENDOTHERMIC process will always come out with a
positive answer.
• Always calculate ∆T as “Initial temperature minus Final temperature” and you will never ever get
the sign in your calculations wrong!
2) Although temperatures in an experiment are normally given in ˚C, ∆T must always be translated
into K (because Specific Heat Capacity is defined in terms of K). However, please note that where
a difference in two temperatures is concerned, then ∆˚C = ∆K because 273 is being added to both
numbers, e.g. the difference between 25.4˚C and 21.1˚C is exactly the same as the difference
between (25.4+273) K and (21.1 +273) K i.e. 4.3˚C or 4.3 K!
• OK, let us try a sample calculation and you will see that these calculations are very simple.

• Problem :
An excess of Zinc powder18 was added to 50 cm3 of 0.100 mol dm–3 of AgNO3 (aq) in a
polystyrene cup. The temperature of the solution rose from 21.1˚C to 25.4˚C. Calculate the ∆H of
this particular reaction. [Assume that the density of the solution is 1g cm–3, and that “c” for
everything is 4.18 kJ kg–1K–1.]
• Solution : ∆H, the amount of heat involved in this reaction is governed by the equation
Zn (s) + 2Ag+ (aq) ––> Zn2+ (aq) + 2Ag (s)
here Zinc is displacing Silver in the reaction, where the reaction equation above says that if a piece
of solid Zinc is added to a solution of a Silver salt, then the Silver will be precipitated out as solid
Silver and the solution will now be that of an aqueous Zinc salt. (For the moment, please do not
worry about why this reaction occurs.)
• ∆H must equal the amount of heat absorbed by the solution/the solids/the calorimeter/the air in the
calorimeter/and the surrounding air; but, for First Year ‘A’ Level, we can ignore the heat absorbed
by everything other than that absorbed by the solution itself (on the assumption that the amount of
heat that the others absorb is of no consequence).
• The amount of heat absorbed by the solution, ∆H, is given by “m.c.∆T”, where
m = 50 g [because 1 cm3 of Water has a mass of 1g)], and
c
= 4.18 J g–1K–1, and
∆T = Initial temp - Final temp = [(273 + 21.1) - (273 + 25.4)] K = -4.3K
therefore ∆H
= [ 50g x 4.18 J g–1K–1 x -4.3K ] which after cancelling out the units
= ( 50 x 4.18 x -4.3 ) J 19
= -898.7 J for this particular reaction

18

Zinc powder because this gives a large surface area to react with the Silver Nitrate. A strip of metal zinc would be
unsuitable for this purpose.
19
Where “g” cancels out “g-1”, and “K” cancels out “K-1” to leave no other unit than “J”.
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• From the equation above, ∆Hr is for 2 moles of Silver ions or for 1 mole of Zinc ions (but we were
told that an excess of Zinc was used in the experiment, therefore the amount of heat generated in
the experiment was driven by the amount of Silver in the reaction, because once the Silver is used
up the reaction will cease), and the number of moles of Silver Ions used in this experiment is
given by the formula
No. of moles = Concentration x Volume = 0.100 mol dm–3 x 0.05 dm3 = 0.005 moles,
therefore (-898.7 J) is the amount of heat involved when 0.005 moles of AgNO3 reacted with the
appropriate molar quantity of Zinc in this particular reaction.
• The reaction equation involves TWO moles of Silver ions, therefore we can say that
if ∆Hr for 0.005 moles
of Silver ions is
–898.7 Joules of energy
then ∆Hr for 2 moles
of Silver ions will be
X Joules of energy
and we can now use the Rule of Simple Proportions to work out ∆Hr.
∆Hr
=
X
= - 898.7 J x
2 moles
0.005 moles
∆Hr
≈ - 360 kJ and the minus sign indicates that this is an exhothermic reaction.
• Now, the first time that you look at that calculation, it will not look easy – but, when you have
gone through it a couple of times, you will then see that it is actually a very easy exercise. In your
First Year ‘A’ Level exam you are unlikely to get a calculation as hard as this one! I’ll say that
again: “This is the hardest calculation that you are likely to get in your First Year ‘A’ Level
exam”! [Once you have done a few of these for homework – then you will see how easy these
calculations actually are.]

Hess’ Law
• We now come to something called Hess’ Law, and it is THE MOST USEFUL LAW THAT
THERE IS IN HFHF!
• Hess’ Law states that “the change in Enthalpy in converting the reactants A and B to the
products X and Y is EXACTLY the same regardless of the process used to effect the
conversion – provided only that the initial conditions in each instance are the same, and
that the final conditions in each instance are the same” and, actually this is merely a corollary
of the Law of the Conservation of Energy.
• To use an analogy, (and it is NOT the case, but) if Edinburgh were 300 feet higher above sea-level
than London is, then it does not matter whether you choose to go from London to Edinburgh via
Manchester or via Newcastle or via Rangoon High Street, or whether you go by car or by train or
by plane – you will always end up gaining a net 300 feet whichever route you choose because
Edinburgh is 300 feet higher above sea-level than London is! Hess’ Law is about differences in
Enthalpy, and not about differences in height – but the logic is exactly the same.
• Once you have grasped Hess’ Law, then all that you need to do is to learn how to apply it (and it is
applied by way of something called a Hess’ Cycle), and then a huge amount of calculations about
Enthapy becomes very easy indeed – especially in your second year!
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H1 The relationship between the ∆Hf of CO (g) and the ∆Hf of CO2 (g)
• We have already noted that it is very difficult to measure the ∆H of Formation of Carbon
Monoxide (because it is difficult to make sure that no Carbon Dioxide at all is formed during the
reaction); but, if
a) you know the ∆H of Combustion of Carbon Monoxide, and
b) you know the ∆H of Formation of Carbon Dioxide,
then, it becomes a very simple matter to calculate the ∆H of Formation of Carbon Monoxide
[i.e. the ∆Hf of CO (g)] by using a Hess’ Cycle.
• A Hess’ Cycle involves drawing a map that provides you with two different routes to get to
the same place (i.e. London to Edinburgh direct, and London to Edinburgh via Rangoon
High St). In the example below, we start with the elements Carbon(s) and Oxygen(g), and we
finish with Carbon Dioxide(g); but, we know from Hess’ Law that (in energy terms) it does not
matter which route we use to go from the Starting point to the Finishing point – we can choose to
go direct to Carbon Dioxide or we can go via Carbon Monoxide! Let us draw the cycle and see
how it works! However, please make sure that you understand that
• C (s) + ½ O2 (g) ––> CO (g), and this gives you the ∆Hf of CO (g) but NOT ∆Hc of C (s) 20
• C (s) + O2 (g) ––> CO2 (g), and this gives you the ∆Hf of CO2 (g) AND the ∆Hc of C (s)
• CO (g) + ½ O2 (g) ––> CO2 (g) and this gives you the ∆Hc of CO (g) but NOT the ∆Hf of CO2 (g).

>

London
C (s) + O 2 (g)

(A) = ∆H f of CO2 (g) = ∆Hc of C (s)
(single direct route)
––––––––––––––––––––––––––––––––––––––––––––––> Edinburgh
CO2 (g)

(B) = ∆H f of CO (g)

(C) = ∆Hc of CO (g)
>

CO (g) + 1 O 2 (g)
2
[via Rangoon High Street]

• I like to label the amounts of energy involved in the different routes as (A)/(B)/(C)/etc, and then
use these labels because this reduces enormously the amount of writing that has to be done! The
amounts of energy involved in the routes (A), (B), and (C) are
(A) =
∆Hf of CO2 (g) = ∆Hc of Carbon (s)
= -394 kJ mol–1
(B) =
∆Hf of CO (g)
= X kJ mol–1
(C) =
∆Hc of CO (g)
= -283 kJ mol–1
• Hess’ Law says that the energy involved in (A) is exactly the same as the energy involved in (B) +
(C), therefore we can write the following equation
A =
B
+
C, therefore
B =
A
C, therefore
B =
[ -394 - ( -283 ) ] kJ mol–1
B =
-394 + 283
kJ mol–1
Therefore the ∆Hf of Carbon Monoxide (g) = B = -111 kJ mol–1

20

...... because for a ∆Hc the substance must be combusted in an excess of Oxygen, and CO(g) is formed only when there is
an insufficient supply of Oxygen!
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• Actually, there really is no difference at all between using a Hess’ Cycle, and using an Enthalpy
Profile Diagram, because the two are merely different visual ways of presenting the same truth. I
myself prefer to use a Hess’ Cycle because it is MUCH easier to draw a Hess’ Cycle – but you
must be able to use both an Enthalpy Profile diagram and a Hess’ Cycle (because you could be
given either of them in the exam)!
• Interestingly, we could have started with the ∆H that we wanted to solve, and then constructed a
Hess’ cycle around that equation viz.
(A) = ∆H c of CO (g)
C (s) + O 2 (g)

––––––––––––––––––––––––––––––––––––––––––––––> CO (g) + 1 O2 (g)
2

(B) = ∆H c of C (s)

(C) = ∆H c of CO (g)

>

>
CO (g)
2

• Now look for a single direct route that equals an indirect route, and in this cycle it is B = A +
C, therefore A = B – C , therefore the numerical value for A can be ascertained by putting in the
appropriate values for B and C.
• For your First Year ‘A’ Level, you are very often given two sorts of Hess’ cycle to draw
a) ones that involve ∆Hs of Combustion, and
b) ones that involve ∆Hs of Formation
and I’ll give you a little hint – when ∆H of Combustion is involved, draw both the side arrows
downwards, and when ∆H of Formation is involved both the side arrows go upwards and please
always remember that for a ∆H of Formation you MUST use the CONSTITUENT
ELEMENTS IN THEIR STANDARD STATES. (Please re-read note 5 on page 7.) If you put
in anything that is not a constituent element into the part from which the FORMATION
arrows commence, then all your subsequent effort will be wasted because you will then end
up with the wrong answer.
OK, let us do an example of each one (viz. Formation and Combustion calculations).
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An example involving ∆H of Formation (Q1, OCR HFHF exam paper, 4th June 2001)
Question

Find the ∆Hr of CH4 (g) + 2H2O (l) ––> CO2 (g) + 4H2 (g) given that
∆Hf of CH4 (g) = -75 kJ mol–1, and ∆Hf of H2O (l) = -286 kJ mol–1
and ∆Hf of CO2 (g) = -394 kJ mol–1.

Answer : Since we are dealing with ∆Hs of Formation, we must introduce the constituent
ELEMENTS of the substances being formed i.e. Carbon/Hydrogen/and Oxygen (and
both the side arrows will go upwards).
A = ∆H r
––––––––––––––––––––––––––––––––––> CO 2 (g) + 4H2 (g)

>

>

CH 4 (g) + 2H 2 O (l)

C

B
C (s) + 4H 2 (g) + O2 (g)

• C = ∆Hf of CH4 (g) + 2[∆Hf of H2O (l)] = { -75 + 2[ -286 ] } kJ mol–1 = -647 kJ mol–1
and B = ∆Hf of CO2 (g) = -394 kJ mol–1 [for (B), at the top RH corner the 4H2 (g) has not been
altered therefore we can ignore it because no change in Enthalpy is involved].
• If this grid is considered to be a map of directions from one place to another, then the single direct
route will equal the multiple indirect rote, and by looking at the arrows we can see that
B = C + A , therefore
A = B - C , therefore
A = -394 - { -647 }
kJ mol–1
A = -394 + 647
kJ mol–1
A =
+253
kJ mol–1

Example involving ∆H of Combustion (Q2, HFHF exam paper, 4th June 2001)
Question

Find the ∆Hr of 3C2H2 (g) ––> C6H6 (g) given that
∆Hc of C2H2 (g) = -1301 kJ mol–1, and ∆Hc of C6H6 (g) = -3267 kJ mol–1.

Answer : Since we are dealing with ∆Hs of Combustion, we must put down the products
formed by the combustion of the given substances (NB every single Hydrocarbon
compound that is combusted in excess Oxygen will form Carbon Dioxide and Water)
– and the side arrows will go downwards.

(Ethyne)

A = ∆Hr
3C2 H 2 (g) ––––––––––––––––––––––––––––––––––––> C 6 H 6 (g)

+ nO2 (g)

C

B

+ nO2 (g)

>

>

6CO2 (g) + 3H2O (l)

(Benzene)

“nO2 (g)” because both Ethyne and Benzene are being combusted in an excess of Oxygen
therefore we want to start with more than we need of O2 (g)
B = ∆Hc of C6H6 (g)
= -3267 kJ mol–1, and
C = 3[∆Hc of C2H2 (g)]
= 3(-1301) kJ mol–1 = -3903 kJ mol–1, and
we can ignore the size of ‘n’ in nO2 (g) because 3C2H2 has the same number of C and H atoms as
the C6H6 therefore the same amount of Oxygen must be used up in combusting each substance.
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• The grid is now a map of directions from one place to another, and the single direct route must
equal the multiple indirect route, and by looking at the arrows we can see that
C = A + B , therefore
A = C - B , therefore
A = -3903 - ( -3267)
kJ mol–1
A = -3903 + 3267
kJ mol–1
A =
-636
kJ mol–1
• There was a question on the OCR exam paper of 29th May 2002, which the examiners set out in a
very misleading manner!), so I will deal with it here so that you can see that even when
examiners do something that they really ought not to, then you can still deal with their ‘errors’.
THAT is the beauty of Hess’ Cycles – they really are very simple/lovely/ forgiving things to play
with.
• This is exactly how Q 2(c) in the OCR HFHF paper of the 29th of May 2002 was set out :

∆H = -82 kJ mol

∆Hr
–––––––––––––––––––––––––––––> H2O (l) + CaCO 3 (s)

>

Ca (OH)2 (s) + CO 2 (g)
-1

∆H = +178 kJ mol

-1

>

CaO (s) + H 2O (l) + CO 2 (g)

and, as you can see, the question as it is set out is very misleading because the whole point of a
Hess’ Cycle is that Herr Hess said that it did not matter which of a number of alternative routes
you take to perform a reaction, the change in Enthalpy will always be exactly the same,
provided that the starting points and the finishing points are identical in each case.
• However, as you can see, there are no starting points and no finishing points in this grid
therefore there are no alternative routes in the grid above – the whole thing just goes round and
round in a circle – and the way that the question is worded invalidates the point that Herr/Mr
Hess was making. This is a CIRCLE and NOT a CYCLE! The point of a good exam question is
NOT to trick students into panicking when they are already in a state of high nervous anxiety, but
to probe their knowledge gently and calmly to try to see whether they understand the syllabus that
they have been taught by getting them to apply that knowledge – and the question as it was set
was therefore a badly worded (and indeed, a VERY badly worded) question. Let me show you the
solution!
• I hope that from what I have taught you about Enthalpy Profile Diagrams, you will be able to see
that when looking at two reactions that are the reverse of each other, then if
H2O (l) + CaCO3 (s) –––> CaO (s) + H2O (l) + CO2 (g) ; ∆H = +178 kJ mol–1
i.e. the net amount of energy required/consumed to go down the right edge of the triangle above
= +178 kJ mol–1 , then
H2O (l) + CaCO3 (s) <––– CaO (s) + H2O (l) + CO2 (g) ; ∆H = -178 kJ mol–1
i.e. the amount of energy released to execute the reverse reaction = –178 kJ mol–1.
• Therefore we can now restate the grid in the exam question as
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∆H = -82 kJ mol

-1

∆Hr
–––––––––––––––––––––––––––––> H2O (l) + CaCO 3 (s)
A
>

>

Ca (OH)2 (s) + CO 2 (g)

C

B

∆H = -178 kJ mol

-1

CaO (s) + H 2O (l) + CO 2 (g)

and now you have a perfectly legitimate Hess’ Cycle where there are two alternative routes
from one place to another. The single direct route will equal the multiple indirect route, therefore
B = C + A, therefore
A = B - C, therefore
A = -178 - (-82)
kJ mol–1
A = -178 + 82
kJ mol–1
A = -96
kJ mol–1
• OK, here is a piece of advice – if you ever, see something that throws you in an exam, then
remain calm and just use the knowledge that you possess to think through and solve the problem.

A FEW MORE EXAMPLES OF HESS’ CYCLES
• Let me do a few more examples of Hess cycles for you.
Situation 1 e.g. the ∆Hf of CO
C (s) + O 2 (g)

(A) = ∆H f of CO 2 = ∆H c of C (s)
––––––––––––––––––––––––––––––––––––> CO2 (g)
>

•

(B) = ∆H f of CO (g)

(C) = ∆Hc of CO (g)
>

CO (g) + 1 O2 (g)
2

This is the same as the example as that on page 20, and now you can see how easy Hess’ cycles
make things.
(A) =
∆Hf of CO2 (g) = -394 kJ mol–1 = ∆Hc of Carbon (s)
(B) =
∆Hf of CO (g) = X kJ mol–1
(where X is unknown)
(C) =
∆Hc of CO (g) = -283 kJ mol–1
• Hess’ Law says that the energy involved in (A) is exactly the same as the energy involved in (B) +
(C), therefore we can write the following equation
A =
B
+
C, therefore
B =
A
C, and
B =
[ -394 - ( -283 ) ] kJ mol–1
B (the ∆Hf of Carbon Monoxide) = -111 kJ mol–1
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• Situation 2 e.g. the ∆Hf of Methane

A
–––––––––––––––––––––––––––––––––> CH 4(g)

∆H f of Methane = C (s) + 2H2 (g)
C

>

>

+n O2 (g)

B + nO2 (g)

CO 2 (g) + 2H 2 O (l)
A = ∆Hf of Methane ; B = ∆Hc of Methane; and C = ∆Hc of Carbon + 2 x [∆Hc of H2 (g) = ∆Hf of Water]
and each of these numbers can be looked up in any good data book (e.g. Stark & Wallace). By
definition, the same amount of Oxygen must be involved on each side, therefore we do not need to
worry about the size of n in “nO2”.

• The arrows tell you that C = A + B, therefore A = C - B.
B = ∆Hc of Methane = - 891 kJ mol–1
C = ∆Hc of Carbon
+ 2 x [∆Hc of H2 (g) = ∆Hf of Water]21
–1
= - 394 kJ mol
+ (2 x - 286 kJ mol–1)
= [- 394 + (- 572)] kJ mol–1
= - 966 kJ mol–1
Therefore, A = ∆Hf of Methane = C - B = [- 966 - ( - 891) ] kJ mol–1 = - 75 kJ mol–1
• Situation 3 e.g. the ∆H of the complete dissociation of Methane
(NOT necessary for your First Year, but you will shortly see why I have included it)

>

>

Please note carefully the difference in the states of all the different substances, and that I have
written four H atoms, 4H (g), i.e. FOUR gaseous H atoms on the RHS of the equation (because we
are talking about the dissociation of Methane.
A
∆H d of Methane = CH 4 (g) –––––––––––––––––––––––––––––––––––> C (g) + 4H (g)
C

B
C (s) + 2H 2 (g)

A = ∆H dissociation of Methane into gaseous ATOMS of Carbon and Hydrogen
B = ∆H Atomisation of Carbon + 4 (∆H Atomisation of Hydrogen22), and
C = ∆Hf of Methane.
The arrows tell you that B = C + A , therefore A = B - C.
B = ∆H Atomisation of Carbon i.e. C (s) ––> C (g)
+ 4 [∆H Atomisation of Hydrogen i.e. for ½ H2 (g) ––> H (g)]
= 715.0 kJ mol–1 + 4 x ( 218.0 kJ mol–1 ) = (715.0 + 872.0 ) kJ mol–1 = 1587.0 kJ mol–1
C = ∆Hf of Methane = - 74.8.0 kJ mol–1
Therefore, A = ∆H dissociation of Methane = [1587.0 - (- 74.8)] kJ mol–1 = 1661.8 kJ mol–1
21

“∆Hc of H2(g) = ∆Hf of Water” is a very useful identity.
Please note very carefully that here we are using FOUR TIMES the ∆H of Atomisation of just one Hydrogen atom!
∆Hat = the amount of energy involved in breaking an H–H bond to convert half of an Hydrogen molecule into ONE
GASEOUS HYDROGEN ATOM i.e. to obtain just one H (g).
22
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NB This is the energy required to break all four C–H bonds in CH4 (g), therefore the
Bond Energy Term (the Average Bond Enthalpy) = [(1661.8) ÷ 4] kJ mol–1 = 415.5 kJ mol–1.
NB The Bond Energy Term! Now are you beginning to see how the different things that you have
been learning all fit together! (If you need to refresh your memory about either the Bond
Energy Term or the Average Bond Enthalpy of Methane, then please go back and look at page
17.)

The relationship between ∆Hf and ∆Hr
• This next question used to be a typical question in the exam (again taken from the excellent
ILPAC book) – but now that the exam has been shortened, the examiners tend not to ask quite
such a difficult question (but it is NOT that difficult at all) – but I suspect that in future years the
examiners will have to reintroduce questions of this difficulty in order for our Universities/
prospective employers to be able to distinguish good candidates from very good candidates and
very good candidates from outstanding ones.
Question
“Given

N2 (g) + 2O2 (g) ––> 2NO2 (g) where
N2 (g) + 2O2 (g) ––> N2O4 (g) where
calculate ∆H for 2NO2 (g) ––> N2O4 (g) .

∆Hf of NO2 (g) = + 16.6 kJ mol–1, and
∆Hf of N2O4 (g) = + 9.2 kJ mol–1, then

• Answer
• In this example, we do not need to look up the relevant data in the data book because it has already
been provided.
(A) = ∆H f of N2 O4 (g)

>

N (g) + 2O (g) ––––––––––––––––––––––––––––––––––––––––––> N 2 O 4 (g)
2
2
(B) = 2 x ∆H f of NO 2 (g)

(C) = ∆H r

>

2NO2 (g)

• From the Hess’ Cycle, we can see that A = B + C, therefore
C = A - B = [ + 9.2 - (2 x 16.6) ] kJ mol–1
= - 24.0 kJ mol–1
[The negative sign indicates that this is an exhothermic reaction.]
• In your Second Year you could encounter either Hess’ Cycles or Born-Haber diagrams that have
six or seven steps in them (for differing amounts of Ionisation Energies), but that just makes them
more difficult purely because they are more involved and NOT because there is anything
intrinsically more complicated in them. ALL Hess’ Cycles and Born-Haber diagrams are solved
by exactly the same logical steps. There is nothing more to them, and that is why I love Hess’
Cycles/Born-Haber diagrams. Once you have learnt the principles underlying their resolution, then
in theory you can solve any Hess’ Cycle/Born-Haber diagram no matter how involved it may be!
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• That’s it! That is all that you are required to know for this Section. However, the examiners may
ask you to define certain terms in this Section, therefore on the next page I repeat the definitions
that I gave you earlier on.
NB

“The Standard Enthalpy Change” = The change in Enthalpy under Standard Conditions.

NB In your First Year exams the three things I would urge you to remember are
1 Draw in your arrows and then label your arrows A/B/C and then first of all look for the
direct route from (so to speak) London to Edinburgh, and then look for the indirect route
(via Manchester/ Rangoon High St/wherever) and you then know that B = A + C (or
however you have labelled it).
2 In 90% of the questions asked, you can simplify two out of the three reactions as being either
∆HC of Combustion reactions or ∆Hf of Formation reactions. For ∆HC of Combustion
reactions your two arrows will go downwards, while for ∆Hf of Formation reactions your two
reaction arrow will go upwards from the CONSTITUENT ELEMENTS IN THEIR
STANDARD STATES.
3 ∆Hs must always be for ONE MOLE of the substance being combusted or for ONE MOLE
of the substances being formed. Therefore if kilojoules of energy given/required are for more
than one mole, then you have to multiply the figures given for the appropriate number of
moles required. For example, in the example at the top of this page you were given the ∆Hf of
NO2 (g) but two moles of NO2 (g) were involved (therefore you had to multiply the given
number of kJ mol–1 by 2)!
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The Standard Enthalpy change of FORMATION, ∆Hf
• The Standard Enthalpy change of FORMATION is the net amount of energy involved when one
mole of the substance under consideration is formed (under standard conditions23) from its
CONSTITUENT ELEMENTS (I’ll say that again, elements!) when they are ALL are in their
standard states. Please note that although the reaction equation below is correct, it does not give
the ∆Hf of SO3 (g)
the ∆Hf of SO3 (g) is NOT given by SO2 (g) + ½ O2(g) ––> SO3 (g)
because SO2 is NOT an ELEMENT (it is a compound).
• The correct statement is S (s) + 3 O2 (g) ––> SO3 (g) ;
2
because S and O ARE the constituent ELEMENTS of SO3 .

∆Hf of SO3 (g)

• Both the reaction equations above are correct, but only one of them expresses the ∆Hf of SO3 (g).

The Standard Enthalpy change of COMBUSTION, ∆Hc
• The Standard Enthalpy change of COMBUSTION is the net amount of energy involved (i.e.
released) when one mole of the substance under consideration in its standard state is combusted
completely in Oxygen under standard conditions.
e.g. CH4 (g) + 2O2 (g) ––> CO2 (g) + 2H2O (l)

;

∆Hc of CH4 (g)

The Standard Enthalpy change of a Reaction, ∆Hr
• The Standard Enthalpy change of Reaction is the amount of energy involved when the substances
in the reaction equation react in the states shown and in the mole ratios shown (under standard
conditions).
e.g. aA (aq) + bB (s) + cC (l) ––> dD (s) + eE(g) ; ∆Hr = x kJ mol–1
NB The figures given in the exam data booklet do not have a sign therefore please remember that
To BREAK a bond requires energy, therefore bond breaking requires a positive sign.
Bond FORMATION releases energy, therefore bond formation requires a negative sign.

23

Standard conditions = 1 atm of pressure / 298K / all concentrations at 1 mol dm–3, and all substances in their Standard
States under these conditions.
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