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Thermodynamic Terms ,

Your notes

Defining Thermodynamic Terms

Thermodynamics is the branch of physical chemistry concerned with heat energy,
temperature, and energy changesin chemical and physical processes

Energy cycles, such as Born-Haber cycles, are diagrams used to represent enthalpy
changes forionic compounds using Hess’s Law

To understand these cycles, you must know the definitions of several key enthalpy
changes

The enthalpy change (AH) is the heat energy transferred during areaction at constant
pressure

Key enthalpy definitions include:
= Enthalpy of formation
= |onisation energy
= Enthalpy of atomisation
= Bondenthalpy

= Electron affinity

Enthalpy of formation

The standard enthalpy of formation (A¢H=) is the enthalpy change when one mole of a
compound is formed fromits elements in their standard states under standard
conditions

In this specification, standard conditions are 298 K and a pressure of 100 kPa

The value of AsH= can be positive (endothermic) or negative (exothermic), depending
on the balance between bond breaking and bond formation during the reaction

An equation must show the formation of exactly one mole of the compound fromits
elementsin their standard states

Forexample, the standard enthalpy of formation of sodium chlorideis:
Na(s) + 2Cl, (g) — NaCl (s) A¢H= = -411kJmol !
The enthalpy of formation applies only to compounds

= By definition, the standard enthalpy of formation of an elementinits standard state
iszero

lonisation energy

The ionisation energy of an element is the amount of energy required to remove an
electron from a gaseous atom of an element to form a gaseous ion under standard
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conditions ,
lonisation enthalpy is always endothermic, as energy is needed to overcome the
attraction between an electron and the nucleus Your notes

The first ionisation energy is the energy required to remove one mole of electrons from
one mole of gaseous atoms of an element to form one mole of gaseous 1+ ions

= E.g., the firstionisation energy of gaseous sodium:
Na(g)—Na*(g)+e~ AHZ==+500kJ)mol!

Enthalpy of atomisation

The standard enthalpy of atomisationis the enthalpy change when one mole of
gaseous atoms is formed from an element inits standard state under standard
conditions

Atomisationis always endothermic because energyis required to break the bonds
holding the atoms togetherin the element

= Therefore, AH= always has a positive value
An equation for atomisation must show the formation of one mole of gaseous atoms

Forexample, sodiumis asolidinits standard state. Its standard enthalpy of atomisation
is:

Na(s)—>Na(g) AH==+108kJmol"!

This represents the energy required to form one mole of gaseous sodium atoms from
solid sodium

o

Worked Example

Writing equations for the standard enthalpy of atomisation

Write down the equations for the standard enthalpy of atomisation (AH=) for:
(i) Potassium

(ii) Mercury

Answer

Answer 1: Potassiuminits elemental formis a solid, therefore the standard enthalpy
of atomisationis the energy required to form 1 mole of K(g) from K(s)

K(s) — K(9)

Answer 2: Mercury inits elemental formis a liquid, so the standard enthalpy change of
atomisation of mercury is the energy required to form 1 mole of Hg(g) from Hg(l)

Hg(l) - Hg(9g)

L
Bond enthalpy
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Bond enthalpy (also called bond dissociation enthalpy) is the energy required to break ,
one mole of a specific covalent bondin the gaseous state

Your notes
Itis usually represented as E(bond), for example:
= E(H-H)is the bond enthalpy of one mole of H-Hbonds

Bond enthalpy values are always quoted as positive because breakingbondsis an
endothermic process

When considering bond formation, the same value is used but with a negative sign, since
bond formation is exothermic

Forexample, chlorine exists as Cly (g).
= The bond enthalpy of chlorineis:
Cla(g9) > 2Cl(g) E(CI-CI) = +242kJmol -

This looks similar to the atomisation enthalpy of chlorine, but there is animportant
difference

Bond enthalpy refers to breaking one mole of bonds

= Atomisation enthalpy refers to the formation of one mole of gaseous atoms

= Therefore, the atomisation enthalpy of chlorine is half the bond enthalpy:
%Cla(g) — Cl(g) AH== +121kJmol-!

If anelementis aliquidinits standard state, its atomisation enthalpy would also include
the enthalpy of vaporisation before bond breaking occurs

Enthalpy of Lattice Formation and Dissociation

Lattice enthalpy can be defined either as lattice formation enthalpy or lattice
dissociation enthalpy

Because strong electrostatic attractions form between oppositely chargedionsin the
solid lattice, alarge amount of energy is released

= Therefore, the enthalpy of lattice formationis exothermic and has alarge negative
value

= Thelarge negative value indicates that the ionic lattice is much more stable than the
separated gaseousions

= |nthe gasphase, theions are farapart, and there are no strong electrostatic
attractions between them

The more exothermic the lattice enthalpy, the stronger the ionic bonding in the lattice
Lattice enthalpy cannot be measured directly in a single experiment

= |nstead,itis determinedindirectly using a Born-Haber cycle and other
experimentally measured enthalpy changes

Forexample, for sodium chloride:
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Na*(g) + CI-(g) »NaCl(s) AH== -776 k) mol-!

This equation represents the enthalpy change when one mole of solid sodium chloride is
formed fromits gaseousions

o

Worked Example

Writing equations for lattice energy

Write down the equations that represent the enthalpy of lattice formation for:
(i) magnesium oxide

(i) lithium chloride

Answer

Answer 1: Mg+ (g) + O2- (g) - MgO (s)

Answer 2: Li* (g) + Cl-(g) — LiCl(s)

\
Electron Affinity

The electron affinity of an element is the enthalpy change when one mole of electrons is
added to one mole of gaseous atoms to form one mole of gaseous negative ions under
standard conditions

Forexample, the first electron affinity of chlorine is:
Cl(g)+e"—Cl"(g) AH==-364kJmol-!

The first electron affinity is usually exothermic because energy is released when an
electronis attracted to the positively charged nucleus of a gaseous atom

However, the second electron affinity is always endothermic
= Forexample, for oxygen:
O-(g)+e~—02-(g) AH==+844k)mol-!

Thisis because energy must be supplied to overcome the electrostatic repulsion
between the negatively chargedion and the incoming electron

o

Examiner Tips and Tricks

Make sure the correct state symbols are stated when writing these equations - you
must use these correctly throughout this entire topic.

4

Your notes
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Born-Haber Cycles 4

Your notes

Constructing Born-Haber Cycles

= ABorn-Haber cycleis a specific application of Hess’s Law used forionic compounds. It
allows the calculation of lattice enthalpy, which cannot be measured directly by
experiment

= The basic principle of constructing the cycle is to draw a diagram in which energy

increases upwards
AN
ENDOTHERMIC REACTIONS GO
UP - THE ENERGY OF THE
SUBSTANCES INCREASES
ENERGY

EXOTHERMIC REACTIONS GO
DOWN — THE ENERGY OF THE
SUBSTANCES DECREASES

The energy flows in a Born-Haber cycle

= The cycle shows all the enthalpy changes required to convert elementsinto gaseous
ions and then form the ionic lattice from those ions

= The alternative route to the ionic lattice starts from the enthalpy of formation of the
compound fromits elements in their standard states

Drawing the cycle for sodium chloride

= Agoodstarting pointis to draw the elements, with their state symbols, about one-third
of the way up the diagram

= These appearon the left-hand side of the equation for the process being represented

= This positionis marked by a horizontal line, which represents the starting energy level
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i THE GASEOUS IONS ,
WILL BE HERE Your notes

Na(s) + 5Cly(g)

THE IONIC SOLID
WILL BE HERE

The first step in drawing a Born-Haber cycle

= Next, the gaseousions must be formed

= Thisoccursintwo steps: first, gaseous atoms are produced, and then these atoms are
convertedintoions

= Theformation of gaseous atoms involves bond breaking, so these steps are
represented by arrows drawn upwards on the diagram

= |tdoesnot matter whether sodium or chlorine is considered first
= The enthalpy of atomisation of sodiumis:

Na(s)—>Na(g) AHa: = +108kJmol!
= The enthalpy of atomisation of chlorine is

1%2Cla (g) > Cl(g) AHa: = +121kJmol !

= The products of each step are shown on horizontal lines, with the enthalpy change
written next to the vertical arrow connecting the energy levels

O
Na(g) + Cl(g)

+ 121

Nalg) + %Clz(g)

+ 108

Nals) + %Clz(g)

U

The second step in a Born-Haber cycle - creating the gaseous atoms
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= Next, the gaseousions are formed ,

= The sodiumatom loses an electron, so this energy change corresponds to the first Your notes
ionisation energy of sodium:

Na(g) »Na*(g)+e~  AHje==+500kJ)mol-!
= Thisprocessis endothermic, so the arrow is drawn upwards on the diagram
= The chlorine atom gains an electron, whichis the electron affinity of chlorine:
Cl(g)+e"—Cl(g) AHes™=-364k)mol-!
= This changeis exothermic, so the arrow is drawn downwards

= The electron affinity step is often displaced to the right on the diagram to improve clarity
and avoid overlapping arrows

O
Na*(g) + Clg) + e-

+ 500 _ 364

Nal(g) + Cl(g)

Na*(g) + Cl™(g)

+ 121

2

Nal(g) + >

Cl,(g)

+ 108

Na(s) + 5Cly(g)

Third step in a Born-Haber cycle step- creating the gaseous ions

= Thetworemaining parts of the cycle can now be completed.

= The enthalpy of formation of sodium chloride is added at the bottom of the diagram:
Na(s) + %2Cla(g) > NaCl(s)  AHf = -411kJmol !

= Thisis an exothermic change for sodium chloride, so the arrow is drawn downwards

= Enthalpy of formation can be either exothermic orendothermic. If itis endothermic, the
arrow must be drawn upwards and is often displaced to the right of the diagram for
clarity

= The final stepis the lattice enthalpy, which can be shown as the enthalpy change for
lattice formation or dissociation

= Forsodium chloride, the formation equationis:

Na*(g) + ClI (g) — NaCl (s) AHjat+
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o 4
Na*(g) + Cl(g) + e~

Your notes

+ 500 364

Nalg + Cl(g)

Na*(g) + Cl™(g)

+ 121

2

Nal(g) + >

Cl,(g)

+ 108

’|_ Aqutt

Nal(s) + >

Cl,(g)

- 41

NaCl (s)

Fourth step in a Born-Haber cycle - completing the cycle

The cycle is now complete

Itis most commonly used to calculate the lattice enthalpy of anionic solid, butit can also
be used to determine other enthalpy changes if the lattice enthalpy is known

o

Examiner Tips and Tricks

Lattice enthalpy can be defined as either the enthalpy of lattice dissociation or the
enthalpy of lattice formation.

Lattice dissociationis abond-breaking process, so the equation always shows the
ionic solid changinginto the gaseousionsin an endothermic reaction:

NaCl(s) — Na*(g) + CI(g) AHja¢t= = +ve

Lattice formationis bond forming, so gaesousions change into the ionic solidinan
exothermic reaction

Na*(g) + ClI"(g) — NaCl(s) AHjat= =-ve

Examiners use both processes in past paper questions.

o

Worked Example

1’ SaveMyExams © 2026 Save My Exams, Ltd.  Get more and ace your exams at savemyexams.com


https://www.savemyexams.com/?utm_source=pdf

potassium chloride.

Construct a Born-Haber Cycle which can be used to calculate the lattice energy of

Step Equation Enthalpy Change
Convert Kis)atoms into K(g) atoms K = K A HY
at
Convert Ky atomsinto K*)ions - K+ -
(9) (9 K (@) K (@*€ IEI st
Convert Clyg moleculesinto Clig atoms %Clyg = Clig) A HY
at
Convert Clg atomsinto Cl~(g)ions Clg+e = Cl( EA
9 9 Ist
Addup all values to get AHQI AHgl
] 0 0
Apply Hess's Lawto find A H' . AH o

Answer

| K*(g) + Clig) + o |

THE DIRECT AND INDIRECT
ROUTE START AT THE

SAME POINT ON THE CYCLE,
AND END AT THE SAME POINT
ON THE CYCLE

INDIRECT

e \D Kig) + Clig) | [ROUTE

| aHSucy | D Klg) + $CL(g) |

14
\ EA4
\_ K*g) + Cl () |J}

[DIRECT ROUTE|

| aHB | D Kis) + $Cly(a |

e by

& KClL(s) &

©
AHlatt

A DOWNWARD ARROW MEANS EXOTHERMIC.
AN UPWARD ARROW MEANS ENDOTHERMIC.

|akf | = (\ AHZK) |)+(| AHS(CL |)+(\ IE, |)+(| EA \)+(AHﬁm)

s aHEw = (‘ X ‘)—(‘ EA |)—(‘ IE, |)-(| AHSH(CD |)-(‘ AHSK) ‘)
(N _J

©
AHy

o

Worked Example

1, SaveMyExams
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Your notes
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Construct a Born-Haber Cycle which can be used to calculate the lattice energy of ,
magnesium oxide.

Your notes
Convert Mgs)atoms into Mg(g) atoms Mg = Mg AHeat
Convert Mg (g atoms into Mg* (g ions Mg = Mg*g+e" IElst
Convert Mg+ ions into Mg?*(g ions Mg* g = Mg (g+e IEan
Convert Oy moleculesinto O atoms %02(q) = O(g) AH@at
Convert Ogyatomsinto O~ (g)ions O@+e = O (g EA1
st

Convert O g)ionsinto 02'(g)ions O g+e = 02—(9) EAan
Addup all values to get AH91 AHalst
Apply Hess's Law to find AHOIM AHglatt
Answer

| Mg2* () + O(g) + 2e- | [Ng (@ + 0 1a)|
| |T Mg*(g) + Olg) + e-| ﬂ\ MgZ*(g) + OT(g) + e- |U

‘ IE, JT Mglg) + Ofg) i

| aHSO |T} Mglg) + 30,(g) |

©
aHpatt

\aHﬁﬁM@]T} Mgls) + 10,(g) \

aH L MgO(s) ]!

AH? = (AHgt(MQ)) ar (AHqt(O}) + (|E4 ar ( ) (EA']) (EAz) + (AHLeqtt)

|
. AHﬁm=(AH‘?) (EAq) (EAz) (IEq) ( ) (AHqt(Mg)) (AHgt(O))

)

G
AHY

o

Examiner Tips and Tricks
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When constructing Born-Haber cycles, the direction of each enthalpy change is ,
important, but the relative size of the steps does not matter. Do not worry if the steps
do notrefiect the actual magnitudes of the energy changes. Your notes

You do not need toinclude an energy axis on a Born-Haber cycle. However, you must
show the electron(s) in the ionisation step, as omitting them may result in the loss of
marks.

1’ SaveMyExams © 2026 Save My Exams, Ltd. ~ Get more and ace your exams at savemyexams.com 12



https://www.savemyexams.com/?utm_source=pdf

Born-Haber Calculations ,

Your notes

Calculations Using Born-Haber Cycles

= Once aBorn-Habercycle has been constructed, itis possible to calculate the lattice

energy (AH,.+¢5) by applying Hess’s law and rearranging:

AHF = AH,¢= + AHae + IE + EA + AHpaee

= |f we simplify thisinto three terms, this makes the equation easier to see:
- AHlattg
= AHF

» AH7 (the sum of all of the various enthalpy changes necessary to convert the
elementsin their standard states to gaseousions)

= The simplified equationbecomes
AHF = AHy® + AHjae™
So, if werearrange to calculate the lattice energy, the equationbecomes
AHjate™ = AHf - AHy®
» When calculating the AH,4:+=, all other necessary values will be given in the question
= ABorn-Habercycle could be used to calculate any stage in the cycle

= Forexample, you could be given the lattice energy and asked to calculate the
enthalpy change of formation of the ionic compound

= The principle would be exactly the same

= Work out the direct and indirect route of the cycle (the stage that you are being
asked to calculate will always be the direct route)

= Write out the equationin terms of enthalpy changes and rearrange if necessary to
calculate the required value

= Remember: sometimes avalue may need to be doubled orhalved, depending on the
ionic solid involved

= Forexample, with MgCl; the value for the first electron affinity of chlorine would
needto be doubledin the calculation, because there are two moles of chlorine
atoms

= Therefore, you are adding 2 moles of electrons to 2 moles of chlorine atoms, to form
2moles of Cl"ions

o

Worked Example

1’ SaveMyExams © 2026 Save My Exams, Ltd.  Get more and ace your exams at savemyexams.com
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Calculating the lattice energy of KCIGiven the data below, calculate the AH ¢+~ of /
potassium chloride (KCJ)

Your notes
AHft(kJ mol™™ IE/EA (kJ mol™™
K +90 +418
ClL +122 —349

aH$ (kd mol™

KCL —437

Answer

Step 1: The corresponding Born-Haber cycleis:

THE DIRECT AND INDIRECT
ROUTE START AT THE

SAME POINT ON THE CYCLE,
AND END AT THE SAME POINT
ON THE CYCLE

| K*(g) + Clig) + o |
- _

_ EA4
| Kig) + Clig) | K*g) + Cl(g | b

|IE1‘

U
O

| abSucn | || kg + Scita |
O

©
AHlatt

| abg | [ ks + Jeia |
M

abg | I KCL(s) | i)

A DOWNWARD ARROW MEANS EXOTHERMIC.
AN UPWARD ARROW MEANS ENDOTHERMIC.

[arg ] = (\ AHRK) |)+(| AHR(CD |)+(\ IE, |)+(| EA D+(AHﬁm)

- aHigtr = (‘ aHy ‘)—(‘ EA4 |)—(‘ IE, |)—(| AHS(CD |)-(‘ 2HS(K) D
< )

©
AH;

Step 2: Applying Hess’ law, the lattice energy of KClis:

AH,,. = DHE - AHE
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DHjatt= = AHF - [(AHa¢= K) + (AHa¢= Cl) + (IE;K) + (EA; CI)] ,
Step 3: Substitute in the numbers: Your notes

AHjat= = (-437) - [(+90) + (+122) + (+418) + (-349)] = -718 k) mol !

o

Worked Example

Calculating the lattice energy of MgOGiven the data below, calculate the of AH,=
magnesium oxide of magnesium oxide (MgO)

AR kI mol™  IE,/EA, (kimol™h  IE,ZEA, (kdmol ™

Mg +148 +736 +1450

o} +248 —142 +770

AHZ (kd mol™

MgO -602

Answer

Step 1: The corresponding Born-Haber cycle is:

| Mg2*(g) + Olg) + 2e-| ’m]
‘ Bz l T ‘ Mg*(g) + Ofg) + e'\ ﬂ| Mg*(g) + O7(g) + e~ |U

| JT\ Mglg) + Olg) |

| aHSO) |T\ Mg(g) + 30,0 |

o
AH[att

MH&:M;,:]T‘ Ma(s) + 30,(g) |

aH L MgO(s) |1

(e e o o)
=[] - o[-

D

AH? = (AHgt(Mg)) + (AHqt(O)) + (|E4

AH1
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4

Step 2: Applying Hess’ law, the lattice energy of MgO is:
Your notes

AHlatté = AHf§ - AH"§
DHjate= = AHF - [(AHa¢= Mg) + (AH,¢™ O) + (IEy Mg) + (IE2 Mg) + (EA; O) + (EA2 O)]

Step 3: Substitute inthe numbers:
AHpa¢= = (-602) - [(+148) + (+248) + (+736) + (+1450) + (-142) + (+770)]

= -3812kJ mol-!

o

Examiner Tips and Tricks
Make sure you use brackets when carrying out calculations using Born-Haber cycles
as you may forget a +/- sign which will affect your final answer!

16
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Comparing Lattice Enthalpies

4

Your notes

Comparing Lattice Enthalpies

How accurate are lattice enthalpies?

= |tispossible to calculate a theoretical value for the lattice enthalpy of anionic solid. To
do this you need to know

= the geometry of the ionic solid

= thecharge ontheions

= the distance betweentheions

= Thishasbeen calculated foranumber of ionic solids and allows a comparison between
theoretical lattice enthalpies and experimental lattice enthalpies obtained from Born-

Habercycles

Table comparing theoretical and experimental lattice enthalpies

Theoretical lattice

Experimental lattice

Substance enthalpy/kJ mol™* enthalpy/kJmol"' X difference
NaCl 769 790 2.7
ZnS 3427 3615 5.5

= You cansee from the table that there is quite close agreement between the two values
for the lattice enthalpy of sodium chloride

= The calculation of the theoretical value is based on an assumption that the substance is a
highly ionic compound with only electrostatic attraction between cations and anions

1, SaveMyExams
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The ionic model for sodium chloride ,

= However, the difference between theoretical and experimental lattice enthalpy Your notes
increases forzinc sulfide

= This suggests that the bondingis not purely ionic and some covalent characteris
present

= This canbe explained as follows:
= Zincis a smallerion with a greater charge(+2) than sodium(+1)

= Zincions attract electron density towards themselves, distorting the electron cloud
and making the bonding slightly covalent

= Sulfideions are largerions than chloride ions(-1) with a greater negative charge(-2)

= Theelectron cloud around sulfide ions is more easily distorted than in chloride ions
leading to further covalent character

+ — +
IONIC BONDING WITH SOME
COVALENT CHARACTER

IONIC BONDING

Covalent characterinionic compounds

= Asyoumove lefttoright across the period table the lattices becomelessionic and
more covalent leading to a discrepancy in the lattice enthalpy values

= Theresult of these analyses provides strong evidence that supports the ionic model for
some compounds like sodium chloride

=

Examiner Tips and Tricks

The distortion of the electron clouds is known as polarisation and illustrates that
bondingis not either pure ionic or covalent, but rather a continuum between the two
extremes.

\
Factors affecting lattice enthalpy

= The two key factors which affect lattice energy, AHj,¢+=, are the charge and radius of the
ions that make up the crystalline lattice

lonic radius

1’ SaveMyExams © 2026 Save My Exams, Ltd.  Get more and ace your exams at savemyexams.com
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= Thelattice energy becomes less exothermic as the ionic radius of the ionsincreases ,

= Thisis because the charge ontheionsis more spread out over the ion when the ions are Your notes
larger

= Theions are also further apart from each otherin the lattice

= The attraction betweenionsis between the centres of the ionsinvolved, so the
biggertheions the bigger the distance between the centre of theions

= Therefore, the electrostatic forces of attraction between the oppositely chargedions
inthe lattice are weaker

= Forexample, the lattice energy of caesium fluoride (CsF) is less exothermic than the
lattice energy of potassium fluoride (KF)

= Since both compounds contain a fluoride (F7) ion, the differenceinlattice energy
must be due to the caesium (Cs*)ionin CsF and potassium (K*)ionin KF

= Potassiumisa Group 1and Period 4 element
= Caesiumis aGroup 1and Period 6 element
= This meansthat the Cs*ionislarger than the K*ion

= There are weaker electrostatic forces of attraction betweenthe Cs*and F-ions
compared to K*and F-ions

= Asaresult, the lattice energy of CsFis less exothermic than that of KF

-1100
-1000
-900
-800-

—700

LATTICE ENTHALPY (kJ moL")
EE® ® o

—600

1 e ® & O

The lattice energies get less exothermic as the ionic radius of the ions increases
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lonic charge 4

= Thelattice energy gets more exothermic as the ionic charge of the ions increases Your notes
= The greatertheionic charge, the higher the charge density

= Thisresultsin stronger electrostatic attraction between the oppositely chargedionsin
the lattice

= Asaresult, the lattice energy is more exothermic

= Forexample, the lattice energy of calcium oxide (CaO) is more exothermic than the
lattice energy of potassium chloride (KCI)

= Calcium oxide is an ionic compound which consists of calcium (Ca2*) and oxide
(O?7)ions

= Potassium chloride is formed from potassium (K*) and chloride (CI") ions

= Theionsin calcium oxide have a greater ionic charge than the ions in potassium
chloride

= This means that the electrostatic forces of attraction are stronger between the Ca?*
and 0%~ compared to the forces between K* and CI-

= Therefore, the lattice energy of calcium oxide is more exothermic, as more energy is
released uponits formation fromits gaseousions

= Ca?*and O?" are also smallerions than K* and CI-, so this also adds to the value for
the lattice energy being more exothermic

1’ SaveMyExams © 2026 Save My Exams, Ltd.  Get more and ace your exams at savemyexams.com 20
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Enthalpy of Solution & Hydration 4

Your notes

Solution & Hydration
Enthalpy of solution

= The standard enthalpy change of solution (A HSOIB) is the enthalpy change that

occurs when one mole of anionic substance dissolves in sufficient water to form an
infinitely dilute solution

= The symbol(aq)isused to show that the substanceis dissolvedin alarge excess of
water

= Forexample, the enthalpy change of solution for potassium chloride can be represented
by either of the following equations:

KCI(s) + ag— KCl(aq)
OR
KCI(s) + ag— K*(aq) + Cl-(aq)

= The standard enthalpy change of solution can be exothermic (negative) orendothermic
(positive)

Enthalpy of hydration

= The standard enthalpy change of hydration (AthdH) is the enthalpy change when

one mole of a specified gaseousion dissolves in sufficient water to form an infinitely
dilute solution

= Forexample, the enthalpy change of hydration formagnesiumionsis represented
by the equation:

Mg?*(g) + aq— Mg?*(aq)

= Hydration enthalpies measure the energy released when attractions form betweenions
and water molecules

= These enthalpy changes are always exothermic
= When anionic solid dissolves in water, positive and negative ions are formed

= Wateris a polar molecule, with a - oxygen atom and &+ hydrogen atoms, which formion-
dipole attractions with the ionsin solution.

= The oxygenatoms are attracted to positive ions, while the hydrogen atoms are
attracted to negativeions
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The polar water molecules will form ion-dipole bonds

How are the enthalpies of solution and hydration related?

T g@e@
A P07 0

REVERSE [GASEOUS IONS HYDRATION
LATTICE ENTHALPY
ENTHALPY OF IONS

ENERGY @O® @ @

lLONlC LATTICE | MOLECULE

| HYDRATED IONS |

ENTHALPY %‘
- OF SOLUTION

The relationship between lattice enthalpy, hydration enthalpies and enthalpy of solution

= Fromthe diagram, we can see that the relationship is

4

Your notes
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Enthalpy of solution = reverse lattice enthalpy* + hydration enthalpy ,
The hydration enthalpy is the sum of the hydration enthalpies of eachion Your notes

If there is more than one cation oranion, such asin MgCl,, then you must multiply by the
appropriate coefficient for thation

o

Examiner Tips and Tricks

*This exam board uses the term 'lattice energy' for formation and dissolution in equal
measure, so the termreverse lattice enthalpy here means the reverse of lattice
formation enthalpy. It could also be termed lattice dissociation enthalpy here.

Calculating Enthalpy Changes

Questions on this topic often require you to calculate the hydration enthalpy of oneion,
given the lattice enthalpy, the enthalpy of solution, and the hydration enthalpy of the
otherion

This can be done by constructing an appropriate energy cycle and applying Hess’s Law
to determine the unknown enthalpy change

The energy cycle above shows that there are two possible routes from gaseousions to
ions in aqueous solution

= Route1(indirectroute): gaseousions — ionic solid — ions in aqueous solution
= Route 2 (directroute): gaseousions —ionsinaqueous solution

According to Hess’s Law, the total enthalpy change for bothroutes is the same, so:
0_ 0 0
A}Ibyd - AI—Ilatl‘ " AI{sol
Eachionwillhave its own enthalpy change of hydration, Athde, whichwillneed to be
takeninto account during calculations

» Thetotal AH_  Yisfoundbyaddingthe A H, fvalues of both anions and
hyd hyd

cations together

o

Worked Example

Calculate the enthalpy of hydration of the chloride ion, given the following data:

AH 9Kcy=-711k mol”
latt

AH 9Kcl=+26kimol
sol
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AH JFIK=-322 k) mol”! ,

Your notes
Answer

Step 1: Draw the energy cycle and make AHp,4= [CI] the subject of the formula:

e < © -
aHpg = Athd[K+] * aH,,4[CL 1 [EACH ION HAS AN INDIVIDUAL
aHes VALUE — YOU HYDRATE K*
ION AND CL~ ION SEPARATELY

©

DIRECT F——

K*lg) + Cl™lg) [ | K*(aq) + Cl(aq)

NDIRECT oM

aHpg = A [KCLD + aHg [KCLI
aHpg [KTT + aMp G ICTT = AHL, [KCLD + aHZ, [KCLD

“ aHp g ICUT = aAHpy [KCL] + aHgy [KCLI = aHy 4 (K]

Step 2: Substitute the values to find Athd9 [CI]

AH 9[CH =(71)+(+26) - (-322) = -363 k) mol-!
hyd

Alternative Diagram

= Youcanalsodraw aBorn-Haber cycle as an alternative approach to the same
problem
Energy level diagram:
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aHpg = aHp g IKY T+ aH 4 (CLT) ,

Your notes
|<+(g) + Cl(g)

-
2H g

|

KCl(s) >
- Athd

©

aH

sol

4| K*ag + Cliag [

K*(g) + Cl(g)
| |qunﬁ " . L
ROUTE m
{
e I [DIRECT ROUTE]

sol

! I k*taq + criag |1 !

aHpg = |aMpe [KCU| + | aHE,KCL

+ [aHp | = |aHp, Keu| + | aHE, kel |

SO... |aHpK']

o |abpgter] = [aHptket] + | aHgkel | — [aHp (K]

o

Worked Example

Construct an energy cycle to calculate the AHh 0 of magnesiumionsin

yd
magnesium chloride, given the following data:

0 _ -1
AHIatt [MgCly] = -2592 kJ mol

0 _ -1
AHSO] [MgCly] = -55 k) mol
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Orr-1- -1
Athd [CI"]=-363 k) mol ,

Your notes
Answer

Step 1: Draw an energy cycle:

< © © -
aHpg = aHyg (Mg?*] + 2aH;,4ICL' ] [ SINCE THERE ARE 2 MOLES OF
Cl”, THE HYDRATION ENTHALPY

(AHﬁyd) WILL BE DOUBLE

AHiyd S |

Mg2*(g) + 2C(g) SRECT ———b | Me**(aq) +(2C1 (aq)

=3
aHigg aH

sol

MgClL (s)

I\

AHT:yd =AMt [IMGCL,] + AHgy [MgCL,]

aHpyg Mg 1 + 2aHp 4 [CIT] = AH[, IMgCL,] + AMgy[MgCL,]

“ aMygIMg?*] = aHi [MaCl,] + aHg [MgCl,] = 2aH) 4(CLT]

Step 2: Substitute the values to find Athde [Mg?*]

A Hbde [Mg2+] =(-2592) + (-55) - (2 x-363) = 1921 kJ mol-!

Alternative solution

= Hereisthe same solution using a Born-Haber cycle

| Mg*(g) + 2CC(g) |

’— I -e 2+
_ IND|Rm | Mg?(ag) + 2¢C (g iyt Mo
aH g [MgClL,) ROUTE L T
I MgclLyte
I DIRECT ROUTE
| '

| Mg**(aq) + 2CCtaq | [

=4
AH:;czl.

[MgCl,]

S g3

Athn‘ = AH:]tt[MQClz] + aH_ [MgClL,]

sol

aHp 4IMg2*] + 2aH] ICI] =AMy, [MgCl,] + aHZ, [MgCly)

=4

aHp (IMg?*1 = aHp [MgCL] + aHZ [MgCL] — 2aMy [CI]
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( ,
o Your notes

Examiner Tips and Tricks

It does not matter whetheryou use Hess cycles or Born-Haber style cycles to solve
these problems, as long as the informationis correctly labelled and the arrow
directions match the definitions.

Exam questions in this topic often include diagrams with missing labels, which you
must complete before calculating unknown values.

The key to successin energy cycle calculations is to stay calm and work step by step:
label each enthalpy change carefully, show your working clearly, and use brackets to
separate mathematical operations from the enthalpy changes.
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Entropy

Entropy

= Youmay have wondered why it is that endothermic reactions occur at all, after all, what
can be the driving force behind endothermic reactions if the products end upinaless
stable, higher energy state?

= Although the majority of chemical reactions we experience everyday are exothermic,
AH= alone is not enough to explain why endothermic reactions occur

ENERGY /]

ENDOTHERMIC

““““ TRANSITION STATE

PRODUCTS

HIGHER IN ENERGY
aH (POSITIVE) HTHAN REACTANTS

REACTANTS

PROGRESS OF
REACTION

The driving force behind chemical reactions cannot be explained by enthalpy changes
alone as it makes not sense for chemical to end up in a less stable higher energy state in

= The answeris entropy

endothermic reactions

Chaosin the universe

= The entropy (S) of a given systemis the number of possible arrangements of the
particles and theirenergyin a given system

= |notherwords, itis ameasure of how disordered or chaotic a systemis

= \Whenasystem becomes more disordered, its entropy willincrease

= Anincreaseinentropy means that the system becomes energetically more stable

= Forexample, during the thermal decomposition of calcium carbonate (CaCO3) the
entropy of the systemincreases:

CaCOj3(s) — CaO(s) + CO2(g)

= |nthisdecompositionreaction, a gas molecule (CO»)is formed

1, SaveMyExams

4

Your notes
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= The CO3gas moleculeis more disordered than the solid reactant (CaCO3), asitis ,

constantly moving around
Your notes
= Asaresult, the systemhas become more disordered and there is anincrease in entropy

= Another typical example of a system that becomes more disordered is when a solid is
melted

= Forexample, meltingice to form liquid water:
H>O(s) — HO(l)

= Thewatermoleculesinice are in fixed positions and can only vibrate about those
positions

= |Intheliquid state, the particles are still quite close together but are arranged more
randomly, in that they can move around each other

= Water moleculesin the liquid state are therefore more disordered
= Thus, fora given substance, the entropy increases whenits solid form melts into a liquid

= |Inbothexamples, the system with the higher entropy will be energetically
favourable (as the energy of the systemis more spread out whenitisina disordered
state)

ORDERED DISORDERED
(LOW ENTROPY) (HIGHER ENTROPY)

O
OO0 O
OO0 —(m—s %080
000 P

Melting a solid will cause the particles to become more disordered resulting in a higher
entropy state

Feasible or spontaneous reactions
= Chemists talk about reactions being feasible or spontaneous

= Whatthey meanis thatreactions take place of theirown accord, in other words, they are
energetically favourable

= Thisis an outcome of the second law of thermodynamics which broadly states the the
entropy of the universe is always increasing

= \We cansee examples of this allaround us:

= cups fall off tables and spontaneously break into many pieces, never the other way
around
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= hotobjects always cool and spread theirheatinto the surroundings, never the other ,

way around
Your notes
= Earthquakes destroy buildings and create chaos and disorder

= Whenliving things die they decompose and change from complex ordered systems
into disordered simple molecules
However, feasibility takes no account of the rate of reaction and states only what is
possible, not what actually happens. A feasible reaction might be incredibly slow, such
as the rusting of iron.

o

Examiner Tips and Tricks

Make sure you don’t confuse the system with your surroundings!The system consists
of the molecules that are reacting in a chemical reaction.The surroundings are
everything else such as the solvent, the airaround the reaction, test-tube, etc.

Calculating Entropy Changes

Entropy changes are an order of magnitude smaller than enthalpy changes, so entropy is
measured injoules rather than kilojoules. The full unit for entropy is J K-'mol-!

The standard entropy change (Assystemé) foragivenreaction canbe calculated using the

standard entropies (5%) of the reactants and products

The equation to calculate the standard entropy change of a systemis:

Assyst*em = ZASproducts - ZAS cactants
(where ¥ = sum of)

Forexample, the standard entropy change for the formation of ammonia (NHz) from
nitrogen (N,) and hydrogen (H,) can be calculated using this equation

N,(g) + 3H,(g) = 2NH3(g)
ASgystem- = (2X AS=(NH3)) - (ASS(Ny) + 3x AS=(H2))

Notice that, unlike enthalpy of formation for elements, entropy for elementsis not zero
and you can find entropy values for elements and compounds in data books

o

Worked Example

Calculating entropy changesCalculate the entropy change of the system for the
following reaction:

2Mg (s) + O, (g) —2MgO (s)
S5[Mg(s)] = 32.60 JK-Tmol-!

S5[04(9)1=205.0JK'mol-!
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SEIMgO(s)] = 38.20 JKTmol! ,

Answer Your notes

ASsystem§ = ZASproducts - ZASreactants
ASgystem= = (2x38.20) - (2x 32.60 +205.0)

=-193.8JK-Tmol-!

o

Examiner Tips and Tricks

Use the stoichiometry of the equation and the correct state of the compounds when
calculating the entropy change of areaction.
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Gibbs Free Energy /

Your notes

Gibbs Free Energy

= Thethermodynamic feasibility of areaction depends on two factors: the enthalpy
change (AH) and the entropy change (AS)

= Thesefactors are combinedinthe Gibbs free energy change, AG, which determines
whetherareactionis thermodynamically feasible under standard conditions

= The Gibbs equationis:

AG= = DHreaction™ - TASsystem
Where:
AGFis the standard Gibbs free energy change (k) mol)
AHreaction™ is the standard enthalpy change (k) mol)
Tis the temperature in kelvin (K)
ASsystem- is the standard entropy change (J K mol)

= Because AH®is givenin k) molTand AS°®is usually givenin J K1mol, the entropy value
must be converted to kJ KT mol (by dividing by 1000) before substituting into the
equation

Calculating AG*

= There are two ways you can calculate the value of AG
= FromAH=and AS=values

» From the AG= values of all the substances present

o

Worked Example

Calculate the free energy change for the following reaction:
2NaHCOz3(s) - NayCOsz (s) + H2O (1) + CO2 (g)
AH==+135kJmol” AS¥=+344 K mol!

Answer

Step 1: Convert the entropy value in kilojoules
AS*=+344)K 'mol” +1000 = +0.344 k) K 'mol”’

Step 2: Substitute the termsinto the Gibbs Equation

AG§ = AHreaction§ - TASsystem§
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=+135-(298x0.344) ,
=+32.49 k) mol-! Your notes
The temperature is 298 K since standard values are quoted in the question
\
>
Worked Example
What is the standard free energy change, AG=, for the following reaction?
C2H50H(l) + 302(g) — 2C0O2(g) + 3H20(g)
Substance AGEinkJmol
CoH50H (1) -175
O2(9) 0
CO2(9) -394
H,O (9) -229
Answer
AGE = ZAGproductsg - ZAGreactantsg
AGE=[(2xCO2)+(B3xH20)] - [(C2H50H) + (3x O2)]
AGE=[(2x-394)+(3x-229)]-[-175+ 0]
AG==-1300 kJ mol-!
\
(
Examiner Tips and Tricks
Theidea of free energy is what's left over to do useful work when you've carried out
the reaction. The enthalpy change is the difference between the energy you putinto
break the chemical bonds and the energy out when making new bonds; the entropy
changeis the 'cost' of carrying out the reaction, so free energy is what you are left
with!
L
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Reaction Feasibility

Reaction Feasibility

= The Gibbs equation can be used to calculate whetherareactionis feasible ornot

= When AG= is negative, the reaction is feasible and likely to occur

AG§ = AHreactiong - TASsystemg

= When AG=is positive, the reaction is not feasible and unlikely to occur

= Feasible and spontaneous are fairly similar terms to describe reactions

= Feasible tends to be used to describe reactions which are energetically favourable,

soreactions that should go

= Spontaneous tends to be used to describe reactions that go of theirown accord

Summary for temperature and Gibbs free energy

AndifaS... Then aGis... Spontaneous... Because
Is negative Is positive Always negative Always Forward reaction
<0 >0 <0 spontaneous at any T
exothermic | More disorder
Is positive Is negative Always positive Never Reverse reaction
>0 <0 >0 spontaneous at any T
endothermic | More order
Is negative Is negative Negative at low T Depending on T Spontaneous only at
<0 <0 Positive at high T low T
exothermic | More order TaS<H
Is positive Is positive Negative at high T Depending on T Spontaneous only at
>0 >0 Positive at low T high T
endothermic | More disorder TaS>H

o

1, SaveMyExams

Worked Example

2Ca(s) + O2(g) —2CaO0 (s)
S=[Ca(s)] = 41.00 JK ' mol™
S5[04(9)] =205.0 JK'mol™!

SE[Ca0(s)] = 40.00 J K Tmol!

AH =-635.5k)mol”!

© 2026 Save My Exams, Ltd.

Determining the feasibility of areactionCalculate the Gibbs free energy change for
the following reaction at 298 Kand determine whether the reactionis feasible.

s

Your notes

Get more and ace your exams at savemyexams.com
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Answer ,

Step 1: Calculate ASgystem= Your notes

Assystemg = ZASproducts - ZASreactants

ASSystemg =(2xASE[Ca0(s)]) - (2xAS=[Ca(s)] + ASE[O(g)])
=(2x40.00)-(2x41.00 +205.0)

=-207.0 JK'mol!

Step 2: Convert AS=to kJ K-'mol!
=-207.0JK'mol'+1000 = -0.207 k) mol-!

Step 3: Calculate AG=

AGZ = AMHieaction= - TASsystem™

=-635.5-(298x-0.207)

=-573.8 k) mol~!

Step 4: Determine whether the reactionis feasible

Since the AG= is negative the reaction is feasible

Reaction Feasibility: Temperature
Changes

= The feasibility of areaction can be affected by the temperature

= The Gibbs equation will be used to explain what will affect the feasibility of areaction for
exothermic and endothermic reactions

AG = AHrecu:‘tion A TASsystem
L -y — -

| FIRST TERM | |SECOND TERM

Exothermic reactions
= |nexothermicreactions, AHreact,'o,F is negative
® If the ASsystem” IS positive:
= Both the first and second term will be negative
= Resultingin a negative AG= so the reaction is feasible

= Therefore, regardless of the temperature, an exothermic reaction with a positive
ASsystem™ Will always be feasible
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= |fthe ASsystem- is Negative: ,
= Thefirst termis negative and the second termis positive Your notes

= Atvery high temperatures, the —TASsystem§ will be very large and positive and will
overcome AHreaction=

= Therefore, at high temperatures AG=is positive and the reaction is not feasible

= Since therelative size of an entropy change is much smaller than an enthalpy change, itis
unlikely that TAS > AH as temperature increases

= Thesereactions are therefore usually spontaneous at normal conditions

EXOTHERMIC
/ AR = —ve

NEGATIVE ASS tem POSITIVE ASqstem

AG=aH —-TAS AG=aAH - TAS

e —

e
NEGATIVE: » NEGATIVE NEGATIVE- e POSITIVE
BN €]

= —ve

]

ALWAYS FEASIBLE

A

LOW TEMP. HIGH TEMP.
AG=AH -TAS AG=AH - TAS
NEGATIVE-= OVERALL, NEGATIVE® OVERALL,

A SMALL
POSITIVE
S AG=—ve SoAG= tve

IS FEASIBLE NOT FEASIBLE

A LARGE
POSITIVE

The diagram shows under which conditions exothermic reactions are feasible

Endothermicreactions

= |nendothermicreactions, AHeaction IS pOSsitive
» If the ASsystem” is Negative:
= Boththe first and second term will be positive

= Resultingin a positive AG= so the reaction is not feasible

= Therefore, regardless of the temperature, endothermic with a negative ASSystem§ will
never be feasible

= |fthe ASsystem™ is positive:

= The first termis positive and the second termis negative
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= Atlowtemperatures, the —TASsystemE willbe small and negative and will not
overcome the larger AHreaction=

s

~ Your notes
= Therefore, at low temperatures AG=is positive and the reactionis not feasible

= Thereactionis more feasible at high temperatures as the second term willbecome
negative enough to overcome the AH,eaction= resulting in a negative AG=
= This tells us that for certain reactions which are not feasible at room temperature, they
can become feasible at highertemperatures

= Anexample of thisis foundin metal extractions, such as the extractionif ironin the
blast furnace, which will be unsuccessful at low temperatures but can occur at
highertemperatures (~1500 °Cin the case of iron)

ENDOTHERMIC

AH = +ve

NEGATIVE ASgstem

AG=aH -TAaS
— —

SoAG= tve
NEVER FEASIBLE
(REGARDLESS OF TEMP.)

HIGH TEMP.

AG =aAH —TAS

POSITIVE OVERALL,

A LARGE
S AG= —ve

NEGATIVE
IS FEASIBLE

POSITIVE ASgstem

AG=aAH -TAS
—— —

LOW TEMP.

AG=2aH -TAS
— —

POSITIVE: ONERALL,

A SMALL
SeAG= tve

NEGATIVE
NOT FEASIBLE

The diagram shows under which conditions endothermic reactions are feasible

A summary table of free energy conditions

As temperature increases Spontaneous?
negdtive positive makes AG more negative always
negdtive | negdtive unlikely to make TAaS >aH usudlly
positive | positive makes TAS >aH yes, dbove d certdin temperature
positive | negative | noeffect:AG always positive never

1, SaveMyExams
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Free Energy Vs Temperature Graphs 4

, , , , , Your notes
= Rearranging the Gibbs equation allows you to determine the temperature at which a
non-spontaneous reaction become feasible
AGE= AHreactioné - TASsystemé
= Forareactionto be feasible AG=must be zero or negative
0 = AH=-TAS=
AH= =TAS*

T=AHZ/ASE

o

Worked Example

At what temperature will the reduction of aluminium oxide with carbonbecome
spontaneous?

Al,O(s) + 3C(s) — 2Al(s) + 3CO(g) AH= = 41336 kimol-!  AS= =+581JK'mol!
Answer:

If AG =0then, T=AH=/AS=

T=1336+(581/1000)

T=2299K

\
Graphing the Gibbs Equation
= The Gibbs equation can be expressed as the equation for a straightline
AG® = AH= - TAS®
AG = - AS<T + AH-
y=mx+c

= Agraph of free energy versus temperature (in K) will give a straight line, with slope
-AS% and y-intercept, AH=.

= The variation of AG= against T for the synthesis of ammonia has been plotted below:

N2(g) + 3H2(g)=2NH3(g)
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/ Your notes
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Graph of free energy versus temperature for the synthesis of ammonia
= From this graph you should be able to see some key features:

= Thex-intercept shows you where the reaction ceases to be spontaneous, in this
case at460K(187°C)

= Above this temperature AG=is positive so the reaction is not feasible

= However, you may recall that the operating conditions of the Haber process are
higher than this temperature, but this graph takes no account of the use of a
catalyst which affects the energetics of the system, nor does it take into
account anything about the rate of reaction or the fact thatitis an equilibrium
and removal of the ammonia as soon as it is formed also tips the balance in
favour of the product

= They-intercept shows youreactionis exothermic which you can see from the
enthalpy of formation; the value is approximately -46 kJ mol !

= Anexothermic equilibrium reaction would be favoured by lower temperatures - this
is seen by the value of AG= becoming increasingly negative as the temperature falls

.
Examiner Tips and Tricks
You will notice that the line on the graph does not continue below 240 K. The simple
reason for thisis that at this point the ammonia will have reached it boiling point and
so the gradient would change because itis now liquid ammonia.

L
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