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15.1Energy Cycles

15.1.1Key Enthalpy Terms

Key Enthalpy Terms

lonisation energy

 Theionisation energy (AH,c) is the standard enthalpy change that occurs on the removal
of Tmole of electrons from 1 mole of gaseous atoms or positively chargedions

¢ |onisation energy is always endothermic as energy is need to overcome the attraction
between an electron and the nucleus

« Thefirstionisation energy (AH,s7) is the energy required to remove one mole of electrons
from1mole of gaseous atoms of an element to form 1 mole of 1+ ions in the gaseous phase

AHi5=Al(g) > Al* (g) +e~  AHjg== +577 kJmol-!

» Thesecond ionisation energy (AHz,>) is the energy required to remove 1 mole of electrons
from1mole of gaseous 1+ions to form1mole of 2+ions in the gaseous phase

AHe,=Al* (g) » AI?* (g) + e~ AH;gr-= +1820 ki mol™!

Enthalpy of Atomisation

 The enthalpy of atomisation (AH,;") is the standard enthalpy change that occurs on the
formation of 1T mole of separate gaseous atoms an elementinits standard state

» TheAH,Fis always endothermic as energy is always required to break any bonds between
theatoms in the element orto break the elementintoits gaseous atoms

o Sincethisis always an endothermic process, the enthalpy change will always have
apositivevalue

Na(s)>Na(g) AH.:=+108kJmol-!
15Cly(g) > Cl(g) AH,= = +122kJmol !
Electron Affinity

 Theelectron affinity (AHgA=) of an element is the energy change when 1mole of electrons is
gained by 1mole of gaseous atoms of an element to form 1 mole of gaseous ions under
standard conditions

¢ Forexample, the first electron affinity of chlorineis:
Cl(g)+e >Cl(g) AHga==-364kJmol™!

e Thefirst electron affinity is always exothermic as energy is released when electrons are
attractedtothe atoms

¢ However, the second electron affinity of an element can be endothermic as illustrated by
oxygen:

O (g)+e >02°(g) AHgs"=+844kJmol!

¢ Thisis because alarge force of repulsion must be overcome between the negatively
chargedion and the second electron requiring a large input of energy
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Lattice Enthalpy

 Thelattice enthalpy (AH,,:5) is defined as the standard enthalpy change that occurs on the
formation of 1T mole of gaseous ions from the solid lattice
» TheAH,~is always endothermic as energy is always required to break any bonds between
theionsinthelattice
o Sincethisis always an endothermic process, the enthalpy change will always have
apositivevalue

NaCl (s) > Na*(g) + Cl-(g) AH,¢ = +790 kJmol !

Enthalpy of Solution

« The standard enthalpy change of solution (AH,.%) is the enthalpy change when 1mole of
anionic substance dissolves in sufficient water to form an infinitely dilute solution

e Thesymbol(aq)is usedtoshow thatthesolidis dissolvedin sufficient water

o AH,F can be exothermic (negative) or endothermic (positive)

LiBr (s) > LiBr (aq) AH,,==-48.8 kJmol-!
KCl(s) > KCI(aq) AH.o= = +17.2kJmol -
CaCl,(s)» CaCl,(aq) AHs,~=-82.8kJmol-!

Enthalpy of Hydration

¢ Thestandard enthalpy change of hydration (AH,,yf) is the enthalpy change when 1
mole of a specified gaseous ion dissolves in sufficient water to form an infinitely
dilute solution

Mg?*(g) » Mg?*(aq) AHpyq~=-1963kJmol -’
Br'(g)»Br(aq) AHp,y =-328kJmol-!

e Hydration enthalpies are the measure of the energy thatis released when thereis an
attraction formed between theions and water molecules

e Hydration enthalpies are exothermic

* Thetermsolvationis usedin place of hydration if water has been replaced by another
solvent

¢ When anionic solid dissolves in water, positive and negative ions are formed

e Wateris a polar molecule with a §- oxygen (O) atom and 6+ hydrogen (H) atoms which will
formion-dipole attractions with theions presentin the solution

e The oxygen atomin waterwillbe attracted to the positiveions and the hydrogen atoms will
be attracted to the negativeions
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The polar water molecules will form ion-dipole bonds with the ions in solution causing the
ions tobecome hydrated
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15.1.2Born-Haber Cycles

Constructing Born-Haber Cycles

* ABorn-Haber cycleis a specific application of Hess's Law forionic compounds and
enables us to calculate lattice enthalpy, which cannot be found by experiment
¢ Thebasic principle of drawing the cycleis to construct a diagram in which energy increases

goingup thediagram
VAN
ENDOTHERMIC REACTIONS GO
UP — THE ENERGY OF THE
SUBSTANCES INCREASES
ENERGY

EXOTHERMIC REACTIONS GO
DOWN — THE ENERGY OF THE
SUBSTANCES DECREASES

The basic principle of aBorn-Haber cycle

e Thecycleshows allthe steps needed to turn atoms into gaseous ions and from gaseous
ionsinto theionic lattice

¢ Thealternativeroute to theionic lattice begins from the enthalpy of formation of the
elements in theirstandard states

Drawing the cycle for sodium chloride

e Agoodstarting pointis to draw the elements with their state symbols about a third of the
way up the diagram

¢ Thisis shown as the left hand side of the equation for the process indicated

¢ Thelocationis marked by drawing a horizontal bar or line which represents the starting
energy level
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THE GASEOUS IONS
WILL BE HERE

Na(s) + %Clz(g)

THE IONIC SOLID
WILL BE HERE

Drawing a Born-Habercyclestep 1

Next, we needto create the gaseousions

This is a two step process of first creating the gaseous atoms and then turning theminto
ions

Creating gaseous atoms is a bond breaking process, so arrows must be drawn upwards
[tdoesn’t matter whetheryou start with sodium or chlorine

The enthalpy of atomisation of sodiumis

Na(s)»>Na(g) AH,:=+108kJmol"!
The enthalpy of atomisation of chlorineis
12Cly(g) > Cl(g) AH.:==+121kJmol!

We can show the products of the process on the horizontal lines and the energy value
againstavertical arrow connecting the energy levels

AN
Nal(g) + Cl(g)

T+ 121

Nalg) + %c12{g>

T+ 108

Nals) + %612@

Drawing a Born-Haber cycle step 2 - creating the gaseous atoms
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Now that theions are created:
The sodiumionloses an electron, so this energy changeis the firstionisation energy for
sodium

Na(g)>Na*(g)+e~ AH;==+500kJmol™!

The changeis endothermic so the direction continues upwards
The chlorine atom gains an electron, so this is electron affinity

Cl(g)+e >Cl (g) AHgs"=-364kJmol™!

The exothermic change means this is downwards
The changeis displaced to therightto make the diagram easiertoread

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

+ 500 _ 364

Na(g) + Cl(qg)

Na*(g) + Cl (g)

+ 121

Nalg) + %CLz(g)

T+ 108

Nals) + %Clz(g)

Drawing a Born-Haber cycle step 3 - creating the gaseous ions

The two remaining 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) +%Cl,(g) > NaCl(s)  AHF = -411kJ mol-!

This is an exothermic change for sodium chloride so the arrow points downwards
Enthalpy of formation can be exothermic orendothermic, so you may need to show it
above the elements (and displaced to theright) fora endothermic change

The finalchangeis lattice enthalpy, which is shown as the change from solid to gaseous
ions. This means the arrow must point upwards. For sodium chloride, the equationis

NaCl (s) » Na*(g) + CI"(g) AHja¢-
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Na*(g) + Cl(g) + e~

Na(g)

+ 500

+ Cl(g)

— 364

Na*(g) + CL (g)

+ 121

Na(g) + 1cL (g)

2

T+ 108

Nals) + %Clz(g)

— 41

NaCl (s)

Aqutt

Drawing a Born-Haber cycle step 4 - completing the cycle

e Thecycleisnow complete

e Thecycleis usually usedto calculate the lattice enthalpy of anionic solid, but can be used

to find otherenthalpy changes if you are given the lattice enthalpy
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Constructing a Born-Haber cycle for KCI

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

potassium chloride.

Enthalpy
Equation Change

Convert K(s) atoms Kls) —> Klg) aHat
into K(g) atoms
Convert K(g) atoms Klg) —> K'(g) + & IE,
into K'(g) ions
Convert Cl,(g) 1.Cl,lg) —> Clig) N
molecules into Cl(g)
atoms
Convert Cl(g) atoms | Cl(g) + e~ —> Cl(g) EA,
into Cl™ (g) ions

©
Add up all values to oty
get .QH19

©
Apply Hess’s Law to A
find AH S,

Answer

THE DIRECT AND INDIRECT
ROUTE START AT THE

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

ON THE CYCLE

K*(g) + Cllg) + e

E |U| K@) + Cllg)

[ atigucn | U| Kig) + Tcla |

|

[[argu | U| Ko + Sl ] |

e y

KCl(s) |]

\ [Farera | (B

=d
aHigtt

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

D
)
I

[0 ][]+ [ (] -
ot - () ) )+ ) - )
S D

e
aHy
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Constructing a Born-Haber cycle forMgO

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

magnesium oxide.

Answer

Enthalpy
Step Equation Change
Convert Mg(s) atoms Mg(s) —> Mg(g) AH?t
into Mgl(g) atoms
Convert Mg(g) atoms Mg(g) —> Mg*(g) + e~ IE,
into Mg*(g) ions
Convert Mg*(g) ions Mgt+(g) —> Mg?*(g) +e-| IE,
into Mg?*(g) ions
Convert O,(g) 10,(9) —> Olg) aHgt
molecules into O(g)
atoms
Convert O(g) atoms Olg) + e~ —> O (g) EA4
into O (g) ions
Convert O7(g) ions 0 (g) +e= —> 0% (g) EA,
into 0%(g) ions
Add up all values to AHY
get AHY
Apply Hess’s Law to AH&t

find AHZ,,

Mg?*(g) + Olg) + 2e-

Mg2*(g) + 0% (g)

EA;
IE, Mg*(g) + Olg) + e-
IE, T Mg(g) + Olq)
aHat©) T Mg(g) + $0,(g)
| aHSMg) | T Mg(s) + 10,(g)
[ aHe [ MgO(s)

Y
EA,
Mg?*(g) + O7(g) + e~

<
aHigtt

e

aHf = (AHgt(Mg)) + (AH'uet(O)) + (IE.,) + (iEz) + (EA4) + (EAz) = (AHﬁm)

o aHfgee = = (AH?) g (AH:t(Mg)) + (aHﬁt(O)) % (IE1) o (IEZ) * (EA«) ik (EAz)

Y

e
©
aHy
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(’) Exam Tip .

¥ When constructing Born-Haber cycles, the direction of the changes is important,
but therelative size of the steps does not matter so don’t worry if the steps don’t
correspond to the magnitude of the energy changes.You don’t need to show the
energy axis in a Born-Haber cycle, but you do need to show the electron(s) in the
ionisation step otherwise you mightlose marksinan exam.
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15.1.3 Born-Haber Cycle Calculations

Born-Haber Cycle Calculations

Once aBorn-Haber cycle has been constructed, itis possible to calculate the lattice
energy (AH,1-) by applying Hess’s law and rearranging:

DHE = DHae= + AH,e= + IE + EA - AH e

If we simplify this into three terms, this makes the equation easierto see:
°© AHIa_t‘tg
o AHfE
o AH;=(the sum of all of the various enthalpy changes necessary to convert the elements
intheirstandard states to gaseous ions)

The simplified equation becomes:

DHE = AH;E - AH) e

So, if werearrange to calculate the lattice energy, the equation becomes

AHlaté == AHf§ + AH]§

» When calculating the AH .=, all other necessary values will be given in the question
ABorn-Habercycle couldbe usedto calculate any stagein the cycle
o Forexample, you could be given the lattice energy and asked to calculate the enthalpy
change of formation of theionic compound
o Theprinciple would be exactly the same
o Work outthe direct andindirect route of the cycle (the stage thatyou are being asked
to calculate willalways be the direct route)
o Write outthe equation in terms of enthalpy changes andrearrangeif necessary to
calculate therequiredvalue

*« Remember: sometimes a value may need to be doubled orhalved, depending on theionic
solidinvolved
o Forexample, with MgCl, the value for the first electron affinity of chlorine would need
tobedoubledin the calculation, because there are two moles of chlorine atoms
o Therefore, you are adding 2 moles of electrons to 2 moles of chlorine atoms, to form 2
moles of chlorideions, i.e. 2CI-
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*9 Worked Example !

Calculating the lattice energy of KCI

Given the data below, calculate the AH,,.= of potassium chloride (KCI)

AHjt(kJ mol_1) IEZEA (kJ mol™™"
K +90 +418
& +122 -349

AHS (kd mol™")

KCl —437

Answer

Step 1: Construct the Born-Haber cycle

THE DIRECT AND INDIRECT
ROUTE START AT THE

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

ON THE CYCLE
K*(g) + Cllg) + e
) | o | RO [ o] | (2

[ atigucn | U| Kig) + $Cllg) |
[DIRECT ROUTE]
[[argu | U| Kis) + $Cllo | atflans
AHT ,Ly KCl(s) ||
kﬁTDOWNWARD ARROW MEANS EXOTHERMIC.Q
AN_UPWARD ARROW MEANS ENDOTHERMIC.

] - o) i)+ )+ ) - v
o b =—( aH? )+()+()+(E|)+()
)

A

©
aHy

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

AH ¢~ = -AHs + DHF
AH 4= = -BH§ + [(AH, K) + (AH,:= Cl) + (IE; K) + (EA; CI)]
Step 3: Substitutein the numbers:

AH e = =(-437) + [(+90) + (+122) + (+418) + (-349)] = 718 k) mol !
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° Calculating the lattice energy of MgO
Given the data below, calculate the of AH,= magnesium oxide of magnesium
oxide (MgO)
aHS(kdmol™  IE,ZEA, (kimol™  IE,/EA, (kd mol™)
Mg +148 +736 +1450
o} +248 -142 +770
aHY (kJ mol™
MgO -602
Answer

Step 1: Construct the Born-Haber cycle

Mg2*(g) + Olg) + 2e-

Mg*(g) + Olg) + e~

A, ﬂ

Vv

Mg(g) + Olg)

Mg2*(g) + 02'(91

Mgz+(g) + O'(g) + e U

F2Y

EA,

v

aHSRO)

1
Mg(g) + 5 0,(g)

‘[
2]
‘[
’[

| aHS Mg |

Mg(s) + 30,(g)

|

MgOl(s)

o
aHatt

O

o AHpge = — (aH}’) ar (aH?t(Mg)) + (AHgt(o}) + (|E1) + (lEz) + (EAq) + (EA,)

aHs = (AH;_(MQJ) + (AH:-{(O)) + (lEq) + (IEz) + (EA4) s (EAZ) = (AHﬁ:tt)

_

—~—
i=2
aHy

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

AHpoeeZ = -BHE + AHFE
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DHie= = -BHF + [(BH 4= Mg) + (BH,,= O) + (IE; M) + (IE; Mg) + (EA; O) + (EA; O)] YOURNOTES

Step 3: Substitutein the numbers: i

DH, ot = -(-602) + [(+148) + (+248) + (+736) + (+1450) + (-142) + (+770)]

=3812kJmol!
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Size & Charge of lons & Lattice Enthalpy

Factors affecting lattice enthalpy

The two key factors which affect lattice energy, AH,,=, are the ionic charge and ionic radii
of theions that make up the crystalline lattice

lonic Radius

Theradius of the anionincreases as you move down a group
As the distance between the bondedionsincreases, the strength of the electrostatic
attraction decreases
This is reflected by a decreasein the lattice enthalpy
The lattice enthalpy becomes less positive orless endothermic as the ionic radius of the
ionsincreases
This is because the charge on theions is more spread out overtheion when theions
arelarger
Theions are also further apart from each otherin thelattice

o Theattraction between ions is between the centres of theions involved, so the bigger

theions the biggerthe distance between the centre of theions

Therefore, the electrostatic forces of attraction between the oppositely chargedionsin
thelattice are weaker

Forexample, down group 17, the ionic radiiincreases which directly influences the lattice
enthalpy

Lattice enthalpies of sodium halides

Sodium Halide Theoretical value aH .= (kJ mol™™

NaF 930
NaCl 790
NaBr 754

Nal 705

lonic Charge

Increasing theionic charge willresultin an increased attraction between oppositely
chargedions
This willincrease the energy required to break the lattice apart, and therefore increase the
lattice enthalpy (becomes more positive ormore endothermic)
The greatertheionic charge, the higher the charge density
This results in stronger electrostatic attraction between the oppositely chargedionsin
thelattice
As aresult, the lattice enthalpy is more endothermic

o Forexample, thelattice energy of calcium oxide (CaO) is more endothermic than the

lattice energy of potassium chloride (KCI)
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Lattice enthalpies with varyingionic charges and radii YOURNOTES
l
Compound  Theoretical value aH, . (kJ mol™ Variation
Kl 650 Increase in ionic radius
NaCl 790 =
CaO 3401 Increase in ionic charge
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15.1.4 Dissolution Energy Cycles

Dissolution Energy Cycles

How are enthalpy of solution and hydration enthalpies related?
1 869 o
7 9 N

GASEOUS IONS
R
ENTHALPY

i OF ION§>
ENERGY @0® @ @

IONIC LATTICE MOLECULE

HYDRATED I0ONS

ENTHALPY %
- OF SOLUTION

Therelationship between lattice enthalpy, hydration enthalpies and enthalpy of solution

e Fromthediagramwe canseethattherelationshipis

Enthalpy of solution = lattice enthalpy + hydration enthalpy

¢ Thehydration enthalpy is the sum of the hydration enthalpies of eachion

¢ |fthereis more than onecation oranion, such asin MgCl,, then you must multiply by the
appropriate coefficient forthation
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Calculations from Dissolution Cycles

« Inorderto calculate either AHgo)= , AH),¢¢= OF AH,,yffrom given datawe mustapply Hess's

Law

aH sol’

NaCl (s) Na*(aq) + Cl (aq)
DIRECT

AH hyda

INDIRECT
Na*(g) + Cl (g)

o + aH

aHgorr = aH g

hyd®

Energy cycle showing the application of Hess's Law to sodium chloride

The energy cycle shows that there are two routes to go from the gaseousions totheionsin

an agueous solution:
= Routel. going fromionic solid > ions is the gaseous phase »ions in aqueous
solution (this is the indirect route)

= Route 2: going fromionic solid - ions in aqueous solution (this is the direct route)

AccordingtoHess’s law, the enthalpy change forboth routes is the same, such that:

AH solg =AH Iatté +0H hyd

Eachionwillhaveits own enthalpy change of hydration, Athf, which willneed to be taken
into account during calculations
o Thehydration enthalpy is the sum of the hydration enthalpies of each ion
o Thetotal AthcF is found by adding the AH,,yd§ values of both anions and cations
together
o Ifthereis more than one cation oranion, such asin MgCl,, then you must multiply by
the appropriate coefficient forthation

This can alsoberepresented as a Born-Haber cycle with the same direct andindirect route
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Na*(g) + CL (g) YOURNOTES
i

athde

OF Na*
AND CL

AHW? INDIRECT
NaCl

Na*(aq) + Cl (aq)

DIRECT| [aH g0

NaCl (s)

AHEDLS = aH, o + Athde

lat

Born-Haber cycle for sodium chloride

*> Worked Example

Calculate the enthalpy change of solution AH= of calcium fluoride, CaF,using
the following data:

e AHpys CaF,=+2651kI mol”’
o DHpy o= Ca? =-1616 kI mol”
e DHpyo™F =-504kImol”!

Answer:
Option1-DrawnasaHess's Lawcycle:
aH sol’

CaF, (s) Ca*(aq) + 2F (aq)
DIRECT

AHlutB
Ca* = +2651

Athde
Ca* = -1616 k Jmol”"

INDIRECT . iy
2F =2 x—-504 k Jmol

Ca*(g) + 2F (qg)

AHsole = aH o + Athde

lat

= 42651+ (—1616) + (2 x —504)
=427 kJmol™

CaFz2Hess’s Law Cycle
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Itis possible to complete this question by drawing a Born-Haber cycle, but examiners see YOURNOTES
mistakes more often on hydration and solution enthalpy questions when they are 1
completedusing a Born-Habercycle.

Option2 - Drawn as a Born-Haber cycle:

Ca*(g) + 2F (g)

aH

hyd®
Ca* = -1616
2F =2 x-504
Awa INDIRECT

= +2651

Ca*(aq) + 2F (aq)

DIRECT| [aH =7

CaF,

2

AHsol.g = AHlate * Athde
+2651 + (—1616) + (2 x —504)
+ 27 k Jmol™

CaFz2B-Hcycle

*> Worked Example

Calculate the value of the enthalpy of hydration, Athf, forthe NH4*ionusingthe
following data:

e AHpeNH4Cl=+705 k) mol”!
e AHgoFNH,Cl=+14.78 ki mol”’
o DHpyo= Cl=-359kImol”!

Answer:

Drawnas aHess's Law cycle:
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aH sol’

NH,CL = +14.78 - _
NH,CL (s) NH, (aq) + CL (aq)

aH e aHyyee
NH,CL = +705 NH,=? Cl =-359

NH; (@) + CL ™ (g)

A= AHlu’cB o AthclB
AHgor = aHje + aH, e NH; + aH, e CL
b i _ o -
aH e NHy = aHgoe — aH o — aH, o Cl

sNH, =14.78 — 705 — (-359)
= -331.22k J mol”’

Athd

ExamTip

Exam problems in this topic often show diagrams with missing labels which you
have to complete and findunknown values.The key to success in energy cycle

calculations is not to panic, but have a careful step-by-step approach, show your
workings and use brackets to separate mathematical operations from the enthalpy

changes.
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Size & Charge of lons & Hydration Enthalpy YOURNOTES
l

e Hydration enthalpies are always negative values (exothermic)

* When anionic solid dissolves in water, positive and negative ions are formed

* Wateris a polar molecule with a §- oxygen (O) atom and 6+ hydrogen (H) atoms which will
formion-dipole attractions with the ions presentin the solution

¢ The oxygen atominwaterwillbe attracted to the positiveions and the hydrogen atoms will
be attracted to the negativeions

o/ o THE ELECTROSTATIC
Iy ATTRACTION BETWEEN
. 7 THE K* AND THE CL”
'y 7
IONS WEAKEN
ION-DIPOLE BONDS
FORM BETWEEN THE
WATER MOLECULES
AND THE ION
'_{6+
S+ 40—
—0
", 5+, 6+
@ 5/ ////n,@\\\\\\\ N
o \\\ I‘r/
- \}\\‘ 6\J>H\\\ ////H€+
H“‘“O\g,
] - HYDRATED K*
H AND CL” IONS

The polar water molecules will form ion-dipole bonds with the ions in solution causing the
ions tobecome hydrated

» Thesize of the hydration enthalpy is governed by the amount of attraction between the
ions and the watermolecules
* Thesmallertheion, the stronger the attraction between theions and the water molecules
o Asyougodown agroup, theionicradius increases so attraction decreases andthe the
hydration enthalpy willbecome less exothermic
o Overall,asmallerion gives a more exothermic hydration enthalpy

* Themore highly chargedtheion; the stronger the attraction
o Thehydration enthalpies of 2+ions in group 2 are much more exothermic than those of
1+ionsin group1as the attraction between the 2+ ions and the watermolecules is
stronger
o Overall, a greatercharge on theion gives a more exothermic hydration enthalpy

Hydration enthalpies of group 1and group 2ions
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lon  aH,.e (kI mol™)
Li* -538 Be?* -2524
Na* -424 Mg** -1963
K* -340 Ga -1616
Rb" -315 Sr2* -1483
Cs*+ -291 Ba** -1346
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15.1.5 Energy Changesin Aqueous Solutions

Measuring Energy Changesin the Lab

Enthalpies of Solution

Calorimetry can beusedto findthe energy changein chemicalreactions.
This is much easier to carry outin aqueous solutions
We can take differentionic compounds in the solid phase and dissolve themin water to
determinelattice enthalpy
We must know:
o Themass of waterused
o Themass of solidused, sorecording the mass of the weighing vessel should be taken
before and after

The temperature of the water should be recorded for a minimum period of 2 minutes before
the solidis added
Oncethesolidis addedthen the temperature can berecorded every 30 seconds for10
minutes

o |fthereactionis exothermic, the temperature willincrease

o Ifthereactionis endothermic, the temperature willdecrease

The highest orlowest temperature recorded will be used to measure the differencein
temperature
o Forexample, if theinitial temperature of the wateris 22.4 °C and the lowest
temperaturerecorded was 12.6 °C the temperature change wouldbe 9.8 °C

PLASTIC
LID

THERMOMETER
(READING TO 0.2°C)

REACTION
MIXTURE

POLYSTYRENE
cup

e Theenergy neededtoincrease the temperature of 1g of a substance by 1°Cis called

the specific heat capacity (c) of the liquid

« Thespecific heat capacity of wateris given in the data booklet as 4.18 J g 'K
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¢ Theenergy transferred as heat can be calculated by:
Q=mxc xal
Q = ENERGY CHANGE ()
m= MASS OF SOLUTION (g)

¢ = SPECIFIC HEAT CAPACITY OF WATER
AT = TEMPERATURE CHANGE (EITHER 'C OR K)

Equation for calculating energy transferredin a calorimeter

¢ Onceweknow Q from the above equation, we can calculate the enthalpy change for the
reaction
¢ Enthalpy of solution can be calculated by working out the energy change per mole of
compound
¢ Remember, in the equation temperature changeis required, i.e. the difference between the
firstreading and the highest /lowestreading
o Therefore, the units fortemperature do not matteras the change will stillbe the samein
°CorK

Experiment 1: Addition of Ammonium Chloride and Sodium lodide

NH,CL Nal
Temperature Change /7 °C -13.8 -2.0
Heat Change / J -5768 —836
Mass of Solid / g 20.05 19.94
Molar Mass / g mol ™’ 93:50 149.89
Amount of Solid / mol 0.3832 0:133
Enthalpy of Solution / kJ mol ™ +15.05 +6.28

Sample data for the reaction of ammonium chloride, NH4Cl, and sodiumiodide, Nal, with
water

To calculate an experimental value for enthalpy change of thereaction, AH, we can follow the
same basic steps:

¢ Stepl: Compile therelevantimportantinformation:

o Mass of waterusedin experiment=100 g

o Temperature change =13.8 °C (endothermic reaction)
Mass of NH4CI1=20.05¢g
Molarmass of NH4Cl=53.50 gmol’

(e}

(e}
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e Step2:Calculate the energy change forthereaction:
o Q=mcAT
= Q=100x4.18x13.8
= Q=5768)

e Step 3: Calculate the number of moles of NH,4Cl
o Moles =mass/molarmass
= Moles of NH,CI=20.05/53.50
= Moles of NH4Cl=0.3747 moles

e Step 4. Calculate the energy change per mole of compound:
o AH =Q@/moles
= AH=5768/0.3747
= AH=15390.9226 Jmol!

o Therefore,inkJmol™, the enthalpy change, AH, is +15.39 k) mol~!
 Thedatabook value forthe enthalpy of solution, AHg.= of NH4Clis +14.78 k) mol™!
e Thesame calculations can be done for sodiumiodide

Errorsin this method

¢ Errorsinthe methodwillleadto a differencein the data book value and the experimental
value
e Forthis method, some of these errors are:
o Energy transferto the surroundings (usually loss)
= Thisis thelargestand most obvious error

o Approximation in specific heat capacity of water
= This method assumes all solutions have the heat capacity of water

(e}

Neglecting the specific heat capacity of the calorimeter
= The methodignores thatthe apparatus will absorb energy

o Anincomplete orslow reaction
Density of the solutionis taken to be the same as water

(e}

e Adataloggercouldbeusedin this methodtorecord the temperature for this method which
would considerably reduce the source of uncertainty
e Some solids also willabsorb moisture from the atmosphere
o This partly hydrates the solid and also effects the molarmass of the compound

¢ Databookvalues willrefer to 'infinite dilution' whereas the solutions producedin this
method are quite concentrated

Experiment 2: Addition of Zinc Powder to Copper(ll) Sulfate

e Thesame calorimetry method can be usedtorecordthe temperature changes and
therefore the AH forthereaction

e Aknown mass of zinc, Zn, is added to 50 cm?® of 1.00 mol dm~3 copper(ll) sulfate solution,
CuSOy4(aq), andthe temperatureis recorded every 30 seconds foratleast 10 minutes

¢ Agraph canbedrawn from the data which shows a maximum recorded temperature of AT =
35.2°C

Page 27 of 45

©2015-2023 Save MyExams, Ltd. -Revision Notes, Topic Questions, PastPapers

YOURNOTES
i


https://www.savemyexams.co.uk/?utm_source=pdf
https://www.savemyexams.co.uk/

1, SaveMyExams

Headtosavemyexams.co.ukformore awesomeresources

55
50 M {.__‘ ﬁ#‘-’-’%ﬁ
45
40 pe
35 /

37 365 35.2
30
25

20
15
10

TEMPERATURE /°'C

0] 200 400 600 800
TIME / s

Temperature change for the reaction of zinc with copper(ll) sulfate

However, we need to extrapolate the graph to when the zinc was added which gives AT as
roughly 37°C

Importantinformation

Volume of 1.00 mol dm=3 CuSO4usedin experiment =50 cm3

o Temperature change = 37 °C (exothermic reaction)

Mass of weighingbottleandZn=6.087g

Mass of weighing bottle afteremptying=1.064 g

Molarmass of Zn = 65.38 gmol-!

(e}

[e]

o

o]

Forthis experiment, itis slightly different as there must be a limiting reagent
In order to identify this, we must calculate the number of moles of Znand CuSO4
o Moles =mass/molarmass
= MolesofZn=5.023/65.38
= Moles of Zn=0.0768 moles

o Moles = concentration x volume (dm3)
= Moles of CuSO4=1.00x0.050
= Moles of CuSO4 =0.050 moles

Therefore, the CuSOgyis thelimitingreagent and should be used to calculate AH for the
reaction
Calculate the energy change, @:
o Q=mcAT
= Q=50x4.18x37
= Q=7733)

Calculate AH:
o AH=-Q/moles of CuSOy, using -Q as itis an exothermic reaction
= A\H=-7733/0.050
» AH=-154660 Jmol™’
= AH=-154.6kJmol™!
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YOURNOTES
*> Worked Example !
[

Calculate the energy change per mole for a reaction where 25 cm?3 of 2.00 mol dm-™
3 hydrochloric acid was neutralised by 25 cm3 of 2.00 mol dm~3 sodium hydroxide.
The temperatureincreased by 13.5°C.

Answer:
Step 1: Write an equation forthe reaction occurring
HCl+NaOH > NaCl+H,0

Step 2: Calculate the energy change for the amount of reactants in the reaction vessel
(rememberthatthe mass equals the mass of acid and alkali)

o Q@=mcAT
= Q=50x4.18x13.5
= Q=28215)

Step 3: Calculate the number of moles of HCI (remember that neutralisation has occurred)

o Moles of HCI = concentration x volume (dm?)
= molesof HCI=2x0.025
= moles of HCI=0.05 moles

Step 4: Calculate AH, using -Q as it is an exothermic reaction

o AH=-Q/moles of HCI
= AH=-2821.5/0.05
= AH=-56430 Jmol’!
= AH=-56.4kJmol”’
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15.2 Entropy & Spontaneity YOURlNOTES

15.2.1Entropy

Entropy
Entropy

¢ Youmay havewonderedwhy itis thatendothermic reactions occurat all, afterall, what can
be the driving force behind endothermic reactions if the products endupin aless stable,
higherenergy state?

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

ENDOTHERMIC
ENERGY N\
------------- TRANSITION STATE
EG
_____ _ ____ \__PRODUCTS
HIGHER IN ENERGY
AH (POSITIVE) H A Sl
REACTANTS
0 >
0 PROGRESS OF

REACTION

The driving force behind chemical reactions cannot be explained by enthalpy changes alone
asitdoes not sense for chemical to endup in aless stable higher energy statein
endothermic reactions

e Theansweris entropy
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Predicting Entropy Changes
Chaos in the universe

¢ Theentropy (S) of a given systemis the number of possible arrangements of the particles
andtheirenergyin a given system
o Inotherwords, itis a measure of how disordered or chaotic a systemis

¢ When a system becomes more disordered, its entropy willincrease

¢ Anincreasein entropy means that the system becomes energetically more stable

¢ Forexample, during the thermal decomposition of calcium carbonate (CaCOz) the entropy
of the systemincreases:

CaCO3(s) » CaO(s) + CO,(g)

o Inthis decompositionreaction, a gas molecule (CO,) is formed

o The CO,gas moleculeis more disordered than the solidreactant (CaCOz), as itis
constantly moving around

o Asaresult,the system has become more disordered and thereis
anincreasein entropy

¢ Anothertypical example of a system that becomes more disorderedis when a solid melts
o Forexample, meltingice to form liquid water:

H,0O(s) > H,0O(l)

o Thewatermoleculesinice arein fixed positions and can only vibrate about those
positions

o Intheliquid state, the particles are still quite close togetherbut are arranged more
randomly, in that they can move around each other

o Watermolecules in theliquid state are therefore more disordered

o Thus, fora given substance, the entropy increases whenits solid form meltsinto a
liquid

¢ Inboth examples, the system with the higher entropy will be energetically favourable (as
the energy of the systemis more spread out when itis in a disordered state)

ORDERED DISORDERED
(LOW ENTROPY) (HIGHER ENTROPY)

O
D100, O
000 —m— 2050
OO0 o

SOLID LIQUID

Melting a solid will cause the particles to become more disorderedresulting in a higher
entropy state
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15.2.2 Calculating Entropy Change YOURlNOTES

Calculating Standard Entropy Change

 Thestandard molarenthalpy values, S=, relate to standard conditions of temperature and
pressure

» Theentropy change, AS=, can be calculated from thermodynamic data using the following
equation:

AS=,9g(reaction) = £8=,0g(products) - £55,05(reactants)
o This equationis providedin the data booklet

* Theunits of ASgystem- arein JK-'mol~!
e Entropy willchange depending on the state of the matter
 Takingwateras an example the values for S=will be different for the liquid and gaseous
phases
<] 82298(H20 ()=70.0)J K-Tmol™!
o S550g(H,0(g)) =188.8 JK'mol™!

» When calculating ASZ, the coefficients used to balance the equation must be applied when
calculating the overallentropy change
 Forexample, when calculating the AS=for the reaction below we need to double the value
for SS(NO(g))
o Ny04(9)»2N0; (9)
o AS=,0g(reaction) = £S5,0g(products) - £5=,0g(reactants)
o AS==[(2XS%595(NO,)] - S=595(NO)

*> Worked Example

Whatis the entropy change when calcium carbonate decomposes?
CaCOg3z(s) > CaO(s) +CO,(9)

o S$%,05(CaC03(s)=92.9 JK 'mol™!
o S$%,08(Ca0(s))=39.7JK mol!
o S$%,05(C0O5(g) =213.6 JK 'mol

Answer:
Step 1: Write out equation to calculate AS=,og(reaction)

= ASZ,0g(reaction) = £55,0g(products) - £S=,0g(reactants)
Step 2: Substitute in formulas and then values for $=

L] AS%zgg(reaction) = [nggg(caO) + S§298(CO2)] - 82298(C8CO3)
= AS¥(reaction) =(39.7 + 213.6) - 92.9
» AS¥(reaction) = +160.4JK-'mol-!
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YOURNOTES

*> Worked Example !

Whatis the entropy change when ammonia is formed from nitrogen and hydrogen?

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

o S%,08(N5(9)) =191.6 JK-Tmol!
o S5508(H2(g) =131JK 'mol™
e S5,05(NH3) =192.3JK'mol!

Answer:
Step 1: Write out equation to calculate AS=,og(reaction)
= ASZ,0g(reaction) = £55,0g(products) - £5=,0g(reactants)
Step 2: Substitute in formulas and then values for S=takinginto account the coefficients

» AS=y9g(reaction) = [2 X S=99g(NH3)] - [S¥298(N2)+ (3 X S=p9g(H2))]
= ASZ,0g(reaction) = [2x192.3] - [191.6 +(3x131)]

= ASZ,0g(reaction) =384.6-584.6

= ASZ,0g(reaction) = -200JK-'mol-!

=
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15.2.3 Gibbs Free Energy

Gibbs Free Energy Change

Gibbs free energy

e Thefeasibility of areactionis determined by two factors, the enthalpy change and the
entropy change

e Thetwofactors cometogetherin a fundamental thermodynamic concept called the Gibbs
free energy (G)

¢ The Gibbs equationis:

AGF= AHreac:tiong = TASsystemg

The units of AG= arein k) mol~!

The units of AH,¢action- arein ki mol™!

Theunitsof TareinK

The units of ASgystem- arein JK-'mol~'(and must therefore be converted to kJ K-'mol-!
by dividing by 1000)

o O o

(e}

CalculatingAG

 Therearetwo ways you can calculate the value of AG=

1. From the Gibbs equation, using enthalpy change, AH=, and entropy change, AS=,
values
2. From AG= values of all the substances present

Calculating AG° from the Gibbs Equation

*> Worked Example

° AG=from AH=and AS=valuesCalculate the free energy change for the following
reaction:
2NaHCO3(s) » Na,CO3 (s) + H,O (1) + CO5 (9)
e AH==+135k)mol™
o AS==+344 K 'mol”!
Answer:

Step 1: Convert the entropy value in kilojoules
= ASE=+344)K'mol"+1000 = +0.344 k) K-'mol!
Step 2: Substitute the terms into the Gibbs Equation

= AG== AHreact‘ion§ - TASsystem§
n =+135-(298x0.344)
= =+32.49k)Jmol!

The temperature is 298 K since standardvalues are quotedin the question
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Calculating AG° from AG° Formation YOURNOTES
!
*> Worked Example
° = = =
AG=from other AG=valuesWhatis the standard free energy change, AG=, forthe
followingreaction?
C,H50H(I) + 305(g) » 2C0O,(g) + 3H,0(g)
Substance 2G® kJ mol ™’
C,H,OH () -175

0,(g) 0

CO, (g) -394

H,0 (g) -229

Answer:

o This canbe calculatedin the same way as you complete enthalpy calculations
° AG% = ZA_Gproducl*sg - ZAGreactam*sé

= AGF=[(2xC0O2) +(3xH20)] - [(CoH50H) +(3x O9)]

= AGE=[(2x-394) +(3%x-229)]-[-175+0]

= AG==-1300kJmol-!

o This canalsobe done by drawing a Hess cycle - find the way thatis best foryou

aG
C,H,OH(l) + 30,(g) ————— > 2CO,(g) + 3H,0(g)
aGC,H,0H \ 4G, 4G; /2% AGCO,
3x4GO, 3xaGH,0

2C(s) + 3H,(g) + 3%0,(g)

aG, = aG;-aG,

(’) ExamTip

*  Theideaoffree energy is what’s ‘leftover’ to do useful work when you’ve carried out
thereaction.The enthalpy changeis the difference between the energy you putin to
break the chemical bonds and the energy out when making new bondsThe entropy
changeis the ‘cost’ of carrying our thereaction, so free energy is what you are left
with!
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15.2.4 Spontaneous Reactions

Spontaneous Reactions

Gibbs free energy provides an effective way of focusing on a reaction system at constant
temperature and pressure to determineits spontaneity

Forareaction to be spontaneous, Gibbs free energy must be have a negative value (AG=
<0)

We can use the Gibbs equation to calculate whetherareaction is spontaneous / feasible or
not

AGE= AHreaction§ - TASsystem§

o When AG=is negative, the reaction is spontaneous / feasible and likely to occur
o WhenAG=is positive, the reaction is not spontaneous / feasible and unlikely to occur

We can alsolook at the the values forenthalpy change, AH, and entropy change, AS
o Dependingon thevalue forAH and AS we can determine whetherthereactionis
spontaneous ata given temperature(T)

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

Factors affecting AG and the spontaneity / feasibility of areaction

) Worked Example
°

Determiningif areactionis feasible / spontaneous

1. Calculate the Gibbs free energy change for the followingreaction at 298 K
2.Determine whetherthereactionis feasible.

2Ca(s)+02(g)»2CaO(s) AH=-635.5kJmol’

e S5[Ca(s)]=41.00 JK T mol!
e S5[02(g9)]=205.0 JK'mol!
e S5[Ca0(s)]=40.00JK 'mol™

Answers:

Answer1:

Stepl: Calculate ASsystem

Page 36 of 45

©2015-2023 Save MyExams, Ltd. -Revision Notes, Topic Questions, Past Papers

YOURNOTES
i


https://www.savemyexams.co.uk/?utm_source=pdf
https://www.savemyexams.co.uk/

1, SaveMyExams

Headtosavemyexams.co.ukformore awesomeresources

° ASsystem —EASproducts - ZASreactants

ASSySremg =(2xASZ[CaO(s)]) - (2xAS=[Ca(s)] +ASZ[O4(g)])
=(2x40.00)-(2x41.00 +205.0)
=-207.0 JKmol!
Step 2:Convert AS=to kJ K- 'mol™!
o ASgystem-=-207.0 JK'mol+1000 = -0.207 ki mol!

Step 3: Calculate AG=

o AGF =DHyeaction” - TASsystem
AG= =-635.5-(298x-0.207)
=-573.8kJmol™!
Answer 2:
o Since AGZis negative, thereactionis feasible

Factors affecting AG and the spontaneity / feasibility of areaction

¢ Wecanalsolookatthethevalues for AH and AS to determine whetherthereactionis
spontaneous / feasible at a given temperature (T)

¢ The Gibbs equation willbe used to explain what will affect the spontaneity / feasibility of a

reaction for exothermic and endothermic reactions

AG = AHredc‘tion Z TASSYS‘tem

| FIRST TERM | [SECOND TERM]|

Exothermic reactions

« Inexothermicreactions, AHeaction- is negative
o Ifthe ASsystem™ is positive:
o Boththefirstand secondterm will be negative
o Resultingin a negative AG= so thereaction is feasible
o Therefore, regardless of the temperature, an exothermic reaction with a positive
ASsystem- will always be feasible

If the ASsystem™ is Negative:
o Thefirsttermis negative andthe secondtermis positive
o Atveryhigh temperatures, the —TASSystemiwill beverylarge and positive and will
overcome AH,eaction=
o Therefore, at high temperatures AG=is positive and the reaction is not feasible

¢ Sincetherelative size of an entropy change is much smaller than an enthalpy change, itis

unlikely that TAS > AH as temperatureincreases
e Thesereactions are therefore usually spontaneous at normal conditions
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\ YOURNOTES
AH=—ve
!

\

NEGATIVE ASgetem POSITIVE ASSctem

AG =aH -TaS aG=aH -TaS

(AN

N
NEGATIVEa“ (“E NEGATIVE NEGATIVE (“E POSITIVE

S aG=—ve
ALWAYS FEASIBLE
OW TEMP.

AG=aH -TaS AG=aH -TAaS
NEGATIVEB’ OVERALL, NEGATIVE a’ OVERALL,
A SMALL A LARGE
POSITIVE POSITIVE
S AG= —ve SenaG= tve
IS FEASIBLE NOT FEASIBLE

The diagram shows under which conditions exothermic reactions are feasible

Endothermic reactions

¢ Inendothermicreactions, AHreaction
o Ifthe ASsystem™ is negative:
o Boththefirstandsecondterm willbe positive
o Resultingin a positive AG=so thereactionis not feasible
o Therefore, regardless of the temperature, endothermic with a negative
ASsystem™ Willnever be feasible

is positive

o Ifthe ASsystem™ is positive:
o Thefirsttermis positive andthe secondtermis negative
o Atlowtemperatures, the -TASSysteméwill be small and negative and willnot overcome
the larger AHreaction™
o Therefore, atlow temperatures AG=is positive and the reaction is not feasible
o Thereactionis more feasible at high temperatures as the second term willbecome
negative enough to overcome the AHreaction= resultingin anegative AGE

e This tells us that for certain reactions which are not feasible at room temperature, they can
become feasible at higher temperatures
o Anexample of thisis foundin metal extractions, such as the extractionifironin the
blast furnace, which willbe unsuccessful atlow temperatures but can occurathigher
temperatures (~1500 °C in the case of iron)
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ENDOTHERMIC

AH = +ve

NEGATIVE ASZctem POSITIVE ASgstem

AG = AH - TAaS
—— Pa—

S AG= Fve
NEVER FEASIBLE
(REGARDLESS OF TEMP.)

AG = AH - TAS
—— —

HIGH TEMP. LOW TEMP.

AG=AH —TAS

POSITIVE OVERALL,

A LARGE
S AG= —ve

NEGATIVE
IS FEASIBLE

AG = AH -TAS
e ———

POSITIVE OVERALL,

A SMALL
S AG= Fve

NEGATIVE
NOT FEASIBLE

The diagram shows under which conditions endothermic reactions are feasible

Summary of factors affecting Gibbs free energy

AndifaS... Then aGis... Spontaneous... Because
Is negative ls positive Always negative Always Forward reaction
<0 >0 <0 spontdneous 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 lowT
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
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15.2.5 Free Energy & Equilibrium YOURlNOTES

Free Energy & Equilibrium

* WhenAG <O forareaction at constant temperature and pressure, thereactionis
spontaneous
¢ When areversible reaction reaches equilibrium, the Gibbs free energy is changing as the
ratio of reactants to products changes
e Fornon-reversiblereactions:
o Asthe amount of products increases, the reaction moves towards completion
o This leads to a decreasein Gibbs free energy

e Forreversiblereactions:
o Asthe amount of products increases, the reaction moves towards equilibrium
o This causes a decreasein Gibbs free energy

* Atthe point of equilibrium, Gibbs free energy is atits lowest as shown on the graph:

G (REACTANTS)

AG

G (PRODUCTS)

GIBBS FREE ENERGY

EQUILIBRIUM

PURE REACTANTS PURE PRODUCTS

Gibbs free energy changes as the reaction proceeds

e Insection1ofthegraph, the forwardreactionis favoured and thereaction proceeds
towards a minimum value
e Havingreacheda point of equilibrium, the Gibbs free energy increases
o Thisis when thereaction becomes non-spontaneous (section 2)

e Thereversereaction now becomes spontaneous and the Gibbs free energy againreaches
the minimum value, so heads back towards equilibrium
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¢ Thereaction willbe spontaneous in the direction that results in a decreasein free energy

(becomes more negative)

¢ When the equilibrium constant, K, is determined for a given reaction, its value indicates

whetherthe products orreactants are favoured at equilibrium

¢ AGisanindication of whetherthe forward or backwardreactionis favoured

SPONTANEOUS REACTION

------------------------------ G (REACTANTS)
>
(V)
o
o aG 1S
w NEGATIVE
[WE]
L
T
" G (PRODUCTS)
m
m
O EQUILIBRIUM
PURE REACTANTS PURE PRODUCTS

EQUILIBRIUM MIXTURE
MOSTLY PRODUCTS

Graph for a spontaneous reaction
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NON-SPONTANEOUS REACTION YOURNOTES
l
------------------------------ G (REACTANTS)
>
o
o
o aG 1S
w POSITIVE
[WH]
L
x
————————————————————————————— G (PRODUCTS)
v EQUILIBRIUM
o
U
PURE REACTANTS PURE PRODUCTS

EQUILIBRIUM MIXTURE
MOSTLY REACTANTS

Graph for anon-spontaneous reaction

¢ The quantitative relationship between standard Gibbs free energy change, temperature
andthe equilibrium constantis represented by:

AG= = -RTInK
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