IB Chemistry

Energetics - Higher level
Define and use the terms standard state and staddemthalpy change of formatioraAH; ©)
The arbitrary zero point for enthalpies is elemémtheir standard states under standard conditions
The standard enthalpy change of formation: “the dxalpy change when one mole of compound is made in
its standard state from its constituent elementgfieir standard states”.
Example: ) + 2Hyq) — CHa)

Standard state:

o 25°C (298K)

» 1 atmosphere pressure (101.3 kPa) - not to be sedfwith STP

* Most common allotrope e.g.,@ot O

The enthalpy change for a reaction can be caldiltehe difference between the enthalpy of folwnaf the
productsminusthe enthalpy of formation of the reactants:

AH = XAH¢(products) - ZAH¢(reactants)

Enthalpy cycle AH
Reactants » Products

Y AH¢(reactants) Y AH;(products)

Elements in their standard states

Be careful with signs (+and -) as it can be comfgksi
Calculate the enthalpy change of a reaction usingrsdard enthalpy changes.
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Lattice Enthalpy
Each ion exerts an electrostatic field that attrélte oppositely charged ions.
The ions are all drawn together into a giant latiitc which every positive ion is surrounded by rniegaions
andvice-versa
Lattice enthalpy may be seen defined in two difiergays, depending on the reference literature tiv@iB it
is defined as “the energy released when 1 molenabaic substance is formed from its constituemsiat
infinite separation”.

Na"+ CI —=NaCl(s) AH=-ve
The value of lattice enthalpy is negative for tbenfation of the lattice (an exothermic - bond farghprocess),
and positive for the breaking up of the lattice €¢adlothermic - bond breaking process).

Hess' law can also be applied to the formationooici latticesvia a series of steps. In the case of ionic

substances this is calledBarn-Haber cycle(see later).
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Compare the effect of both the relative sizes ahd tharges of ions on the lattice enthalpies offdient
ionic compounds.

Lattice enthalpy increases with higher ionic chaagel with smaller ionic radius (due to increasestdoof
attraction).

The bond between ions of opposite charge is stsirvgeen the ions are small.

The lattice energies for the alkali metal halidetherefore largest for LiF and smallest for Csishown in the
table below.

Lattice Energies of Alkali Metals Halides (kJ/mol)

|| F JerfBr 1|
|Li* ||1036/853|807|757
[Na'| 923 | 787747704
K" |821 |715/682|649
|Rb*||785 | 689660|630
|Cs' || 740 |659/631/604

The ionic bond should also become stronger astthge on the ions becomes larger. The data iratiie t
below show that the lattice energies for salthef®H and G ions increase rapidly as the charge on the ion
becomes larger.

Lattice Energies of Salts of the Otand G lons (kJ/mol)

| JoH] o |
[Na" ][900 | 2481]
[Mg*']|30063791 |
|AI** ||562715914
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Construct a Born-Haber cycle and use it to calcutadn enthalpy change.
http://www-users.york.ac.uk/~srms500/siti.org.ukkgrated/enthalpy_change_2.doc.htm
http://en.wikipedia.org/wiki/Born-Haber_cycle
TheBorn-Haber Cycle is an approach to analyzing reaction energiesa#t named after and developed by the
two German scientists Max Born and Fritz Haber.
“A mathematicaldescription of therelationship between theelectron affinity, heats of atomisation,
ionisation energyandIattice energyof ionic compounds

Diagrammatic representation of the Born-Habercycle

Enthalpy of formation

lonization energies
Electron affinities Lattienthalpy
Enthalpies of atomization

Elements in standard states Solid compound

The Born-Haber cycle involves the formation of anic compound from the reaction of a metal (oft€Braup
I or Group Il element) with a non-metal.

Born-Haber cycles are used primarily as a mearsalgulating lattice enthalpies, which cannot be soeed
directly.

The lattice enthalpy is the enthalpy change inwiblire formation of the ionic compound from gaseaussi
(note: some chemists define it as the energy takitee ionic compound into gaseous ions).

A Born-Haber cyclecalculates the lattice enthalpy by comparing taedard enthalpy change of formation of
the ionic compound (from the elements) to the dptheequired to make gaseous ions from the elen@ote:
this is an application of Hess's Law).

To make gaseous ions from elements it is necessatpmise the elements (turn each into gaseonssjtand
then to ionise the atoms.

The energy involved in removing electrons to makation is called th@nization energy

The enthalpy of adding electrons to an atom to niizéee anion is called thelectron affinity.



IB Chemistry

Example: The Born-Haber cycle for the standard enthlpy change of formation of lithium
fluoride.
The Born-Haber cycle consists of several stepsedsurable enthalpy values e.g. enthalpy of iomisati

enthalpy of atomization and electron affinity, fravhich the lattice enthalpgH ¢ .« can be calculated.
Lithium Fluoride

Find the lattice enthalp$H 9 . Of Lithium Fluoride (LiF))
Step 1- Draw the Born-Haber cycle for LiF

Li+(g)+ F(g) + g

Step 3 Lets atomuse F; into one gaseous F atom

Step 4 Lets ionise gaseous
Li* g + % Fage + B-T Yy AH ot (F3) = ¥ (F159) = +79.5 kT mot! B

AHP eal (Fg) = -323 kT mol!

Step & Lets ionise gaseous Lithiun Li'y + Feg
AFP i1 (Lithinm) =+520 kJ mol!

Ligt¥hg

Energy / kT mol!

Step 1 Lets atornise Li Step 5 Lattice enthalpy

AH% (Lithium) =+161 kJ mol! AH® 1y
Lig + % Fig

AHP £(LiF) = -617 &J mol!

LiFe

Reactant coordinates

Note: The atomisation of lithium and fluorine awodization of lithium are endothermic.
Electron affinity (mole of gaseous atoms/anionsiggj electrons) is exothermic.
Procedure

Deal with the enthalpies associated to Lithiumnt filsft of diagram), then Fluorine.

The appropriate enthalpy values should be givethénquestion paper, otherwise they can be founthen
chemistry data book Note that the bottom left arrow represents actlireute for the formation of LiF lattice.
The other arrows represent the multi-steps formaticLiF lattice which includes one step for lagtienthalpy.
‘at' = atomisation, 'i1'=first ionisation, 'eal'sst electron affinity. 'latt'= lattice and 'f'= fonation

Step 2 - Calculate the lattice enthalpy for LiF
|ei‘-H9 i (Step 5) H =4H% - (Step 1 + Step 2 + Step 3 + Step 4) |
| |= 617 -{161 + 520 + 79.5 +(-3p8 |
| |= -1049.5 kJ mdl |
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Exercise
Find the lattice enthalpy for sodium chloride Na{IThe appropriate enthalpies are as follows:

[4Hf(NaCl)  ||=-411 kI ma!

|
[4H® at (Nag)  ||= +107 kJ mot |
[4H®at (Chg)  ||= +242 kI mot |
|8H®i1(Nag)  ||= +496 ki mot |
|4H® eal(Cly) ||= - 348 kI mot |

Step 1 - Construct a Born-Haber cycle.
Step 2 - Calculate the lattice enthalpy for NaCl
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Analyse theoretical and experimental lattice entpglvalues.

A significant degree of covalent character in someci@ompounds is associated with an increase fitdat
enthalpy and decreased solubility.

Theoretical Value

Using the laws of electrostatics, the known sideb®ions, the charges on the ions asduming a perfect
ionic lattice theoretical values for the lattice enthalpy carchlculated.

Experimental Value

A Born-Haber cycle is used to calculate the result.

If there is a good agreement between the theotetizh experimental lattice enthalpies, then thesturize is

perfectly ionic (the ions are spherical and eledrare completely transferred.) If there is lese@gent, then

the ion has some slight covalent character credpidge topolarization*.

*Where a positive ion distorts the electron clowdund a neighboring negative ion.

For example: A" has a high charge density (3+) and is very sfiilk gives it a high polarising power:

« If the cation is small and highly charged, it hdarge polarising power.

« If the anion is large and has a relatively low deathen it is said to have a large polarisability.

If the above is the case, and the anion is beirgrised by the cation, there will be a degree ofatent

character to the bond.

So the bonding in AlGlis virtually covalent.

Small highly charged cation + large easily polatiaeion = covalent character.

There are some ionic compounds that do not exait.adluminium carbonate is one such example.

« The aluminium 3+ cation is so small and highly pisiag that is completely distorts the large £Gon
into self-decomposition.

¢ |nstead of Ad(COf')3 being formed, carbon dioxide is driven off, leavadgminium oxide.

* Other examples include the silver halides.
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Spontaneity of a reaction - Gibbs Free Energy
Calculate the standard entropy change for a reac{wS’) using values of absolute entropies.
The standard entropy change for a reaction camloelated from absolute entropies using the formula

AS =XS(Products) -XS(Reactants)
* Reactions which release heat (and so increasdityfateind to occur.
* Reactions which increase entrogy&(is positive) also tend to occur, but neither lamused to

accurately predict spontaneity alone.

How can we predict whether a reaction will occudemparticular conditions?



IB Chemistry

Calculate4G? for a reaction using the equatiodG? = AH? - TAS? or by using values of the standard free
energy change of formation.

The Gibbs free energ @) is defined as a measure of the total entroph®iuniverse.

The total entropy of the universeustincrease in order for any process to occur speiasly.

When heat is released in a reaction (exothermiogiethis energy heats up the universe and eftdgtiv
increases its entropy (a greater number of possitegy states that the particles in the univeaseaciopt),
consequently exothermic reactions are favourable.

If the entropy of a reaction mixture increases tthes is also favourable as the total entropy efuhiverse also
increases.
Reminder: Entropy increases will be observed whenamne or more of the following occur:

* Areaction breaks up a larger molecule into smafteriecular fragments

» Areaction occurs in which there is an increas¢hia moles of gas in the product.

» A process where a solid changes to a liquid orgas liquid changes to a gas

The Gibbs free energy change, enthalpy, temperandesntropy are related in the expression:
Gibbs free energy changeXG) = AH - TAS
If the Gibbs free energy change is negafa@vention) then the total entropy of the uniedrereases and the

reaction is spontaneous.

When AG is negative, the reaction is spontaneous, whersipositive, the reaction is not.
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Gibbs free energy calculations — alternative method

Enthalpy changes can be calculated indirectly lograing the enthalpy values of related equationsgusin
Hess's law.

Entropy changes can also be calculated in the saydrom a knowledge of Gibbs free energy values in
related equations.

Spontaneity of reaction

Determined by the relationship:

AG = AH - T(kelvin) x AS

Enthalpy change| Entropy change Gibbs free energy Spontaneity
positive positive depends on T, may be + or|-  fahe temperature is high enoug
negative positive always negative always spontameou
negative negative depends on T, may be + of - ifyde temperature is low enougt
positive negative always positive never spontaneous

Exercise

Find the lattice enthalpy for sodium chloride Nagl

|8H® o (Step5) | =4H°f-(Step 1+ Step2+ Step3 +Step4) |
| = -411 -{107 + 496 + 121 +(-3§8) |
| = -787 kJ Mof |
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