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15.2.1 Entropy

Entropy

Ent ropy

Yo u may have wo ndered why it is that endo thermic reactio ns o ccur at all, after all, what can be the

driving fo rce behind endo thermic reactio ns if the pro ducts end up in a less stable, higher energy

state?

Altho ugh the majo rity o f chemical reactio ns we experience everyday are exo thermic,  ΔH alo ne is

no t eno ugh to  explain why endo thermic reactio ns o ccur

The driving force behind chemical reactions cannot be explained by enthalpy changes alone as it does not

sense for chemical to end up in a less stable higher energy state in endothermic reactions

The answer is entro py

� 
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Predicting Entropy Changes

Chaos in the universe

The entro py (S) o f a given system is the number o f po ssible arrangements o f the particles and

their energy in a given system

In o ther wo rds, it is a measure o f ho w diso rdered  o r chao tic  a system is

When a system beco mes mo re diso rdered, its entro py will increase

An increase in entro py means that the system beco mes energetically mo re stable

Fo r example, during the thermal deco mpo sitio n o f calcium carbo nate (CaCO ) the entro py o f the

system increases:

CaCO (s) → CaO(s) + CO (g)

In this deco mpo sitio n reactio n, a gas mo lecule (CO ) is fo rmed

The CO  gas mo lecule is mo re diso rdered than the so lid reactant (CaCO ), as it is co nstantly

mo ving aro und

As a result, the system has beco me mo re diso rdered and there is an increase in entro py

Ano ther typical example o f a system that beco mes mo re diso rdered is when a so lid melts

Fo r example, melting ice to  fo rm liquid water:

H O(s) → H O(l)

The water mo lecules in ice are in �xed po sitio ns and can o nly vibrate abo ut tho se po sitio ns

In the liquid state, the particles are still quite clo se to gether but are arranged mo re rando mly,

in that they can mo ve aro und each o ther

Water mo lecules in the liquid state are therefo re mo re diso rdered

Thus, fo r a given substance, the entro py increases when its so lid fo rm melts into  a liquid

In bo th examples, the system with the higher entro py  will be energetically f avo urable (as the

energy o f the system is mo re spread o ut when it is in a diso rdered state)

3
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Melting a solid will cause the particles to become more disordered resulting in a higher entropy state
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15.2.2 Calculating Entropy Change

Calculating Standard Entropy Change

The standard mo lar enthalpy values, S , relate to  standard co nditio ns o f temperature and

pressure

The entro py change, ΔS , can be calculated fro m thermo dynamic data using the fo llo wing

equatio n:

ΔS (reactio n) = ΣS (pro ducts) - ΣS (reactants)

This equatio n is pro vided in the data bo o klet

The units o f ΔS  are in J K mo l

Entro py will change depending o n the state o f the matter

Taking water as an example the values fo r S will be di�erent fo r the liquid and gaseo us phases

S (H O (l)) = 70.0 J K mo l

S (H O (g)) = 188.8 J K mo l

When calculating ΔS , the co e�cients used to  balance the equatio n must be applied when

calculating the o verall entro py change

Fo r example, when calculating the ΔS fo r the reactio n belo w we need to  do uble the value fo r S

(NO (g))

N O  (g) → 2NO  (g)
ΔS (reactio n) = ΣS (pro ducts) - ΣS (reactants)

ΔS = [(2  x S (NO )] - S (N O )

Worked example

What is the entro py change when calcium carbo nate deco mpo ses?

CaCO (s) → CaO (s) + CO  (g)

S (CaCO  (s)) = 92.9 J K mol
S (CaO (s)) = 39.7 J K mo l

S (CO  (g)) = 213.6 J K mo l

Answer:

Step 1: Write o ut equatio n to  calculate ΔS (reactio n)
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ΔS (reactio n) = ΣS (pro ducts) - ΣS (reactants)

Step 2: Substitute in fo rmulas and then values fo r S

ΔS (reactio n) = [S (CaO) + S (CO )] - S (CaCO )

ΔS (reactio n) = (39.7 + 213.6) - 92.9

ΔS (reactio n) = +160.4  J K mo l

Worked example

What is the entro py change when ammo nia is fo rmed f ro m nitro gen and hydro gen?

N (g) + 3H (g) ⇌ 2NH (g)

S (N (g)) = 191.6 J K mo l

S (H (g)) = 131 J K mol
S (NH ) = 192.3 J K mo l

Answer:

Step 1: Write o ut equatio n to  calculate ΔS (reactio n)

ΔS (reactio n) = ΣS (pro ducts) - ΣS (reactants)

Step 2: Substitute in fo rmulas and then values fo r S taking into  acco unt the co e�cients

ΔS (reaction) = [2 x S (NH )] - [S (N )+ (3 x S (H ))]
ΔS (reactio n) = [2 x 192.3] - [191.6 + (3 x 131)]

ΔS (reactio n) = 384.6 - 584.6

ΔS (reactio n) = -200 J K mo l
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15.2.3 Gibbs Free Energy

Gibbs Free Energy Change

Gibbs f ree energy

The feasibility o f a reactio n is determined by two  facto rs, the enthalpy change and the entro py

change

The two  facto rs co me to gether in a fundamental thermo dynamic co ncept called the Gibbs f ree

energy (G)

The Gibbs equatio n is:

ΔG  = ΔH  – TΔS

The units o f ΔG  are in kJ mo l

The units o f ΔH  are in kJ mo l

The units o f T are in K

The units o f ΔS  are in J K mo l (and must therefo re be co nverted to  kJ K mo l  by

dividing by 1000)

Calculat ing  ΔG

There are two  ways yo u can calculate the value o f ΔG

�. Fro m the Gibbs equatio n, using enthalpy change, ΔH , and entro py change, ΔS , values

�. Fro m ΔG  values o f all the substances present
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Calculating ΔG° from the Gibbs Equation

Worked example

ΔG f ro m ΔH and ΔS valuesCalculate the free energy change fo r the fo llo wing reactio n:

2NaHCO (s) → Na CO  (s) + H O (l) + CO  (g)

ΔH = +135 kJ mo l

ΔS = +344 J K mo l

Answer:

Step 1: Co nvert the entro py value in kilo jo ules

ΔS = +344 J K mo l ÷ 1000 = +0.344 kJ K mo l

Step 2: Substitute the terms into  the Gibbs Equatio n

ΔG  = ΔH  – TΔS

= +135 – (298 x 0.344)

= +32.4 9 kJ mo l

The temperature is 298 K since standard values are quoted in the question
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Calculating ΔG° from ΔG° Formation

Worked example

ΔG f ro m o ther ΔG valuesWhat is the standard free energy change, ΔG , fo r the fo llo wing

reactio n?

C H OH(l) + 3O (g) → 2CO (g) + 3H O(g)

Answer:

This can be calculated in the same way as yo u co mplete enthalpy calculatio ns

ΔG = ΣΔG  – ΣΔG

ΔG = [(2 x CO ) + (3 x H O )] – [(C H OH) + (3 x O )]

ΔG = [(2 x -394 ) + (3 x -229 )] – [-175 + 0]

ΔG = -1300 kJ mo l

This can also  be do ne by drawing a Hess cycle - �nd the way that is best fo r yo u
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Exam T ip

The idea o f free energy is what’s ‘lefto ver’ to  do  useful wo rk when yo u’ve carried o ut the

reactio n.The enthalpy change is the di�erence between the energy yo u put in to  break the

chemical bo nds and the energy o ut when making new bo ndsThe entro py change is the ‘co st’ o f

carrying o ur the reactio n, so  free energy is what yo u are left with!

15.2.4 Spontaneous Reactions

Spontaneous Reactions

Gibbs free energy pro vides an e�ective way o f fo cusing o n a reactio n system at co nstant

temperature and pressure to  determine its spo ntaneity

Fo r a reactio n to  be spo ntaneo us, Gibbs free energy must be have a negative  value (ΔG  ≤ 0)

We can use the Gibbs equatio n to  calculate whether a reactio n is spo ntaneo us / feasible o r no t

ΔG  = ΔH  – T ΔS

When ΔG  is negative, the reactio n is spo ntaneo us / f easible and likely to  o ccur

When ΔG is po sitive, the reactio n is no t spo ntaneo us / f easible  and unlikely to  o ccur

We can also  lo o k at the the values fo r enthalpy change, ΔH, and entro py change, ΔS

Depending o n the value fo r ΔH and ΔS we can determine whether the reactio n is spo ntaneo us

at a given temperature (T)

Factors a�ecting ΔG and the spontaneity / feasibility of a reaction 
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Worked example

Determining if  a reactio n is f easible / spo ntaneo us

�. Calculate the Gibbs free energy change fo r the fo llo wing reactio n at 298 K

�. Determine whether the reactio n is feasible.

2Ca (s) + O (g) → 2CaO (s)         ΔH = -635.5 kJ mo l

S [Ca(s)] = 41.00 J K  mo l

S [O (g)] = 205.0 J K  mo l

S [CaO(s)] = 40.00 J K  mo l

Answers:

Answer 1:

Step1: Calculate ΔS

ΔS = ΣΔS  – ΣΔS

ΔS = (2 x ΔS  [CaO(s)]) –  (2 x ΔS  [Ca(s)] + ΔS [O (g)])

                 = (2 x 40.00) – (2 x 41.00 + 205.0)

                 = -207.0 J K  mo l

Step 2:Co nvert ΔS to  kJ K  mo l

ΔS = -207.0 J K  mol  ÷ 1000 = -0.207 kJ mol

Step 3: Calculate ΔG

ΔG  = ΔH  – TΔS

ΔG   = -635.5 – (298 x -0.207)

          = –57 3.8 kJ mo l

Answer 2: 

Since ΔG  is negative, the reactio n is f easible

Fact ors a�ect ing ΔG and t he spont aneit y / f easibilit y of  a react ion
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We can also  lo o k at the the values fo r ΔH and ΔS to  determine whether the reactio n is

spo ntaneo us / feasible at a given temperature (T)

The Gibbs equatio n will be used to  explain what will a�ect the spo ntaneity / feasibility o f a

reactio n fo r exo thermic and endo thermic reactio ns

Exot hermic react ions

In exo thermic reactio ns, ΔH  is negative

If the ΔS  is po sitive:

Bo th the �rst and seco nd term will be negative

Resulting in a negative  ΔG  so  the reactio n is f easible

Therefo re, regardless o f the temperature, an exo thermic reactio n with a po sitive

ΔS  will always be f easible

If the ΔS  is negative:

The �rst term is negative and the seco nd term is po sitive

At very high temperatures, the –TΔS will be very large  and po sitive  and will o verco me

ΔH

Therefo re, at high temperatures ΔG is po sitive  and the reactio n is no t f easible

Since the relative siz e o f an entro py change is much smaller than an enthalpy change, it is unlikely

that TΔS > ΔH as temperature increases

These reactio ns are therefo re usually spo ntaneo us at no rmal co nditio ns
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The diagram shows under which conditions exothermic reactions are feasible
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Endot hermic react ions

In endo thermic reactio ns, ΔH  is po sitive

If the ΔS  is negative:

Bo th the �rst and seco nd term will be po sitive

Resulting in a po sitive  ΔG  so  the reactio n is no t f easible

Therefo re, regardless o f the temperature, endo thermic with a negative ΔS  will never be

f easible

If the ΔS  is po sitive:

The �rst term is po sitive and the seco nd term is negative

At lo w temperatures, the –TΔS will be small and negative  and will no t o verco me the

larger ΔH

Therefo re, at lo w temperatures ΔG is po sitive  and the reactio n is no t feasible

The reactio n is mo re f easible  at high temperatures  as the seco nd term will beco me

negative eno ugh to  o verco me the ΔH  resulting in a negative ΔG

This tells us that fo r certain reactio ns which are no t feasible at ro o m temperature, they can

beco me feasible at higher temperatures

An example o f this is fo und in metal extractio ns, such as the extractio n if iro n in the blast

furnace, which will be unsuccessful at lo w temperatures but can o ccur at higher temperatures

(~1500  C in the case o f iro n)
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The diagram shows under which conditions endothermic reactions are feasible

Summary o f  f acto rs a�ecting Gibbs f ree energy 
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15.2.5 Free Energy & Equilibrium

Free Energy & Equilibrium

When ΔG < 0 fo r a reactio n at co nstant temperature and pressure, the reactio n is spo ntaneo us

When a reversible reactio n reaches equilibrium, the Gibbs free energy is changing as the ratio  o f

reactants to  pro ducts changes

Fo r no n-reversible reactio ns:

As the amo unt o f pro ducts increases, the reactio n mo ves to wards co mpletio n

This leads to  a decrease in Gibbs free energy

Fo r reversible reactio ns:

As the amo unt o f pro ducts increases, the reactio n mo ves to wards equilibrium

This causes a decrease in Gibbs free energy

At the po int o f equilibrium, Gibbs free energy is at its lo west as sho wn o n the graph:

Gibbs free energy changes as the reaction proceeds
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In sectio n 1 o f the graph, the fo rward reactio n is favo ured and the reactio n pro ceeds to wards a

minimum value

Having reached a po int o f equilibrium, the Gibbs free energy increases

This is when the reactio n beco mes no n-spo ntaneo us (sectio n 2)

The reverse reactio n no w beco mes spo ntaneo us and the Gibbs free energy again reaches the

minimum value, so  heads back to wards equilibrium

The reactio n will be spo ntaneo us in the directio n that results in a decrease in free energy

(beco mes mo re negative)

When the equilibrium co nstant, K, is determined fo r a given reactio n, its value indicates whether

the pro ducts o r reactants are favo ured at equilibrium

ΔG is an indicatio n o f whether the fo rward o r backward reactio n is favo ured

Graph for a spontaneous reaction
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Graph for a non-spontaneous reaction 

The quantitative relatio nship between standard Gibbs free energy change, temperature and the

equilibrium co nstant is represented by:

ΔG  = -RT In K�
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