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Entropy (HL) 4
Your notes
Entropy
Entropy

= Youmay have wondered why itis that endothermic reactions occur at all, after all, what can be the
driving force behind endothermic reactions if the products end up in aless stable, higher energy state?
= Although the majority of chemical reactions we experience every day are exothermic, AH=alone is not
enough to explain why endothermic reactions occur
Endothermic reaction profile
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ENERSE B | megpe——y TRANSITION STATE

PRODUCTS

HIGHER IN ENERGY
aH(POSITIVE) THAN REACTANTS

REACTANTS
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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 answeris entropy
Chaos in the universe

= The entropy (S) of a given systemis the number of possible arrangements of the particles and their
energyinagiven 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:
CaCO3(s) > CaO(s) + CO2(9)

Page 2 of 21

© 2015-2024 Save My Exams, Ltd. - Revision Notes, Topic Questions, Past Papers



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

1, SaveMyExams

Head to www.savemyexams.com for more awesome resources

= |nthisdecompositionreaction, a gas molecule (CO»)is formed
= The CO3gas molecule is more disordered than the solid reactant (CaCO3), asitis constantly
moving around
= Asaresult, the systemhas become more disordered and there is anincrease in entropy
= Anothertypical example of a system that becomes more disordered is when a solid melts
= Forexample, meltingice to form liquid water:
H,0 (s) > HO(I)

= Thewatermoleculesinice are in fixed positions and can only vibrate about those positions
= |ntheliquid state, the particles are still quite close together but are arranged more randomly, in
that they can move around each other
= \Water moleculesin theliquid state are therefore more disordered
= Thus, fora given substance, the entropy increases whenits solid form meltsinto a liquid
= Inbothexamples, the system with the higher entropy will be energetically favourable (as the energy of
the systemis more spread out whenitisin a disordered state)
Low entropy to high entropy
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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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Calculating Standard Entropy Changes (HL) /

Your notes

Calculating Standard Entropy Changes

= The standard molar enthalpy values, S=, relate to standard conditions of temperature and pressure
The entropy change, ASZ, can be calculated from thermodynamic data using the following equation:
ASZ,qg(reaction) = 2S5,0g(products) - £S5,9g(reactants)

= This equationis providedin the databooklet
= Theunits of ASygtem- arein JK-'mol-!
= Entropy willchange depending on the state of the matter
= Taking water as an example the values for S=will be different for the liquid and gaseous phases
= S5,05(H,O (1) =70.0 JK-Tmol™!
= S5,05(H,0(g))=188.8 JK'mol!
= When calculating ASZ, the coefficients used to balance the equation must be applied when calculating
the overall entropy change
= Forexample, when calculating the AS=for the reaction below we need to double the value for S (NO
(9)
= N,O4(9) = 2NO;(9)
= ASE gg(reaction) = £S5, 0g(products) - £S5,0g(reactants)
B ASE=[(2xS5,05(NO,)] - S550g(N,O)

@ Worked example

Whatis the entropy change when calcium carbonate decomposes?

CaCOj3(s) > CaO(s) + CO,(9)

- 35298(CaCO3 (S)) = 92.9 J K_] mO|‘]
x 5%,05(Ca0 (s) = 39.7 JK- mol
u Sézgg(COZ (g))=2136J K_] mol‘1

Answer:
Step 1: Write out the equation to calculate AS=,¢g(reaction)

= ASE gg(reaction) = £S5 0g(products) - £S=,og(reactants)
Step 2: Substitute in formulas and then values for S=

L] AS§298(reaCtion) = [82298(Cao) + SEZQS(COZ)] - 85298(C3CO3)
= ASZ(reaction) =(39.7 +213.6) - 92.9
s ASS(reaction) = +160.4 JK-Tmol-!
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@ Worked example /

Your notes
Whatis the entropy change when ammoniais formed from nitrogen and hydrogen?

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

= S5505(N2(Q)) =191.6 JK-Tmol-!

= 35298(H2(g)) =131JK-"'mol-
® S5508(NHz)=192.3 JK-Tmol™!

Answer:
Step 1: Write out the equation to calculate AS=y9g(reaction)

= ASZy9g(reaction) = ZS=59g(products) - £S=,0g(reactants)
Step 2: Substitute in formulas and then values for S=taking into account the coefficients

ASEpeg(reaction) = [2 X S5508(NH3)] - [S=298(N2)+ (3 X S=208(H2))]
= ASS,9g(reaction) = [2x192.3]1-[191.6 + (3x131)]

s ASS,9g(reaction) = 384.6-584.6
= ASZy9g(reaction) = -200 JK-Tmol-!
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Gibbs Free Energy (HL) 4
Your notes
Gibbs Free Energy
Gibbs free energy

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

= Thetwo factors come togetherin a fundamental thermodynamic concept called the Gibbs free
energy (G)

= The Gibbsequationis:

AGF = AHreat:t'ion§ - TAssystem

= The units of AG= are inkJ mol-!
» The units of AH,g,ction- are in k) mol-!
= Theunitsof TareinK
» The units of ASy gem- are in JK-Tmol=! (and must therefore be converted to kJ K-mol-' by dividing
by 1000)
Calculating AG

= There are two ways you can calculate the value of AG=
1. From the Gibbs equation, using enthalpy change, AH=, and entropy change, ASZ, values
2. From AG= values of all the substances present

@ Worked example

AGF from AH= and AS= values
Calculate the free energy change for the following reaction at 298 K:
2NaHCO3 (S) — N32CO3 (S) + Hzo (I) + COZ (g)

= AHZ=+135kJ mol!
» ASE=+344 K Tmol!

Answer:

= Step 1: Convert the entropy value in kilojoules
+344 TK™ ' mol™!
- 1000
= Step 2: Substitute the termsinto the Gibbs Equation
" AG% = AHreactiong - TASsystem§
= AG==+135-(298x0.344)
= AGZ=+32.49kJmol-!

=+0.344kJ K Tmol!
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@ Worked example

AG* from other AG=values
What is the standard free energy change, AG=, for the following reaction?

C2H50H (I) + 302 (g) = 2CO04 (g) + 3H,0 (9)

Substance AG=kJ mol-!

CoH50OH (1) -175
O2(9) 0

CO2(9) -394

H20(9) -229

Answer:

= This canbe calculatedin the same way as you complete enthalpy calculations
= AGF= ZAGproclucts§ - ZAGreact‘antsg
B AGE=[(2xCO3)+ (3 xH0)] - [(CoH50H) + (3x O))]
m AGE=[(2x-394)+(3%x-229)]-[-175+ O]
= AG==-1300kJ mol-!
= Thiscanalsobe done by drawing a Hess cycle - find the way that is best foryou

aG
C,H,OH(L) + 30,(g) : > 2C0,(g) + 3H,0(g)
aGC,H,0H \ 2G; aG; / 2x aAGCQ,
3xaGO, 3 xaGH,0

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

aG, = aG;—aG,
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O Examiner Tip /

. , , , Your notes
= Theidea of free energyis what’s ‘leftover’ to do useful work when you’ve carried out the reaction

= The enthalpy change is the difference between the energy you put in to 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!
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Spontaneous Reactions (HL)

Spontaneous Reactions

= Gibbs free energy provides an effective way of focusing on areaction system at constant temperature
and pressure to determineits spontaneity
= Forareactionto be spontaneous, Gibbs free energy must have a negative value (AG=< 0)
= We canuse the Gibbs equation to calculate whether areaction is spontaneous / feasible or not
AGE = AHreact'ion§ - TASsystem§

= When AGZis negative, the reaction is spontaneous / feasible and likely to occur
= WhenAGEis positive, the reaction is not spontaneous / feasible and unlikely to occur
= Depending onthe value for AH and AS we can determine whether the reactionis spontaneous at a given
temperature (T)
= We canalsolook at the values for enthalpy change, AH, and entropy change, AS
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@ Worked example

Determining if areactionis feasible / spontaneous

1. Calculate the Gibbs free energy change for the following reaction at 298 K
2. Determine whether the reactionis feasible.
2Ca(s)+02(g) »2Ca0O(s) AH=-635.5k/mol!

= SZ[Ca(s)]=41.00 JKTmol!
= S5[05(g)]=205.0 JKTmol!
= S5[Ca0O(s)]=40.00 JKTmol™!

Answer1:

Stepl: Calculate ASgystem

- ASsystem ZZASproducts - ZASreactants

» ASgystem=(2XAS=[CaO(s)]) - (2xAS=[Ca(s)] +ASZ[O2(9)])
= =(2x40.00)-(2x41.00+205.0)
= =-207.0JK T mol"!

Step 2: Convert AS=to kJ K-'mol!

—-207.0 JK ' mol™!
. o _0.207kJmol"
1000

- ASsystem

Step 3: Calculate AG=

» AGZ=AHreaction” - TASsystem
AG= =-635.5-(298x-0.207)

=-573.8 k) mol-!

Answer 2:

= Since AGZis negative, the reaction s feasible

Factors affecting AG and the spontaneity / feasibility of areaction

= \We canalsolook at the values for AH and AS to determine whether the reactionis spontaneous /
feasible at a given temperature (T)

= The Gibbs equation will be used to explain what will affect the spontaneity / feasibility of areaction for

exothermic and endothermic reactions
Gibbs free energy equation
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AG = /_\Hreaction 7 TASsystem /
%IF—J

Your notes

| FIRST TERM | [SECOND TERM|

Exothermic reactions

= Inexothermic reactions, AHeaction” is negative
= Ifthe ASsystem- iS positive:
= Boththe first and second terms 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

If the ASsystem= IS Negative:
= The first termis negative and the second term is positive
= Atvery high temperatures, the —TASsysteméwiII 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, it is unlikely that
TAS > AH as temperature increases
= Thesereactions are therefore usually spontaneous under normal conditions
Flow chart to determine the feasibility of exothermic reactions
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EXOTHERMIC
/ AH= —ve

NEGATIVE ASSetem POSITIVE ASgstem

AG = AH TAS AG = AH TAS

S AG= —ve
ALWAYS FEASIBLE

LOW TEMP. HIGH TEMP.
AG=aAH —TAS AG = N T/_\.S
NEGATIVE:« OVERALL, NEGATIVE: OVERALL,

A SMALL A LARGE
POSITIVE POSITIVE
S AG= —ve S AG= tve

IS FEASIBLE NOT FEASIBLE

The diagram shows under which conditions exothermic reactions are feasible

Endothermicreactions

» Inendothermic reactions, AHeaction™ IS POSitive
= 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 ASSystemé willnever be
feasible

» If the ASsystem IS positive:
= The first termis positive and the second term is negative
= Atlowtemperatures, the —TASSystemgwill be small and negative and will not overcome the larger
A"’reactiong
» Therefore, atlow temperatures AG= s positive and the reaction is not feasible
= Thereactionis more feasible at high temperatures as the second term will become negative
enough to overcome the AH,eaction- resulting in a negative AG=

= Thistells us that for certain reactions which are not feasible at room temperature, they canbecome
feasible at higher temperatures
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= Anexample of thisis found in metal extractions, such as the extractionif ironin the blast furnace,
which willbe unsuccessful atlow temperatures but can occur at higher temperatures (~1500 °Cin
the case of iron)
Flow chart to determine the feasibility of endothermic reactions

ENDOTHERMIC
AH = +ve
NEGATIVE ASStem POSITIVE ASgetem
AG =aAH - TAS AG =aAH - TAS
POSITIVE: > NEGATIVE POSITIVE - | > POSITIVE
S AG= Fve
NEVER FEASIBLE
(REGARDLESS OF TEMP.)
HIGH TEMP. LOW TEMP.
AG=aH —-TAS AG = aAH -TAS
POSITIVE ’ POSITIVE )
A LARGE A SMALL
NEGATIVE NEGATIVE
s AG = —Vve o AG = +ve
IS FEASIBLE NOT FEASIBLE

The diagram shows under which conditions endothermic reactions are feasible

Summary of factors affecting Gibbs free energy

AndifAS.... ThenAGis Spontaneous? Because
is negative is positive
always negative Forward reaction
<0 >0 o Always spontaneous at any
<
exothermic more disorder T
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is positive isnegative
always positive Reverse reaction
>0 <0 0 Never spontaneous at any
>
endothermic more order T
isnegative isnegative Spontaneous only at
negativeatlow T
<0 <0 lowT
- . DependentonT
positive high T TAS <H
exothermic more order <
is positive is positive Spontaneous only at
negative athighT P highT y
>0 >0 . DependentonT
positivelow T TAS > H
endothermic more disorder >
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Temperature & Spontaneity /

= Rearranging the Gibbs equation allows you to determine the temperature at which a non-spontaneous Your notes
reaction become feasible

AGE = AHreactiong - TASsystem

= Remember, forareaction to be feasible AG®=must be zero or negative

= O=AH=-TASZ

n AHE=TASE
AH?

s T= 7
AS

@ Worked example

Atwhat temperature will the reduction of aluminium oxide with carbon become spontaneous?
Al;03(s) + 3C (s)— 2Al(s) + 3CO (9)

AH= = 41336 k) mol!

AS==+581JKTmol

Answer:

0

AS’
= Covert ASEto k) K-'mol-Tby dividing by 1000
1336

= [fAGE=0thenT=
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Gibbs Free Energy & Equilibrium Constant (HL)

Gibbs Free Energy & Equilibrium Constant

When AG < O forareaction at constant temperature and pressure, the reactionis spontaneous
When areversible reaction reaches equilibrium, the Gibbs free energy is changing as the ratio of
reactants to products changes
Fornon-reversible reactions:

=  Asthe amount of productsincreases, the reaction moves towards completion

= Thisleadsto adecreasein Gibbs free energy
Forreversible reactions:

= Asthe amount of productsincreases, the reaction moves towards equilibrium

= This causes adecreasein Gibbs free energy
At the point of equilibrium, Gibbs free energy is at its lowest as shown on the graph:

Gibbs free energy and equilibrium relationship

\ G (REACTANTS)

—

aG,

/Y G (PRODUCTS)

GIBBS FREE ENERGY

EQUILIBRIUM

PURE REACTANTS PURE PRODUCTS

Gibbs free energy changes as the reaction proceeds
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Insection1of the graph, the forward reactionis favoured and the reaction proceeds towards a
minimum value
Having reached a point of equilibrium, the Gibbs free energy increases

= Thisiswhenthereactionbecomesnon-spontaneous(section 2)
The reverse reaction now becomes spontaneous and the Gibbs free energy againreaches the
minimum value, so heads back towards equilibrium

The reaction willbe spontaneousin the direction that resultsin a decrease in free energy (becomes
more negative)
When the equilibrium constant, K, is determined for a given reaction, its value indicates whether the
products orreactants are favoured at equilibrium
AGis anindication of whether the forward or backward reaction is favoured

Free energy graph for a spontaneous reaction

------------------------------ G (REACTANTS)
-
)
o
L AG IS
& NEGATIVE
L
L
=
" V' G (PRODUCTS)
(un]
m
1G] EQUILIBRIUM
PURE REACTANTS PURE PRODUCTS

EQUILIBRIUM MIXTURE
MOSTLY PRODUCTS

Free energy graph for a non-spontaneous reaction
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NOT THERMODYNAMICALLY FAVORED REACTION /
Your notes
> [TTTTTTTTTTTTT T AG (PRODUCTS)
(U
o
[V H]
o AG 1S
w POSITIVE
L
o
(I
e EQUILIBRIUM G (REACTANTS)
o
V)
/
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EQUILIBRIUM MIXTURE
MOSTLY REACTANTS

= The quantitative relationship between standard Gibbs free energy change, temperature and the
equilibrium constantis represented by:
AT = -0 In T[]

The rearrangement of this equation makes it possible to:

= Calculate the equilibrium constant
= Deduce the position of equilibrium for the reaction

_ AL
In [ = -5

= Thereaction quotient, Q, is calculated using the same equation as the equilibrium constant
expression, but with non-equilibrium concentrations of reactants and products

= |tisauseful concept because the size of Q cantellus how farareactionis from equilibrium and in which
direction the reaction proceeds

So how is the reaction quotient related to Gibbs free energy?
= They arerelated by the following expression:

AG=AG® +RTINQ
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= Atnon-equilibrium conditions AG and AG® are not the same; AG is the driver that pushes areaction /
toward equilibrium
= \Whenareactionreaches equilibrium, Q =Kand AG=0, so Your notes

0=AG® +RTInK

AGP= -RTInK
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@ Worked example

Calculating K¢
Ethanoic acid and ethanolreact to form the ester ethyl ethanoate and water as follows:

CH3COOH (|) + CszOH (|) = CH3COOC2H5 (|) + Hzo (|)

At 25°C, the free energy change, AG=, for the reactionis -4.38 k) mol-'. (R = 8.31 ) K-"mol-)

1. Calculate the value of K. for this reaction
2.Using your answer to part (1), predict and explain the position of the equilibrium

Answers
Answer1:

Step 1: Convert any necessary values

= AGSintoJmol™;
s -4.38x1000=-4380Jmol"!

= Tinto Kelvin
s 254+273=298K

Step 2: Write the equation:
= AGS=-RTInK
Step 3: Substitute the values:
m -4380=-8.31x298 xInK,
Step 4: Rearrange and solve the equation for K¢:

= InK=-4380+(-8.31x298)
= InK=177

s K=el77

m K=5.87

Answer 2:
From part (1), the value of K. is 5.87

Therefore, the equilibrium lies to the right / products side because the value of K. is positive
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@ Worked example /

Your notes
Finding AG

Sulfur dioxide reacts with oxygen to form sulfur trioxide in the following reversible reaction:
2807(g)+02(9) = +2503(q)
AGPis =-142 kJmol™!

In an experiment, the concentrations of [SO5], [O], [SOz], were found to be 0.100 mol dm=3, 0.200
moldm-3 and 0.950 mol dm-3respectively at 1455 K. R=8.31JKmol-!

Calculate the value of AG at this temperature.
Answer

Step 1- Write the Q expression
0= [SO5T
[S0,J[0,]

0= [0.950°
[0.1001%[0.200]

Step2- Solve Q
Q=451.25
Step 3 - Substitution
AG=AG®+RTIN®
AG =-142 +(8.31x1455x 451.25)/1000
AG =-142+73.9 =-68.1k) mol”!

Remember to divide by 1000, because Ris in J mol-'K-"not kJ mol-K-1

O ExaminerTip

These equations are givenin the data booklet
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