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1 Thermodynamics

Let usfirst fix someterminologies.

Open systems can exchangeboth energy (heat) and
matterwith its surroundings.

Closed systems canexchangeenergy (heat)but notmat-
terwith its surroundings.

Isolated systems canexchangeneitherenergy (heat)nor
matterwith its surroundings.

1.1 The 1st and 2nd Laws

The 1st and2nd laws of thermodynamicscanbe statedasfollows. It is importantto
notethattheseapplyfor energy andentropy within anisolatedsystem.

The 1st law :
Thetotal energy Etot of anisolatedsystemconserves:∆Etot = 0.

The 2nd law :
Thetotal entropy Stot of anisolatedsystemtendsto increase:∆Stot ≥ 0.

in which∆Etot and∆Stot arechangesof Etot andStot associatedwith processesoccur-
ing in thesystem.

A typicalexampleof the2ndlaw isseenin thediagrambelow asspontaneousmixing
of thetwo kindsof gases.

The entropy of the systemis closelyrelatedto the randomnessof the system. In this
exampleof gasmixing, therandomnessincreasesspontaneously, which meansthatthe
entropy also increases.In order to definethe entropy morepreciselyin termsof the
randomness,we needto learnStatisticalMechanics.However, this is beyondthescope
of this lecturecourse,andwe will contentwith thequalitative connectionbetweenthe
entropy andtherandomness.

An importantthing to notehereis that the spontaneousmixing occurseven when
thegasesareideal, i.e., no interactionbetweenthemolecules.In this case,thereis no
energy change(gain or loss)uponmixing of the gases.This meansthat, the mixing
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is not driven by the energy gain but by the entropy gain in termsof the 2nd law of
thermodynamics.

1.2 Gibbs Free Energy
Let us now consider a System in contact with
Surroundings(i.e., heatbath). We assumethat the Sys-
tem is closedand the total systemof ‘SystemandSur-
roundings’ is isolated. The Systemcan thus exchange
heatwith theSurroundings.TheSurroundingsis, on the
otherhand,supposedtobelargeenoughsuchthatits tem-
peratureT is keptconstant.

From the 1st law of thermodynamics,∗ the enthalpy changeof the total systemis
zero:∆Htot = 0. Becausethetotal enthalpy changeis thesumof theenthalpy change
of theSystemandtheSurroundings,∆Htot = ∆Hsys + ∆Hsurr, it follows that

∆Hsys = −∆Hsurr (1)

In otherwords,theheatis exchangedsolelybetweentheSystemandtheSurroundings
andgoesnowhereelse(becausethe total systemis isolated).Theenthalpy gain of the
Systemis preciselyequalto thelossof theSurroundings.

On theotherhand,the2ndlaw predictsthattheentropy of thetotal systemtendsto
increase;

∆Stotal = ∆Ssys + ∆Ssurr ≥ 0 (2)

However, this doesnot appearvery usefulas it only dealswith the total systemand
not the Systemin which the processesof our interestare taking place. We aremore
interestedin predictingwhatwill happenin theSystemratherthanin the total system
that include the Surroundings.We thereforewish to separateour discussion onthe
Systemfrom theSurroundings.To thisend,it is usefulto definetheGibbs Free Energy
of theSystemby

∆Gsys = ∆Hsys − T∆Ssys (3)

This is usefulbecausewecanshow thatthe2ndlaw ∆Stot ≥ 0 is essentiallyequivalent
to ∆Gsys ≤ 0. Thanksto this, we only needto look at the quantities(enthalpy and
entropy) of theSystemanddonothave to bebotheredby theSurroundings.

Theequivalenceof ∆Stot ≥ 0 and∆Gsys ≤ 0 canbedemonstratedasfollows. The
essentialpoint is thattheheatbath(= theSurroundings)is largeenoughsuchthat the

∗ Herewe assumeto bedealingwith solutionphasesystems,asis usuallythecasein biochemistry,
suchthatthevolumechangeof thesystemmay be neglected.In thiscase, it wouldbejustifiedto consider
thattheenthalpy andtheinternalenergy areidentical.In otherwords,weneglectpV in H = U + pV .
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equilibrium is maintainedin the Surroundingsin the courseof the processesoccuring
in theSystem.Therefore,wemayput

∆Gsurr
∼= 0 ⇒ ∆Hsurr

∼= T∆Ssurr (4)

PuttingthisandEq (1) into Eq (3), it follows

∆Gsys = −T (∆Ssurr + ∆Ssys) = −T∆Stot (5)

BecausetheabsolutetemperatureT (in Kelvin) is alwayspositive, Eq(3) meansthatthe
2ndlaw ∆Stotal ≥ 0 is equivalentto ∆Gsys ≤ 0. In otherwords,we canconsiderthat
∆Gsys effectively containstheinfluencesfrom theSurroundings,ascanbeunderstood
from thederivationabove.

In summary, the direction of the chemicalprocessesis
relatedto theGibbsfreeenergy changesuchthat

• The reactionin theSystemoccursspontaneouslyonly
if ∆Gsys < 0

• TheSystemis in equilibriumwhen∆Gsys = 0

1.3 Standard Gibbs Free Energy and Equilibrium Constant

Let usconsidera reactionbetweenx molesof X andy molesof Y producingz moles
of Z.

xX + yY −→ zZ (6)

TheGibbsfreeenergy changeof thereactionis givenby

∆G = ∆Go + RT ln Q = ∆Go + RT ln

[

(aZ)z

(aX)x(aY)y

]

(7)

whereaX,Y,Z aretheactivities of X, Y andZ, Q is thereactionquotient, R (= 8.314 ×

10−3kJ mol−1K−1) is the gasconstant,and∆Go is the standard free energy of the
reaction. At equilibrium,thefreeenergy changeof thereactionvanishes,∆G = 0, and
thereactionquotientQ is equalto theequilibrium constant K. Then,Eq(7) becomes

0 = ∆Go + RT ln K ⇒ ∆Go = −RT ln K (8)

Out of equilibrium, thereactionquotientQ is not equalto theequilibriumconstantK;
in otherwords,theactivities aX,Y,X aredifferentfrom their equilibriumvalues.∆G is
thennotequalto zero,andits signdeterminesthespontaneousdirectionof thereaction:
forwardor backwardreactionwhen∆G < 0 or > 0, respectively.
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Question: Theequilibriumconstantof a reaction,

C6H5OH(aq) −→ C6H5O
−(aq) + H+(aq)

is K = 1.3 × 10−10 at298K.

Q1. Calculate∆Go.

Q2. A mixtureof [C6H5OH] = 0.1 mol dm−3 and[C6H5O
−] = [H+] = 10−5 mol dm−3

wasprepared.Will thereactionoccurspontaneously?

In this way, ∆G determinesthedirection of thereaction.However, it is important
to notethattherate of thereactionis notdeterminedby ∆G.
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