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Concentrating on the system

(a) Criteria for spontaneity

3.5 The Helmholtz and Gibbs energies

0≥−
T
dqdS

TSUA −=
TSHG −=

Consider a system in thermal equilibrium with its surroundings at T

If an energy is transferred as heat, Clausius inequality becomes 

0, ≥pHdS 0, ≤pSdH
(∵dqp= dH at constant pressure, no additional work)

0≥−
T
dqdS 0≥−

T
dUdS dUTdS ≥

0, ≥VUdS 0, ≤VSdU

dHTdS ≥

(∵dqV = dU at constant volume, no additional work)

at dU = 0, at dS = 0

at dH = 0, at dS = 0,

From dU – TdS ≤ 0 and dH – TdS ≤ 0,

Helmholtz energy (A) :

Gibbs energy (G) : 

( ) TdSdUdA −=  a ( ) TdSdHdG −=  b

( ) 0  a , ≤VTdA ( ) 0  b , ≤pTdG

At constant T,

The criteria of spontaneous change :

or
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0, =VTdA

dAdw =max

(b) Some remarks on the Helmholtz energy

(c) Maximum work

Aw Δ=max STUA Δ−Δ=Δ

0, ≤VTdA
A spontaneous change of a system 
at const T and V if 

Criterion of equilibrium :

Interpretation of dA < 0 ?

TdSdUdA −=
: Not lower internal energy 
but greater overall entropy

A is sometimes called, ‘maximum 
work function’ or ‘work function’

with

(see justification 3.2)

3.5 The Helmholtz and Gibbs energies
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dwTdSdU +≤

TdSdUdw −≥
TdSdUdw −=max

Justification 3.2  Maximum work

Clausius inequality : 0≥−
T
dqdS dqTdS ≥or

Using the first law dU = dq + dw,

At constant temperature, dA = dU - TdS,

dAdw =max

3.5 The Helmholtz and Gibbs energies
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(e) Maximum non-expansion work

dGdwadd =max, Gwadd Δ=max,

(d) Some remarks on the Gibbs energy

0, ≤pTdG : At constant T and p, chemical reactions are spontaneous 
in the direction of decreasing Gibbs energy.

G↓: spontaneous tendency to convert the reactants into products
G ↑: reverse reaction is spontaneous
In dG = dH - TdS,  

dH > 0, dH < TdS→ dG < 0 : spontaneous endothermic reaction

At constant T and p, the maximum additional work (wadd,max) :

or

: useful expression for assessing the electrical work

3.5 The Helmholtz and Gibbs energies
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( )pVddwdqdH ++=

( ) SdTTdSpVddwdqSdTTdSdHdG −−++=−−=
( ) TdSpVddwdqdG −++=

( ) ( )pVddwTdSpVddwTdSdG revrev +=−++=

( ) VdpdwVdppdVdwpdVdG revaddrevadd +=+++−= ,,

Because H = U + pV and dU = dq + dw,

The corresponding change In Gibbs energy (G = H - TS),

at dT = 0 (isothermal),

When the change is reversible, dw = dwrev and dq = dqrev = TdS,

At expansion work, dwrev = dwadd.rev – pdV, and d(pV)= pdV + Vdp

At constant T and p, dGdw add =max,

Justification 3.3  Maximum non-expansion work

3.5 The Helmholtz and Gibbs energies
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( ) ( ) ( )
f

o
f

o
r

o GGG ∑∑ Δ−Δ=Δ

Products      Reactants

3.6 Standard reaction Gibbs energies

( ) ( ) ( )ro
r

o
r

o STHG Δ−Δ=Δ

Standard Gibbs energy of reaction, (∆Go)r : 

Standard Gibbs energy of formation, (∆Go)f : 

The difference in standard molar Gibbs energies of 
the products and reactants in their standard states
at the temperature specified for the reaction

The standard reaction Gibbs energy for the formation 
of a compound from its elements in their reference states
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1

11

22

kJmol2.257

kJmol)}0(
2
12.137{kJmol4.394

)}g,O(
2
1)g,CO({)g,CO(

−

−−

−=

+−−=

Δ+Δ−Δ=Δ o
f

o
f

o
f

o
f GGGG

To calculate the standard Gibbs energy of the reaction CO(g) +1/2O2(g) → CO2(g) 
at 25℃, we write

Illustration 3.7

1

1
2

kJmol11.77)aq,Ag(

kJmol12.54)(Cl)(Ag)(Cl
2
1)(Ag

−+

−−+

+=Δ

−=Δ+→+

o
f

o
r

Gtoleadswhich

Gaqaqgs

With the value of ΔfG0(Cl-,aq) established, we can find the value of ΔfG0(Ag+,aq) from

Illustration 3.8

3.6 Standard reaction Gibbs energies

(Calculating the standard Gibbs energy of formation of an ion)

(Calculating the standard Gibbs energy of reaction)
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Products      Reactants

)Cl()H(kJmol1272)aq,Cl( 1 −+−− Δ+Δ+=Δ o
solv

o
solv

o
f GGG

Comment 3.2

The standard Gibbs energies of 
formation of the gas-phase ions 
are unknown. We have therefore 
used ionization energies or 
electron affinities and have 
assumed that any differences 
from the Gibbs energies
arising from conversion to 
enthalpy and the inclusion of 
entropies to obtain Gibbs 
energies in the formation of H+

are cancelled.

3.6 Standard reaction Gibbs energies
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Combining the First and Second Laws
3.7 The fundamental equation
1st law of thermodynamics :

For a reversible change in a closed system of constant composition, 
and in the absence of any additional (non-expansion) work,

Therefore, for a reversible change in a closed system,

This equation applies to any change – reversible or irreversible-of a system that 
does do no additional (non-expansion) work

pdVdwrev −=

dwdqdU +=

TdSdqrev =

pdVTdSdU −=

This fundamental equation applies to both reversible and irreversible changes :

- For a reversible change : TdS = dq and – pdV = dw

- For an irreversible change : TdS > dq and – pdV < dw
=> dw + dq = TdS – pdV provided the composition is constant.
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3.8 Properties of the internal energy

As a function of S and V; U(S,V)

(a) The Maxwell relations

→ Since  dU = TdS - pdV,

Thermodynamic definition of Temperature : The ratio of the changes in the internal energy and 
entropy of a constant volume, closed, constant-composition system

Suppose df = gdx + hdy,
: The mathematical criterion for df
being an exact differential

Therefore, from the fundamental eqn. dU = TdS - pdV

: Maxwell relation

The expressions for dH, dA and dG (see Table 3.5) 

dU = TdS - pdV

dH = TdS + Vdp

dG = Vdp - SdT

dA = -pdV - SdT
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Justification 3.4  The Thermodynamic equation of state

: Thermodynamic equation of state (see the Justification 3.4)

T
T V

U
⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

=π

p
T
pT

V
T −⎟

⎠
⎞

⎜
⎝
⎛
∂
∂

=π

(b) The variation of internal energy with volume

: The internal pressure, πT, representing how U changes as V of a system is 
changed isothermally, played a central role in the manipulation of the 1st law

STVT V
U

V
S

S
U

V
U
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= → By dividing both sides by dV,

p
V
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3.8 Properties of the internal energy
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3.9 Properties of the Gibbs energy

SdTTdSdHdG −−=
VdppdVdUdH ++=

SdTTdSVdppdVpdVTdSdG −−++−= )(
SdTVdpdG −=

Because H = U + pV,

By dU = TdS - pdV in a closed system doing no additional work,

G : particularly suitable for chemical applications

As a function of p and T; G(p,T)
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=

Since dG = Vdp - SdT,

(See Fig. 3.18)

(a) General considerations
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The Gibbs energy of the gaseous phase 
of a substance, which has a high molar 
entropy, is more sensitive to temperature 
than liquid and solid phases (See Fig. 3.19)

Because the molar volumes of gases are 
large, G is more sensitive to pressure for the 
gaseous phase of a substance than for its 
liquid and solid phases (See Fig. 3.20)

3.9 Properties of the Gibbs energy
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Since  G = H – TS and then  S = (H – G)/T,

: If we know H of the system, then we know how G/T varies with T
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Gibbs-Helmholtz equationor

Justification 3.5
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Since ,    ∴

Using the chain rule, The chain rule :
f = f(g) and g = g(t)

dt
dg

dg
df

dt
df

=

(b) The variation of the Gibbs energy with temperature

3.9 Properties of the Gibbs energy



Seoul National UniversitySeoul National University Prof. SangProf. Sang--imim, , YooYoo

( ) ( ) ∫+= f

i

p

pif VdppGpG

( ) ( ) ( ) pVpGppVpGpG mimifmimfm Δ+=−+= )(

At dT = 0  pi→ pf,

For a liquid or solid, the volume changes only 
as the pressure changes. (See Fig. 3.21)

For molar quantities at constant V,

For a perfect gas Vm= RT/p, RT : constant

( ) ( ) ( )
i

f
i

p

pif p
p

RTpG
p

dpRTpGpG f

i

lnmmm +=+= ∫

For a gas, G depends on p strongly.
V varies obviously with p (not constant).
(See Fig. 3.22)

(c) The variation of the Gibbs energy with pressure

3.9 Properties of the Gibbs energy
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( ) o
o

p
pRTGpG lnmm +=

If we set pi = po (the standard pressure of 1bar), 
the molar Gibbs energy of a perfect gas at pressure p :

Predicted logarithmic dependence of Gm on p (See Fig. 3.23)

Illustration 3.10
Suppose that for a certain phase transition of a solid ΔtrsV = 
+1.0cm3mol-1 independent of pressure. Then, for an increase in 
pressure to 3.0Mbar (3.0 X 1011Pa) from 1.0 bar (1.0 X 105Pa), the 
Gibbs energy of the transition changes from ΔtrsG(1bar) to

Where we have used 1 Pa m3 = 1J

12

511136

kJmol100.3)bar1(

)Pa100.1Pa100.3()molm100.1()bar1()MBar3(
−

−−

×+Δ=

×−×××+Δ=Δ

G

GG

trs

trstrs

3.9 Properties of the Gibbs energy

(Gibbs energies at high pressures)


