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Changes in Thermodynamic Properties for Phase Transitions

Let’s consider a phase transition at T, p

α → β

the finite changes are given by

∆µ = µβ(T, p)− µα(T, p)

∆h = hβ(T, p)− hα(T, p)

∆s = sβ(T, p)− sα(T, p)
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Changes in Thermodynamic Properties for Phase Transitions

The change in the chemical potential can be given by

∆µ(T, p) = ∆h(T, p)− T∆s(T, p)

The chemical energy (−∆µ), the thermodynamic driving force D, and
the amount of entropy produced ∆sir for a phase transition at
constant T, p are related by

D = T∆sir = −∆µ

If ∆µ is negative, the driving force D is positive, and the transition is
irreversible, producing ∆sir amount of entropy. The larger the driving
force D is, the greater amount of the entropy ∆sir is produced, and
thus the higher the degree of irreversibility for the phase transition.
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Changes in Thermodynamic Properties for Phase Transitions

The equilibrium transition temperature and pressure for a phase
transition are Te and pe, the driving force is

D(Te, pe) = Te∆sir(Te, pe) = −∆µ◦(Te, pe) = 0

At equilibrium temperature and pressure,

∆µ◦(Te, pe) = ∆h◦(Te, pe)− Te∆s◦(Te, pe) = 0

The enthalpy of phase transition,

∆h(T ) = hβ(T )− hα(T )

= hβ(Te) +

∫ T

Te

cβpdT −

[
hα(Te) +

∫ T

Te

cαpdT

]

= ∆h◦(Te) +

∫ T

Te

cβpdT −
∫ T

Te

cαpdT
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Changes in Thermodynamic Properties for Phase Transitions

Let
∆cp = cβp − cαp

then

∆h(T ) = ∆h◦(Te) +

∫ T

Te

∆cpdT

For the chemical potential,[
∂
[
∆µ(T )/T

]
∂T

]
p

= −∆s(T )

T
− ∆µ(T )

T 2
= −∆h(T )

T 2

By integrating the equation,

∆µ(T )

T
=

∆µ◦(Te)

Te
−
∫ T

Te

[
∆h(T )

T 2

]
dT
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Changes in Thermodynamic Properties for Phase Transitions

Under the equilibrium under (Te, pe),

∆h◦(Te, pe) = Te∆s◦(Te, pe) = Qe

where Qe is the heat of transition under constant pressure and
temperature.
Therefore, the entropy of the heat generation for irreversible process,

∆s◦(Te, pe) =
Qe

Te

For the temperature T ,

∆s(T, pe) = ∆s◦(Te, pe) +

∫ T

Te

∆cp
T

dT
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Changes in Thermodynamic Properties for Phase Transitions

Since

dµ = −sdT + vdp →
(
∂µ

∂T

)
p

= −s

therefore,

∆µ(T, pe) = ∆µ◦(Te, pe)−
∫ T

Te

∆s(T, pe)dT

In sum, the finite changes are

∆h(T, pe) = ∆h◦(Te, pe) + ∆cp(T − Te)

∆s(T, pe) = ∆s◦(Te, pe) + ∆cp ln

(
T

Te

)
∆µ(T, pe) = ∆h◦(Te, pe)− T∆s◦ +∆cp(T − Te)−∆cpT ln

(
T

Te

)
Kunok (KHU) Thermodynamics September 17, 2024 9 / 25



Changes in Thermodynamic Properties for Phase Transitions

When ∆cp = 0

∆µ(T, pe) = ∆h◦(Te, pe)− T∆s◦(Te, pe)

Since we have

∆h◦(Te, pe)− Te∆s◦(Te, pe) = 0 → ∆s◦(Te, pe) =
∆h◦(Te, pe)

Te

proceed to

∆µ(T, pe) = ∆h◦(Te, pe)− T
∆h◦(Te, pe)

Te
= −∆h◦(Te, pe)∆T

Te

where
∆T = T − Te
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Changes in Thermodynamic Properties for Phase Transitions

For the process at p at constant temperature T ,

∆µα→β(T, p) = µβ(T, p)− µα(T, p)

For arbitrary pressure p,

µα(T, p) = µα(T, pe) +

∫ p

pe

vαdp

µβ(T, p) = µβ(T, pe) +

∫ p

pe

vβdp

therefore,

∆µα→β(T, p) = ∆µ(T, pe) +

∫ p

pe

∆vdp
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Changes in Thermodynamic Properties for Phase Transitions

Combining the temperature and pressure dependence of chemical
potential change for a phase transition,

∆µ(T, p) = ∆h◦ − T∆s◦ +

∫ T

Te

∆cpdT − T

∫ T

Te

∆cp
T

dT +

∫ p

pe

∆vdp

When ∆cp and ∆v are independent of temperature and pressure,

∆µ(T, p) = ∆h◦ − T∆s◦ +∆cp

[
T − Te − T ln

(
T

Te

)]
+∆v(p− pe)

Introduce, ∆p = p− pe, ∆T = T − Te under the equilibrium,

∆p =

[
∆T∆s◦ −∆cp

[
∆T − (Te +∆T ) ln

(
Te +∆T

Te

)]]
/∆v
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Changes in Thermodynamic Properties for Phase Transitions

If ∆T ≪ Te,

∆p =
∆T

∆v

(
∆h◦ +∆cp∆T

Te

)
it is known as Clapeyron equation.
For a phase transition in a crystal, incorporating effect of an applied
stress,

∆µ(T, σij) = ∆h◦ − T∆s◦ +

∫ T

Te

∆cpdT

− T

∫ T

Te

∆cp
T

dT +

∫ σij

σe
ij

vε◦ijdσij

where ε◦ij is the stress-free transition strain which is a measure of the
relative stress-free lattice parameter change from the parent to the
produce phase and σij is the applied stress.

Kunok (KHU) Thermodynamics September 17, 2024 13 / 25



Changes in Thermodynamic Properties for Phase Transitions

If the chemical potential change ∆µ for a phase transition in known as
a function of T and p, then

∆s(T, p) = −
[
∂∆µ(T, p)

∂T

]
p

Similarly, the enthalpy change or heat of transition is

∆h(T, p) = −T 2

[
∂(∆µ(T, p)/T )

∂T

]
p

= ∆µ(T, p) + T∆s(T, p)

Finally, the volume difference is

∆v(T, p) =

[
∂∆µ(T, p)

∂p

]
T
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Changes in Thermodynamic Properties for Phase Transitions

The amount of entropy produced during a phase transition is

∆sir(T, p) = −∆µ(T, p)

T

For spontaneous reaction, chemical potential reduces, therefore, the
irrerversible entropy increases.
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Changes in Properties for Chemical Reactions

For the chemical reaction at T and p,

νAA+ νBB ⇔ νCC + νDD

where νi is the stoichiometric reaction coefficient.
HR, SR and GR are the properties of reactants and HP , SP and GP

are properties of products. At T and p,

∆G(T, p) = GP (T, p)−GR(T, p)

∆H(T, p) = HP (T, p)−HR(T, p) = Q

∆S(T, p) = SP (T, p)− SR(T, p)
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Changes in Properties for Chemical Reactions

Since we can write

GR(T, p) = νAµA(T, p) + νBµB(T, p)

HR(T, p) = νAHA(T, p) + νBHB(T, p)

SR(T, p) = νASA(T, p) + νBSB(T, p)

GP (T, p) = νCµC(T, p) + νDµD(T, p)

HP (T, p) = νCHC(T, p) + νDHD(T, p)

SP (T, p) = νCSC(T, p) + νDSD(T, p)

From thermodynamic relations,

µi(T, p) = hi(T, p)− Tsi(T, p)

∆G(T, p) = ∆H(T, p)− T∆S(T, p)
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Changes in Properties for Chemical Reactions

At T = 298K and p = 1 bar, we put circle to the right top,

∆G◦
298K,1 bar =

[
νCµ

◦
C + νDµ

◦
D

]
−
[
νAµ

◦
A + νBµ

◦
B

]
∆H◦

298K,1 bar =
[
νCH

◦
C + νDH

◦
D

]
−
[
νAH

◦
A + νBH

◦
B

]
∆S◦

298K,1 bar =
[
νCS

◦
C + νDS

◦
D

]
−
[
νAS

◦
A + νBS

◦
B

]
also

∆G◦
298K,1 bar = ∆H◦

298K,1 bar − T∆S◦
298K,1 bar

If the reaction is irreversible,

∆G◦
298K,1 bar ̸= 0
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Changes in Properties for Chemical Reactions

The change of enthalpy of the reaction at T and p = 1 bar,

∆H(T, 1 bar) = ∆H(298K, 1 bar)−
∫ T

298K
CR
p dT +

∫ T

298K
CP
p dT

= ∆H(298K, 1 bar) +

∫ T

298K
∆CpdT

where
CR
p = νACp,A + νBCp,B

CP
p = νCCp,C + νDCp,D

∆Cp = CP
p − CR

p
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Changes in Properties for Chemical Reactions

Since [
∂(∆G(T, p)/T )

∂T

]
p

= −∆H(T, p)

T 2

By integrating,

∆G(T, 1 bar)

T
=

∆G◦(298K, 1 bar)

T = 298K
−

∫ T

298K

[
∆H(T, 1 bar)

T 2

]
dT

If ∆H(T, 1 bar) is independent of the temperature,

∆G(T, 1 bar)

T
−∆G◦(298K, 1 bar)

T = 298K
= ∆H◦(298K, 1 bar)

(
1

T
− 1

298K

)
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Changes in Properties for Chemical Reactions

The entropy change is

∆S(T, 1 bar) = ∆S◦(298K, 1 bar) +

∫ T

298K

∆Cp

T
dT

The Gibbs energy change is

∆G(T, 1 bar) = ∆G◦(298K, 1 bar)−
∫ T

298K
∆S(T, 1 bar)dT

= ∆H(T, 1 bar)− T∆S(T, 1 bar)

and we can have the entropy and enthalpy by

∆S(T, p) = −
[
∂∆G(T, p)

∂T

]
p

∆H(T, p) = ∆G(T, p) + T∆S(T, p)
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Changes in Properties for Chemical Reactions

If the difference in compressibility between reactants and products are
negligible,

∆G(T, p) = ∆G(T, p0) +

∫ p

1 bar
∆V dp

if ∆V is independent of the pressure,

∆G(T, p) = ∆G(T, 1 bar) + ∆V (p− 1 bar) = ∆G(T, 1 bar) + ∆V∆p

When reactant and product is under the equilibrium, ∆G(T, p) = 0 at
Te and pe,

∆H(Te, pe)− Te∆S(Te, pe) = 0 → Te =
∆H(Te, pe)

∆S(Te, pe)
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Changes in Properties for Chemical Reactions

The entropy produced ∆S ir or the driving force D in a reaction at
constant T and p,

D = −∆G = T∆S ir

If a reaction is spontaneous, D as the amount of chemical energy that
is converted to thermal energy, which is positive.
At constant T and V , the entropy produced for a chemical reaction is

∆S ir = ∆S(T, V )− ∆U(T, V )

T
= −∆F (T, V )

T

for the spontaneous reaction, ∆F (T, V ) < 0.
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Changes in Properties for Chemical Reactions

If a chemical reaction takes place adiabatically at constant pressure,

∆S ir = ∆S = S(T, 1 bar)− S(T0, 1 bar)

If a chemical reaction takes place adiabatically at constant volume,

∆S ir = ∆S = S(T, V )− S(T0, V )
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