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 Lecture 20 
 

Phase Transitions 

• Phase diagrams 
 
• Latent heats 
 
• Phase-transition fun 
 

Reading for this Lecture: 
Elements Ch 13 

Presenter
Presentation Notes
This is a bit long.  I only made it through slide 12, partly because I needed to finish lecture 19 first.
Demos:  
* Superheated water!! They love it.
* Crush the gallon can.
* Boiling of salty and pure water.
* Heat pack.
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Solids, Liquids and Gases 

Solid Liquid Gas 

Solids have fixed relationships among the atoms (or molecules) 

Liquids have looser relationships among atoms. 

⇒The liquid has more entropy, because there are more ways to arrange  
 atoms in the liquid. 

In liquids there are still some correlations between atoms, but in gases 
there are essentially none.  In most situations the entropy of the gas is 
vastly larger than that of the liquid or solid. 

Presenter
Presentation Notes
http://www.chem.purdue.edu/gchelp/liquids/vpress.html
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If Sgas > Sliguid > Ssolid, why are different phases stable at different temperatures? 

The answer is that we must also consider the entropy of the environment.  That’s 
what free energy and chemical potential do for us. 

For example: At low enough temperatures a substance like  
water is a solid.  Its entropy is lower than that of the liquid so  
it must give up enough energy to its environment to make the  
total entropy increase when ice forms: 

Liquid H2O → Solid: ∆Stot = ∆SL+∆SS + ∆Senv ≥ 0 

 

In order for this to work, enough heat must be given to the 
environment to make ∆Stot ≥ 0. 

OK.  So, why is liquid H2O favored at higher temperatures? 

The relative sizes of the ∆S terms must be different. 

 

Let’s look at the problem more quantitatively. 

Phase Transitions and Entropy 

water 

ice 

< 0 > 0 
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Consider solid-gas equilibrium at constant volume and temperature.  Some 
substances (e.g., CO2) don’t exist as liquids at atmospheric pressure. 

The solid has negligible entropy (compared to the gas),  
so we’ll ignore it.  In that case: 

 Fs = Us -TSs = -N∆ ⇒ µs = -∆ 
 The gas: µg = kT ln(n/nQ) 

Set them equal and solve for the equilibrium gas  
pressure: 
 
 
The equilibrium pressure is called the “vapor pressure” of the solid at temperature 
T.  If p < pvapor, atoms will leave the solid until pgas = pvapor. 
This is called sublimation.  For liquids, it’s called evaporation. 

Examples:  Si (28 g/mol):   pvapor = (4.04×104 atm)(28)3/2 e-3eV/.026eV    = 5×10-44 atm 
                  CO2 (44 g/mol):   pvapor = (4.04×104 atm)(44)3/2 e-0.26eV/.026eV = 535 atm 

Some solids don’t sublimate.  Some do. 
Question: Does water ice sublimate?  

Solid-gas equilibrium: vapor pressure 

- /kTln = ln = evapor Q
Q Q

n pkT kT p p p
n p

∆   
− ∆ ≡ =      ⇒

   

V,T Binding energy of an  
atom in the solid 

Note the different ∆’s 

Presenter
Presentation Notes
http://www.chem.purdue.edu/gchelp/liquids/vpress.html
ethyl alcohol   0.08 atm
water  0.03 atm
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Remember: 
 
It’s negative, because (unless highly compressed) nQ >> n and pQ >> p. 
For helium at T = 300K and p = 1 atm: 

So,  
 
All ideal gases will behave similarly, with a logarithmic pressure 
dependence and an approximately linear temperature dependence. 
(The curvature is due to the T dependence of nQ.) 
 
Here’s a graph: 

Chemical Potential of an Ideal Gas 
ln ln ,    where 

Q Q

g Q Q
n pkT kT p n kT
n p

µ = = =

6ln  ln(3.10 10 ) (.026 eV)( 12.69) 0.33 eV
Q

He
pkT kT
p

µ −= = × = − = −

( )( )1.54 54.04 10  atm 4 3.23 10  atmQp = × = ×

      µ 
        0 

 
 
 
 

-0.33 eV 

T 300 K 

 p = 1 atm 

 p < 1 atm 

 p > 1 atm 

Increase the temperature, 
holding p constant:: 
µ decreases. 

Increase the pressure, 
holding T constant:: 
µ increases. 

Presenter
Presentation Notes
Think of available work.  If we increase p (at constant) of piston  more compressed  more available work  more free energy  larger chemical potential
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Vapor Pressure of a Solid 
and the p-T Phase Diagram 

We saw that µsolid is essentially constant     
(-∆).  We can use this to determine 
graphically the equilibrium pressure (vapor 
pressure) of the solid as a function of T.   
For a given temperature, at what  
pressure does the curve cross µ = -∆? 

 
From this, we can plot the equilibrium curve, 
p(T), where the two phases can coexist. 
This graph is called a p-T phase diagram.   
It tells us what regions in the (p,T) plane  
make a gas and which make a solid.   
The equilibrium curve separates them. 

It’s just a way to visualize the 
equilibrium equation: 

/ln
Q

kT
g s Q

pkT p p e
p

µ µ −∆= = =→−∆→

At low T or high p, 
equilibrium is all solid. 
 

The phases coexist 
on the equilibrium curve. 

 
At high T or low p, 
equilibrium is all gas. 

      µ 
T 

 p = 1 atm 
 p < 1 atm 

 p > 1 atm 

-∆ Equilibrium  

T 

p 

Solid 

Gas 
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We ignored the entropy of the solid, because the entropy of the gas was so 
much larger.  When comparing solids and liquids, we can’t ignore entropy.  The 
entropy is small, but not completely negligible. 

Compare solids and liquids (for a given substance): 
• ∆S > ∆L.  Atoms in the solid are more strongly bound. 
• SS < SL.  Atoms  in the liquid have more available microstates (due to motion). 

Compare the chemical potentials: 
Remember that F = U-TS, and µ is the free energy per particle. 
• At very low T, the entropy is not important, so µS < µL. 
• As T increases, both chemical potentials decrease,  
 but the liquid decreases faster. 

Therefore, the solid phase is stable at  
low temperature, while the liquid phase 
is stable at high temperatures. 

There is an equilibrium temperature, the 
melting/freezing temperature.  As the  
substance passes through Tfreeze, there 
is a phase transition. 

Solids and Liquids, More Accurately 

       

−∆L 
−∆S 

Liquid-solid  
equilibrium 

Tfreeze 

µL 
µS 

µ T 
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1) Which point corresponds to a liquid? 
 A B C 
 
 
 
 
 
 
 
 
 
2) The substance is in state C.  What will happen? 
 A) The substance will melt 
 B) Free energy will minimize itself 
 C) Entropy will maximize 

µL 
µS 

µ T 

A B 
C 

Act 1: Solid-Liquid 
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Solution 
1) Which point corresponds to a liquid? 
 A B C 
 
 
 
 
 
 
 
 
 
 
2) The substance is in state C.  What will happen? 
 A) The substance will melt 
 B) Free energy will minimize itself 
 C) Entropy will maximize 

µL 
µS 

µ T 

A B 
C Both points lie on the liquid’s µ(T) curve. 

Point A does not lie on the solid’s curve, so it must be liquid 

(but not one in equilibrium [lowest possible µ]. 

At point B the liquid and solid are in equilibrium. 
We don’t actually know how much of each there is. 
 

FYI: Global equilibrium condition:  

Minimum G = Ngµg + Nsµs + Nlµl        G  =   Gibbs Free Energy 

Except at a coexistence temperature, Tc, two of the N’s will be zero in equilibrium. 
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Solution 
1) Which point corresponds to a liquid? 
 A B C 
 
 
 
 
 
 
 
 
 
 
2) The substance is in state C.  What will happen? 
 A) The substance will melt 
 B) Free energy will minimize itself 
 C) Entropy will maximize 

µL 
µS 

µ T 

A B 
C Both points lie on the liquid’s µ(T) curve. 

Point A does not lie on the solid’s curve, so it must be liquid 

(but not one in equilibrium [lowest possible µ]. 

At point B the liquid and solid are in equilibrium. 
We don’t actually know how much of each there is. 
 

FYI: Global equilibrium condition:  

Minimum G = Ngµg + Nsµs + Nlµl        G  =   Gibbs Free Energy 

Except at a coexistence temperature, Tc, two of the N’s will be zero in equilibrium. 

B and C are equivalent.  That’s what systems do unless we interfere. 
A is also correct, because µL < µS at that temperature. 
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The p-T Diagram with Three Phases  

T 
µ 

p1 p2 

T 
µ 

p3 

T 
µ 

Gas 
p1 T 

p 
Phase Diagram: 

p3 

p2 

Solid Liquid 

At a given p,T, the system will reside in the lowest µ. 

Phase transitions occur where the µ(T) curves cross. 

If we raise T at constant p, the sequence of phase 
transitions depends on the value of p. 

The solid and liquid curves don’t change with pressure, 
because solids and liquids are nearly incompressible. 

Gas 

Liquid 

Solid 

Presenter
Presentation Notes
Point out the ‘triple point’, where mg = ml = ms 
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The p-T Diagram with Three Phases  

T 
µ 

p1 p2 

T 
µ 

p3 

T 
µ 

Gas 

Liquid 

Solid 

Gas 
p1 T 

p 
Phase Diagram: 

p3 

p2 

Solid Liquid 

At low pressure, the liquid phase is not stable for any T. 
The substance sublimes at temperature T1. 

If we increase the pressure, the gas curve moves to the 
right.  There is a critical pressure for which all three 
curves pass through a point.  The three phases can 
coexist only at (T2,p2). 

At high pressure, there are two phase transitions: 
solid-liquid at T3, and liquid-gas at T4. 

T1 

T1 T2 T3 T4 

Presenter
Presentation Notes
Point out the ‘triple point’, where mg = ml = ms 
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Phase Transitions: OOPS! 

The photos below show the results of steam cleaning a railroad 
tank car, then sealing it before the steam had cooled 

Presenter
Presentation Notes
Balloon and LN demo
Turpentine can demo?
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Phase Diagrams 

 On special transition lines, 
two phases are stable. 
 

 At very special “triple points”, 
those line cross and three 
phases are stable. 

T 

p 

solid liquid 

gas 

Notice that in almost all the (p.T) plane, 
only ONE phase is stable.   
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ACT 2: Phase Transitions 

Let’s think a bit about energy flow during phase transitions. 
 
Suppose heat flows slowly into 00 C water containing some ice cubes 
(maintaining equilibrium). 
What happens to the energy added to the system? 
 A) It warms the ice. 
 B) It warms the water. 
 C) It breaks ice bonds. 

Water 
at 0 0C 

ice 

Q 
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Solution 

Let’s think a bit about energy flow during phase transitions. 
 
Suppose heat flows slowly into 00 C water containing some ice cubes 
(maintaining equilibrium). 
What happens to the energy added to the system? 
 A) It warms the ice. 
 B) It warms the water. 
 C) It breaks ice bonds. 

Water 
at 0 0C 

ice 

Q 
The temperature will remain constant  
until all the ice is melted. 
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Latent Heat 
Consider a liguid-gas phase transition at constant 
pressure.  The phase diagram doesn’t tell the whole 
story.  Look at how the system changes as we add 
heat: 

 

 

 

Plot temperature vs the amount of heat added: 

Remember the 1st law: Q = ∆U + p∆V . 
Some of the energy goes into breaking  
the bonds (∆U), and some goes into raising  
the weight (p∆V). 

The p-T diagram doesn’t show either of these 
changes. 

The heat we need to add to effect the  
phase change is called “latent heat”. 

Gas 

T 

p 
Solid Liquid 

Heater: This all happens  
at the white dot. 

Heat of transformation  
≡ Latent Heat 

Q 

T 

∆Hlg 

gas 
liquid +gas 

liquid 
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The heat required to convert the liquid entirely into gas is directly 
related to the entropy change of the material: 

 Q12 = T1 ∆S12 = ∆U + p∆V ≡ ∆Hlg 

H = U + pV is defined as the Enthalpy (‘heat content’) of a material.   
For phase transitions:   
“Heat of vaporization” = “enthalpy change” = “latent heat”: 
  ∆Hlg = Hgas - Hliquid = Latent Heat = QL 

Latent heats are typically given in units of J/mol or J/gram 

 

 

 

 

There is a similar latent heat for the solid-liquid transition. 

For H2O at 1 atm: 
 QL(ice-liquid) = 80 cal/g = 333 kJ/kg 
 QL(liquid-steam) = 540 cal/g = 2256 kJ/kg 

Latent Heat (2) 

            Latent Heats of Evaporation 
Gas Boiling temp (K) ∆H (J/mol) ∆S (J/mol.K) 
Helium  4.2  92  22 
Nitrogen  77  5,600  72 
Oxygen  90  6,800  76 
H2O  370  40,000  120 

T 

Q 

QL 
(solid-liquid) 

QL 
(liquid-gas) 

Presenter
Presentation Notes
Demo: alcohol thermometer ?
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