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Chapter 3: The Second Law of  Thermodynamics

CHM3400 Resources
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•How many different ways can you arrange the marbles in a line such that:
A) All 3 red marbles are togetherB) 2 red marbles togetherC) No red marbles together

ܵ ൌ ݇ ln ߱
S – Entropyk – Boltzmann Constant – number of  microstates (the number ways the particles in a thermodynamic system can be arranged). 
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Entropy
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•Entropy is related to the randomness of  the system.  The greater the number of  microstates, the greater the entropy.
ܵ ൌ ݇ ln ߱

•In a thermodynamic system, we often use it to understand the direction of  a spontaneous change.

•Imagine two metal blocks with given temperatures that are touching.  Draw an arrow the indicates the direction of  the reaction
3

Entropy

400 K 100 K 250 K 250 K

ܵ ൌ ௗ௤்
Heat transferred (dq) must be positive to go forward!
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Entropy

400 K 100 K 250 K 250 K
q

ܵ ൌ ଵ ௃ସ଴଴௄
Entropy Lost

Entropy Gained
ܵ ൌ ଵ ௃ଵ଴଴௄
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•Entropy always increases!
•This may require us to include both the system and the surroundings.
–In some cases, the entropy of  the system decreases, which requires that the entropy of  the surroundings increase.

H2O(l) H2O(s)
Entropy is Entropy is
Higher here Lower Here

This reaction is spontaneous because it is exothermic (DSsystem + DSsurroundings) > 0
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The Second Law of  Thermodynamics

•Imagine a heat source that is used to convert heat into work.
•As heat is transferred, work is done.  The conversion of  heat into work does not affect the entropy of  the system.
•This transfer of  heat however reduces the entropy of  the heat source (ܵ ൌ

೏೜
೅ ).

•In order for there to be a net increase in entropy, a cold source is created.
–AKA a cold sink.

Δܵ ൌ െ ௤்೓೚೟ା ௤ᇲ
்೎೚೗೏

•This means that not all of the energy of the heat source is converted intowork.
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Entropy Effects on Efficiency
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•Best case scenario: DS = 0
Δܵ ൌ െ ௤்೓೚೟ା ௤ᇱ்೎೚೗೏௤்೓೚೟ୀ ௤ᇱ்೎೚೗೏ݍ′ ൌ ்೎೚೗೏்೓೚೟ ݍ

The efficiency is: ߟ ൌ ೢ
೜

The work that is done is: w = ݍ - ′ݍ

Therefore: ߟ ൌ ೜ ష ೜ᇲ
೜ᇲ , or ߟ ൌ ଵି ೜ᇲ

೜ᇲ , or ߟ ൌ 1 െ ்೎೚೗೏
்೓೚೟
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Entropy Effects on Efficiency

THot TColdEngine

work

q q’
DS<0 DS>0

•Recall that if  we allow a gas to expand isothermally, we can extract the maximum amount of  work from the process.  The internal energy of  the system does not change, and therefore Q=W.
•This was expressed as:

ܹ ൌ െܴ݊ܶ ln ௏೑௏೔Using our equation for Entropy (ܵ ൌ ೏೜
೅ ), we can conclude that ܵ ൌ ೏ೢ

೅ , therefore:
Δܵ ൌ ܴ݊ ln ௏೑௏೔If  the gas is expanding, Vf >Vi, and therefore DS > 0

If  the gas is compressed, Vf <Vi, and therefore DS < 0
This can also be expressed in terms of  a pressure change: Δܵ ൌ െܴ݊ ln ು೑

ು೔ 8

Entropy Effects on Changing Volume
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ܵ ൌ ௗ௤்
Integrating results in ܵ ൌ ೜

೅.
•Recall that a transfer of  heat can be expressed as q=CDT, or q=CdT
Therefore:

ܵ ൌ ஼்ௗ்
Integrating therefore yields: Δܵ ൌ ׬ ஼

் ݀ܶ 
 

Δܵ ൌ ܥ ln ்೑்೔DS > 0 when Tf > Ti
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Entropy Effects on Changing Temperature

•Recall that during a phase change, no work is done.  All of  the energy is transferred as heat.  Therefore, DH = q.
Therefore: Δܵ ൌ ౴ಹ೅೅

This is true for boiling, freezing, melting, etc.
Vaporization is endothermic, therefore DS >0 
•Analogous relationships exist for other phase changes.
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Entropy Effects on Phase Changes
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Calculate the entropy to heat water from 25 °C to 100 °C
Δܵ ൌ ௤்
Δܵ ൌ ஼்

Δܵ ൌ ܥ ln ்೑்೔Δܵ ൌ 75.29 ln ଷ଻ଷ ௄ଶଽ଼ ௄ ଵିܭଵି݈݋݉ ܬ݇
Δܵ ൌ ଵିܭଵି݈݋݉ ܬ݇ 0.0169

Calculate the entropy of  vaporization of  water at 100 °C.
Δܵ ൌ ୼ுೡೌ೛்

Δܵ ൌ ସ଴.଻ ௞௃ ௠௢௟షభ
ଷ଻ଷ ௄Δܵ ൌ ଵିܭଵି݈݋݉ ܬ0.11݇
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Worked  Example: Boiling Water

Calculate the entropy to heat water from 25 °C to 100 °C
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12

Worked  Example: Boiling Water
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•How many different ways can you arrange the marbles in a line such that:
A) All 3 red marbles are togetherB) 2 red marbles togetherC) No red marbles together

ܵ ൌ ݇ ln ߱
S – Entropyk – Boltzmann Constant – number of  microstates (the number ways the particles in a thermodynamic system can be arranged). 

13

Entropy

At T = 0 K, there is not thermal motion, and so there is no spatial disorder if  the material is crystalline.
The conclusion therefore is that at 0 K all crystalline materials have the same entropy (0).
This is summarized by the Third Law of  Thermodynamics

The entropies of  all perfectly crystalline substances are the same at T = 0 K.

14

Absolute Entropy
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At low temperatures, the heat capacity of  a substance is a function of  temperature such that: C(T) = aT3 
Therefore, entropy at low temperature can be defined by:

ܵ ௙ܶ െ ܵ ௜ܶ ൌ න ஼்݀ܶ
 

 
ܵ ܶ െ ܵ 0 ൌ න ௔்య

் ݀ܶ
 

 
ܵ ܶ െ 0 ൌ ܽ න ܶଶ݀ܶ

 

 ܵ ൌ ଵଷࢀࢇ૜
ܵ ൌ ଵଷ࡯ሺࢀሻ 15

Absolute Entropy

16

Absolute Entropy
•Unsurprisingly, molecules that are prone to a great deal of  disorder have higher absolute entropy values.
•Those that are highly ordered (crystalline) have much lower values.
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Imagine you were able to cool down carbon monoxide to 0 K.  What would it look like?
Even at 0 K, we have options for how the molecules are arranged.  In this example, there are two ways that have a different energy associated with each.
You could orient the dipoles ‘head to tail’

You could orient the dipoles ‘head to head’

17

Residual Entropy
C O
d+ d-

C O C O C O C O

C O CO C O CO

d-d-d- d+ d+

d-d+d- d- d+

• The entropy at 0 K can be calculated using the Boltzmann equation.ܵ ൌ ݇ ln ߱We are interested in Entropy of  a mole though, not a molecule.  Therefore:ܵ ൌ ௔ܰ݇ ln ߱ܵ ൌ ܴ ln ߱
ܵ ൌ ܴ ln 2

ܵ ൌ ଵି݈݋ଵ݉ିܭܬ 5.8

The entropy of  FClO3 at 0 K is approximately 12 kJ/mol.  How many different states are possible? 
ܵ ൌ ݇ ln ߱
ܵ ൌ ܴ ln ߱

ln ߱ ൌ ௌோ
߱ ൌ ݁ௌோ

߱ ൌ ݁
ଵଶ ௞௃௠௢௟ ௄

଼.ଷଵ ௞௃௠௢௟ ௄
߱ ൌ4.23

࣓ ൌ4
18

Residual Entropy Worked Example
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∆௥ܵ௢ ൌ ෍ ௠௢ܵߥ
 

௣௥௢ௗ௨௖௧௦
െ ෍ ௠௢ܵߥ

 

௥௘௔௖௧௔௡௧௦

Consider the following reaction:
2H2(g) +   O2(g)  2H2O(l)Sm (J mol-1 K-1) 131 205 70

DSr = 2(70 J mol-1 K-1) – [2(131 J mol-1 K-1) + (205 J mol-1 K-1)]
DSr = 140 J mol-1 K-1 – 467 J mol-1 K-1

DSr = -327 J mol-1 K-1

19

The Entropy of  a Reaction

Recall that for a reaction to occur: DStotal > 0
Δܵ௧௢௧௔௟ ൌ Δܵ௦௨௥௥ ൅ Δܵ௦௬௦Recall also that DSsurr can be expressed in terms of  the enthalpy change of  the system:

Δܵ௦௨௥௥ ൌ ି୼ு்

Δܵ௧௢௧௔௟ ൌ െΔܪ
ܶ ൅ Δܵ௦௬௦

ܶΔܵ௧௢௧௔௟ ൌ െΔܪ ൅ ܶΔܵ௦௬௦

െܶΔܵ௧௢௧௔௟ ൌ Δܪ െ ܶΔܵ௦௬௦

Δܩ ൌ Δܪ െ ܶΔܵ௦௬௦ 20

Total Entropy and Gibbs Energy

Setting –TDStotal = DGWhere DG is the Change in Gibbs Energy
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•By defining the total entropy change at a given temperature as the change in Gibbs Energy
–TDStotal = DG

•We can expect that a reaction may spontaneously proceed to maximize the total entropy change.

21

Gibbs Energy

Progress of  Change

Gibbs Energy

Total Entropy

•The value for DG also provides a value for the maximum non-expansion work that can be extracted (at constant Temperature and Pressure).
•This includes any work other than that arising from expansion of  the system.
–Electrical, mechanical, etc.

DG = wnonexp,max
•This makes DG very powerful as it can be used to calculate the maximum non-expansion work that can be harnessed from a reaction.
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Gibbs Energy and Non-expansion Work

∆௥ܵ௢ ൌ ෍ ௠௢ܵߥ
 

௣௥௢ௗ௨௖௧௦
െ ෍ ௠௢ܵߥ

 

௥௘௔௖௧௔௡௧௦
௥௫௡ܪ∆ ൌ ෍ ௠ܪߥ

 

products
െ ෍ ௠ܪߥ

 

reactants

Since 
௥௫௡ܩ∆ ൌ ෍ ௙ܩ∆ߥ

 

products
െ ෍ ௙ܩ∆ߥ

 

reactants
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•The combustion of  glucose (180 g/mol) has a Gibbs energy of  -2828 kJ/mol
•How many grams of  glucose do you oxidize in 1.5 h if  your brain operates at 25 W?

௡௢௡௘௫௣ݓ ൌ ܩ∆
െܲ∆ݐ ൌ ܩ∆

݊ ൌ ∆ீ ି௉∆௧݉ ൌ ிௐ∆ீ ି௉∆௧
݉ ൌ ଵ଼଴ ௚௠௢௟

-2.828ൈଵ଴ల ௃௠௢௟ 
ିሺଶହ ௐሻ ଵ.ହ௛ ଷ଺଴଴௦௛݉ ൌ ଼.଺ ௚ 23

Non-expansion Work – Worked Example

௡௢௡௘௫௣ݓ ൌ െܲ∆ݐ
݊ ൌ ܨ݉


