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ሾTPሿ For steam  liquid water, ∆𝑆୲୭୲ ൌ െ ∆ு౬౗౦
ଷ଻ଷ ୏

൅ ∆ு౬౗౦
்

ൌ ∆𝐻୴ୟ୮ െ ଵ
ଷ଻ଷ ୏

൅ ଵ
்

.
At 𝑇 ൌ 100℃ ൌ 373 K, ∆𝑆୲୭୲ evaluates to …

1. ൏ 0
2. ൌ 0
3. ൐ 0
4. Note sure
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• Complete: Spontaneity of phase transitions
• Absolute entropy ሺ𝑆°ሻ
• Relative entropy values
• Entropy change of reaction ሺ∆𝑆°୰୶୬ሻ
• Free energy change: Δ𝐺

Next: Effect of temperature on spontaneity; Chapter 24: Chemical 
equilibrium

steam  liquid water
Since ∆𝑆ୱ୷ୱ ൏ 0 and ∆𝑆ୱ୳୰ ൐ 0,  their contributions to 

∆𝑆୲୭୲ ൌ ∆𝑆ୱ୷ୱ ൅ ∆𝑆ୱ୳୰

oppose one another.
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steam  liquid water
What are the values of ∆𝑆ୱ୷ୱ and ∆𝑆ୱ୳୰? 

Since condensation releases heat ሺ𝑞ୱ୷ୱሻ ൌ െ∆𝐻୴ୟ୮ to the surroundings, the 
entropy of the surroundings increases during condensation,

∆𝑆ୱ୳୰ ൌ
௤ೞೠೝ
்

 ൌ ି௤౩౯౩
்

ൌ ∆ு౬౗౦
்

൐ 0
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steam  liquid water
But since ∆𝑆୲୭୲ ൌ 0 at 𝑇 ൌ 100℃, the system entropy change is the special 
value

∆𝑆ୱ୷ୱ ൌ െ∆𝑆ୱ୳୰ 100℃ ൌെ∆ு౬౗౦
ଷ଻ଷ ୏

൏ 0
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steam  liquid water
Putting these value together, we get

∆𝑆୲୭୲ ൌ ∆𝑆ୱ୷ୱ ൅ ∆𝑆ୱ୳୰ ൌ െ ∆ு౬౗౦
ଷ଻ଷ ୏

൅ ∆ு౬౗౦
்

This result shows that it is the entropy change of the surroundings that 
determines when condensation of steam is spontaneous.

That is, it is the temperature at which heat is transferred to the surroundings 
that determines when ∆𝑆ୱ୳୰ ൐ ∆𝑆ୱ୷ୱ .
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ሾTPሿ For steam  liquid water, ∆𝑆୲୭୲ ൌ െ ∆ு౬౗౦
ଷ଻ଷ ୏

൅ ∆ு౬౗౦
்

ൌ ∆𝐻୴ୟ୮ െ ଵ
ଷ଻ଷ ୏

൅ ଵ
்

.
At 𝑇 ൌ 100℃ ൌ 373 K, ∆𝑆୲୭୲ evaluates to …

1. ൏ 0
2. ൌ 0
3. ൐ 0
4. Note sure
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ሾTPሿ For steam  liquid water, ∆𝑆୲୭୲ ൌ െ ∆ு౬౗౦
ଷ଻ଷ ୏

൅ ∆ு౬౗౦
்

ൌ ∆𝐻୴ୟ୮ െ ଵ
ଷ଻ଷ ୏

൅ ଵ
்

.
At 𝑇 ൌ 94℃ ൌ 367 K, ∆𝑆୲୭୲ evaluates to …

1. ൏ 0
2. ൌ 0
3. ൐ 0
4. Note sure
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ሾTPሿ For steam  liquid water, ∆𝑆୲୭୲ ൌ െ ∆ு౬౗౦
ଷ଻ଷ ୏

൅ ∆ு౬౗౦
்

ൌ ∆𝐻୴ୟ୮ െ ଵ
ଷ଻ଷ ୏

൅ ଵ
்

.
At 𝑇 ൌ 106℃ ൌ 379 K, ∆𝑆୲୭୲ evaluates to …

1. ൏ 0
2. ൌ 0
3. ൐ 0
4. Note sure
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Spontaneity = increase in total entropy
Spontaneity means that …

∆𝑆୲୭୲ ൌ ∆𝑆ୱ୷ୱ ൅ ∆𝑆ୱ୳୰ ൐ 0

Spontaneity does not require that …
∆𝑆ୱ୷ୱ ൐ 0 or ∆𝑆ୱ୳୰ ൐ 0

The separate roles of ∆𝑆ୱ୷ୱ and ∆𝑆ୱ୳୰ account for why steam condenses and 
water boils.

The same approach works for melting and for sublimation.

Lecture 12 CH131 Summer 1 2021

23

Copyright © 2021 Dan Dill dan@bu.edu

How to determine ΔSsys for a chemical reaction?
We have seen that in we can get ∆𝑆ୱ୷ୱ for a phase transition using ∆𝑆୲୭୲ ൌ 0 at 
the transition temperature, 

∆𝑆ୱ୷ୱ ൌ െ ∆ு౪౨౗౤౩౟౪౟౥౤
்౪౨౗౤౩౟౪౟౥౤

, where  𝑇୲୰ୟ୬ୱ୧୲୧୭୬ൌ 𝑇୫ୣ୪୲,𝑇ୠ୭୧୪, or 𝑇ୱ୳ୠ୪୧୫ୣ,

since at that temperature the two phases are in equilibrium so ∆𝑆୲୭୲ ൌ 0.
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How to determine ΔSsys for a chemical reaction?
Getting ∆𝑆ୱ୷ୱ for a chemical reaction requires a different approach.

In principle we could get ∆𝑆ୱ୷ୱ by analyzing changes in particle and energy 
dispersal, 𝑊୮ and 𝑊 , as a result of the  chemical transformation.
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How to determine ΔSsys for a chemical reaction?
But, in practice, it is easier to get Δ𝑆sys by measuring heat flow between system 
and surroundings when they are in equilibrium.

This is analogous to what we did for condensation of steam to get

∆𝑆୲୭୲ ൌ 0 ൌ ൅∆ு౬౗౦
ଷ଻ଷ ୏

൅ ∆𝑆ୱ୷ୱ → ∆𝑆ୱ୷ୱ ൌ െ ∆ு౬౗౦
ଷ଻ଷ ୏

since at 373 K ൌ 100℃ the system and surroundings are in equilibrium.
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How to determine ΔSo
rxn ?

The essential starting point is that at 0 K, for each substance, 

𝑊 ൌ 1 and so 𝑆 ൌ 0.

This is known as the third law of thermodynamics.

Copyright © 2021 Dan Dill dan@bu.eduLecture 12 CH131 Summer 1 2021

28

How to determine ΔSo
rxn ?

Starting with 𝑆 ൌ 0 ሺat 𝑇 ൌ 0ሻ, adding a little heat 𝑑𝑞ଵ, 
entropy 𝑑𝑆ଵ ൌ

ௗ௤భ
~଴௄

will be added, raising 𝑇 a little bit, say to 1 K.

Adding a little more heat 𝑑𝑞ଶ, 
entropy 𝑑𝑆ଶ ൌ

ௗ௤మ
~ଵ௄

will be added, raising 𝑇 another little bit, say to 2 K. 
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How to determine ΔSo
rxn ?

Continuing in this way, up to a final temperature 𝑇, the sum of all of the small 
additions 𝑑𝑆 are 𝑆 for the substance at 𝑇,

𝑆° 𝑇 ൌ 𝑑𝑆ଵ ൅ 𝑑𝑆ଶ ൅ ⋯൅ 𝑑𝑆௡
These total values are called absolute entropies ሺ𝑆°ሻ at temperature 𝑇.
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Find S at a particular temperature
Make a sketch of how you expect the entropy of water to change with 
temperature, starting from 𝑆 ൌ 0 at 𝑇 ൌ 0 K and ending at the entropy at
𝑇 ൌ 400 K.
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Find S at a particular temperature
Lecture 12 CH131 Summer 1 2021
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Find S at a particular temperature
Absolute entropies typically are tabulated
at 298 K.

Note, these are entropies, 
not entropy changes.
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Relative entropy values
In assessing relative entropy values at 25℃, note the following qualitative 
values.

In general, liquids have greater entropy than solids, because of the 
contribution ∆ு౜౫౩౟౥౤

்
to their total entropy
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Relative entropy values
In general, gases have greater entropy than liquids, because of the 
contribution ∆ு౬౗౦

்
to their total entropy.
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Relative entropy values
In general, the more electrons in the electron clouds, the more energy levels 
and so the more ways ሺ𝑊௘ሻ energy can be stored.
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ሾTPሿ Rank the following in order of increasing standard molar entropy, 𝑆°, at 
25℃: HଶO 𝑔 , CHଷOH 𝑙 , CHଶClଶሺ𝑔ሻ

1. 𝑆°ሾH2Oሺ𝑔ሻሿ ൏ 𝑆°ሾCH3OHሺ𝑙ሻሿ ൏ 𝑆°ሾCH2Cl2ሺ𝑔ሻሿ
2. 𝑆°ሾCH3OHሺ𝑙ሻሿ ൏ 𝑆°ሾH2Oሺ𝑔ሻሿ ൏ 𝑆°ሾCH2Cl2ሺ𝑔ሻሿ
3. 𝑆°ሾCH3OHሺ𝑙ሻሿ ൏ 𝑆°ሾCH2Cl2ሺ𝑔ሻሿ ൏ 𝑆°ሾH2Oሺ𝑔ሻሿ
4. 𝑆°ሾH2Oሺ𝑔ሻሿ ൏ 𝑆°ሾCH2Cl2ሺ𝑔ሻሿ ൏ 𝑆°ሾCH3OHሺ𝑙ሻሿ 
5. 𝑆°ሾCH2Cl2ሺ𝑔ሻሿ ൏ 𝑆°ሾH2Oሺ𝑔ሻሿ ൏ 𝑆°ሾCH3OHሺ𝑙ሻሿ 
6. 𝑆°ሾCH2Cl2ሺ𝑔ሻሿ ൏ 𝑆°ሾCH3OHሺ𝑙ሻሿ ൏ 𝑆°ሾH2Oሺ𝑔ሻሿ
7. None of the above
8. Note sure
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Relative entropy values
Consider following in order of increasing standard molar entropy, 𝑆°, at 25℃: 
HଶO 𝑔 , CHଷOH 𝑙 , CHଶClଶ 𝑔 .

𝑆° CHଷOH 𝑙 ൌ 126.8 J/ሺK molሻ

𝑆° HଶO 𝑔 ൌ 188.8 J/ሺK molሻ

𝑆° CHଶClଶ 𝑔 ൌ 270.2 J/ሺK molሻ
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How to get entropy change of reaction, ΔSo
rxn ?

Using tabulations of absolute entropies, 𝑆°, we can calculate the entropy change 
of any reaction:

1. Get absolute entropies 𝑆°

2. ∆𝑆°୰୶୬ ൌ Σሺ𝑆°୮୰୭ୢ୳ୡ୲ୱሻ െ Σሺ𝑆°୰ୣୟୡ୲ୟ୬୲ୱሻ
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ሾTPሿ Which of the following is the correct expression for 
∆𝑆°୰୶୬ ൌ Σሺ𝑆°୮୰୭ୢ୳ୡ୲ୱሻ െ Σሺ𝑆°୰ୣୟୡ୲ୟ୬୲ୱሻ

Type equation here.of the reaction C 𝑠 ൅ ଵ
ଶ

Oଶሺ𝑔ሻ → COሺ𝑔ሻ

1. ൅∆𝑆°୤ C, 𝑠 ൅ ଵ
ଶ
∆𝑆°୤ Oଶ,𝑔 െ ∆𝑆°୤ CO,𝑔

2. െ∆𝑆°୤ C, 𝑠 െ ଵ
ଶ
∆𝑆°୤ Oଶ,𝑔 ൅ ∆𝑆°୤ CO,𝑔

3. ൅∆𝑆°୤ CO,𝑔
4. െ∆𝑆°୤ CO,𝑔

5. ൅𝑆° C, 𝑠 ൅ ଵ
ଶ
𝑆° Oଶ,𝑔 െ 𝑆° CO,𝑔

6. െ𝑆° C, 𝑠 െ ଵ
ଶ
𝑆° Oଶ,𝑔 ൅ 𝑆° CO,𝑔

7. ൅𝑆° CO,𝑔
8. െ𝑆° CO,𝑔
9. Note sure
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Entropy of reaction, ΔSo
rxn

∆𝑆°୰୶୬ ൌΣሺ𝑆°୮୰୭ୢ୳ୡ୲ୱሻ െ Σሺ𝑆°୰ୣୟୡ୲ୟ୬୲ୱሻ

Rules of thumb:
• If more gas moles formed, ∆𝑆°୰୶୬large and positive
• If more gas moles consumed,∆𝑆°୰୶୬large and negative
• If gas moles unchanged, ∆𝑆°୰୶୬ small but positive or negative
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ΔSo
rxn = ΣሺSoproducts) − ΣሺSoreactants) 

2 Znሺ𝑠ሻ ൅ O2ሺ𝑔ሻ  2 ZnOሺ𝑠ሻ

∆𝑆°୰୶୬ ൌ 2 ൈ 43.7 െ ሺ2 ൈ 41.6 ൅ 205.0ሻ ൌ െ200.8 J/K

Δ𝑛୥ ൌ െ1, so ∆𝑆°୰୶୬ is large and negative
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ΔSo
rxn = ΣሺSoproducts) − ΣሺSoreactants) 

N2ሺ𝑔ሻ ൅ O2ሺ𝑔ሻ  2 NOሺ𝑔ሻ

∆𝑆°୰୶୬ ൌ 2 ൈ 210.8 െ ሺ191.6 ൅ 205.0ሻ ൌ ൅25 J/K

Δ𝑛୥ ൌ 0, so ∆𝑆°୰୶୬ is small
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An alternative criterion of spontaneity
Quantifying spontaneity, we have learned so far:

𝑊 → 𝑆 ൌ 𝑘஻ ln 𝑊 → ∆𝑆 ൌ 𝑘஻ ln ௐ೑

ௐ೔

∆𝑆୲୭୲ ൌ ∆𝑆ୱ୳୰ ൅ ∆𝑆ୱ୷ୱ

∆𝑆ୱ୳୰ ൌ
௤౩౫౨
்

ൌ െ ∆ு౩౯౩
்

∆𝑆୲୭୲ ൌ െ ∆ு౩౯౩
்

൅ ∆𝑆ୱ୷ୱ
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An alternative criterion of spontaneity
For phase transitions:

∆𝑆୲୭୲ ൌ െ ∆ு౩౯౩
்

൅ ∆𝑆ୱ୷ୱ

ൌ െ ∆ு౪౨౗౤౩౟౪౟౥౤
்

൅ ∆ு౪౨౗౤౩౟౪౟౥౤
்౪౨౗౤౩౟౪౟౥౤
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An alternative criterion of spontaneity
For chemical reactions:

∆𝑆୲୭୲ ൌ െ ∆ு౩౯౩
்

൅ ∆𝑆ୱ୷ୱ

ൌ െ ∆ு౨౮౤
்

൅ ∆𝑆୰୶୬
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ሾTPሿ While ∆𝑆୲୭୲ takes into account entropy change in both the surroundings 
and the system, the expression ∆𝑆୲୭୲ ൌ െ ∆ு౨౮౤

்
൅ ∆𝑆୰୶୬ means that for chemical 

reactions, …

1. the entropy change of the surroundings is not important
2. then entropy change of the surroundings still plays a role
3. only exothermic reactions are spontaneous
4. Further information needed
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An alternative criterion of spontaneity
While the expression

∆𝑆୲୭୲ ൌ െ ∆ு౨౮౤
்

൅ ∆𝑆୰୶୬

has only properties of the system, always remember that െ∆ு౨౮౤
்

is the entropy 
change of the surroundings.

This shows that spontaneity is favored by exothermic reactions ሺ∆𝐻୰୶୬ ൏ 0ሻ 
because they increase the entropy of the surroundings.

However, whether a reaction is spontaneous ሺ∆𝑆୲୭୲ ൐ 0ሻ also depends on ∆𝑆୰୶୬.
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Free energy change, ∆𝐺
To emphasize that we only have to know the system quantities ∆𝐻୰୶୬ and 
∆𝑆୰୶୬ , the free energy change of reaction is defined as

െ𝑇∆𝑆୲୭୲ ൌ ∆𝐺୰୶୬ ൌ ∆𝐻୰୶୬ െ 𝑇∆𝑆୰୶୬
The components of Δ𝐺 are usually written with “rxn” ሺor “sys”ሻ omitted …

Δ𝐺 ൌ ∆𝐻 െ 𝑇∆𝑆

It turns out that free energy change is the work than can be done on the 
surroundings ሺexcluding any pressure volume workሻ, and so tells us how much 
work we can get from a chemical transformation.
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System-only spontaneity measure
Δ𝐺 depends only on system quantities, but it is equivalent to ∆𝑆୲୭୲.

If Δ𝐺 ൏ 0, then spontaneous ሺ∆𝑆୲୭୲ ൐ 0ሻ and process provides work

If Δ𝐺 ൌ 0, then equilibrium ሺ∆𝑆୲୭୲ ൌ 0ሻ and no work is involved

If Δ𝐺 ൐ 0, then non-spontaneous ሺ∆𝑆୲୭୲ ൏ 0ሻ and process requires work
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Problem 7e and 8e 13.31 
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