Second Year blog on Entropy: 25th May 2019
(This is a revision blog. It is merely a summary of some of the things that you need to know. Everything in this blog can be found
in the relevant Chapters of the two books. Typical exam questions are on p11 and onwards.)

Entropy, designated as “S”, (where the unit is “J K–1 mol–1), is the number of ways in which Energy can be
distributed amongst a number of molecules in a given system. S = k.logeW (discussed later), and where many
textbooks tackle Entropy from the point of view of order/disorder, in this Blog I will tackle Entropy from a
mathematical/from a probability point of view and hardly at all as a discussion about order/disorder. Entropy is
almost entirely explicable by Mathematics.
Unlike the other bits of Chemistry, Entropy does not tell you what happens in a reaction – but instead it tells
you about the circumstances under which a reaction can take place.
If you were to fill a jam-jar without a lid with Hydrogen, would the Hydrogen stay there? I am certain that you
worked out the answer very quickly – but I am also fairly certain that you did not realise that you used ENTROPY
to answer the question.
Entropy used to be explained as the tendency for everything to become more disordered over time. Over the
centuries, dry stone walls (a feature of the landscape in certain parts of the UK) have collapsed and have become
heaps of stones, but in no part of the country have heaps of stones spontaneously (i.e. without some sort of
intervention) become dry stone walls.
The “feasibility” of a reaction (“feasible” means that the conditions are favourable) is one of the concepts that we
will consider in this Blog. The words “spontaneous”, “feasible” and “possible” do not have the same meaning, but
many chemists carelessly often use the words as though they do have the same meaning.
- Something is “possible” if it can happen. If it cannot happen then it is NOT possible (it is impossible).
- Something is “feasible” if it can happen provided that the conditions are favourable (cf. page 10).
- Something is “spontaneous” if it happens without any apparent trigger.1
A reaction can happen only if it is possible and if the conditions make the reaction feasible; and, even if a reaction is
feasible it still may not happen if nothing triggers the reaction (e.g. the requisite Activation Energy may be lacking).
My grandson is now old enough to get married. For him, marriage is feasible, but he is so untidy that it is most
unlikely that he will ever get married. (Tidiness is not a requirement for marriage, but it is a hurdle.) However, he
could still get married. For him, marriage is possible if one day he spontaneously/out of the blue meets someone
who sees past his untidiness to the good characteristics that he does possess, and she/he falls in love with him. Many
scientists confuse the usage of “spontaneous” and “feasible”. Please do NOT do so. Please use language precisely.
There is no magic or mystery involved in Entropy. Science can explain everything in nature. The only questions
that Science cannot answer are the questions about existence itself.
- Entropy is designated as “S”, and (Gibbs’) Free Energy (where “free” is used in the sense of “available to do
work”) is designated as “G”.
- For a reaction to be “feasible”, it is necessary for there to be both (a) an increase in Entropy (∆S must be
POSITIVE), and (b) a decline in Free Energy (i.e. ∆G must be NEGATIVE). These are the two conditions
for feasibility. Even if ∆S is positive, then if ∆G also is positive then the reaction will not be feasible. It
will become feasible only if ∆G were to be negative. Please note carefully therefore that for a reaction to be
feasible BOTH of the following conditions must apply,

(i) ∆S must be POSITIVE

AND

(ii) ∆G must be NEGATIVE

Entropy involves a fair amount of Maths, but even if you are not a competent Mathematician, then so long as you
are numerate and you take it logically step by step, then you can master Entropy.
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The Royal Society of Chemistry describes the term “spontaneous” as one that takes place of its own accord and is not driven by
outside influences. The description is indeed that of “spontaneity”, but that is not the description of feasibility in Entropy. In
Entropy, something is feasible if the conditions for it to happen are favourable. Now can you understand how important it is
to use language precisely and scientifically. Please see pages 5-9 for a discussion of the probability of something happening
compared to it not happening.
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Gibbs Free Energy relates Entropy to Enthalpy (H)
Some reactions happen because the Kinetic and Thermodynamic conditions are favourable. For example
(ignoring Entropy for the moment), a hot cup of coffee will cool down. What we have is an Exhothermic
reaction, and Exhothermic reactions tend to happen. Unless something prevents it from happening, a cup
of coffee WILL cool down (and it will not heat up unless it is heated up).
Other reactions take place because there is an increase in Entropy e.g. my example of molecules of
H2 (g) flying out of a jam-jar, or a stone wall collapsing over the centuries.
However, what would happen if the Kinetic and Thermodynamic conditions were favourable but the
Entropic conditions were unfavourable, or vice versa? Well, that is where Josiah Willard Gibbs comes in,
because he formulated the concept of Free Energy (which then, in his honour, became called Gibbs Free
Energy, “G”), where Free Energy relates Enthalpy (“H”) to Entropy (“S”) viz.
G = H – T.S

where “T” is in Kelvins

and from this it follows that, for a given system/a given reaction (and the two terms are used
interchangeably), the changes therein can be described by
∆Gsystem = ∆Hsystem – ∆ (T.Ssystem)
and by rearranging the last term, we obtain
∆Gsystem = ∆Hsystem – T(∆Ssystem)
For a reaction to be “feasible” there must be an INCREASE in Entropy (∆S must be positive) and
there must also be a DECLINE in Free Energy {∆Gsystem = ∆Hsystem – T(∆Ssystem) must be negative}:

(i) ∆S must be POSITIVE

AND

(ii) ∆G must be NEGATIVE

The change in Free Energy,
∆Gsystem or reaction (at a given Temperature and Pressure) is given by the equation
∆Greaction = ∑ (∆G of the Products) – ∑ (∆G of the Reactants)

Important Equation

The change in the Free Energy of the System/the Reaction is given by the change in the Free Energy of
the Products minus the change in the Free Energy of the Reactants, and please remember that for the
reaction to be feasible ∆Greaction must result in a negative answer.
Let me say once again that for a system/for a reaction (the two terms are used synonymously)
- at a given Temperature
- in a reversible reaction ( )
- at dynamic equilibrium
(and ALL of these factors are crucial), it is the case that
∆G = – T. ∆Stotal = ∆H – T . ∆Ssystem
Very Important Equation
Please memorise this formula. You WILL need it in the exams. For a reaction to happen
∆Greaction = ∆Hreaction – T∆Sreaction

and ∆G must be negative .

Now that I have hammered home the point, I hope that you will never forget the above.
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There are a set of equations (Equations 1 to 5 below) that you must learn, so let us now state them.
∆G = Change in Free Energy/Gibbs Free Energy measured in kJ mol–1
∆H = Change in Enthalpy of the system measured in kJ mol–1
T = Temperature (in Kelvins, K), and thus T will always be positive.
(There cannot be such a thing as a negative Kelvin.)
∆S = Standard Molar Entropy change/Change in the Entropy for one mole of the species
The units for “S” are in Joules therefore the values for “S” must be divided by 1,000 to give
kJ mol–1K–1 before the values can be used in equations with G and H in them (because their
values are in kJ mol–1).
It is the case that (as I have stated on pages 1 and 2) for a system at a given Temperature and Pressure
in a reversible reaction at dynamic equilibrium in standard states/under standard conditions2 –
and it would help you to read the following equations in English rather than as symbols
i.e. ∆G = “the change in Free Energy”, or ∆S = “the change in Entropy”, ....... and so on.

or

∆Go = ∆Ho – T . ∆So
(standard states/standard conditions)
∆Go = ∑ ∆Go of the Products – ∑ ∆Go of the Reactants (Products minus Reactants)
ΔGo = Gofinal − Goinitial

but most calculations will be made for non-standard conditions therefore
at a given temperature and pressure
Equations to remember
G = H − T.S
from which it follows that
∆G = ∆H – T(∆S)
Equation 1
∆G = ∑ G of the Products – ∑ G of the Reactants
Equation 2
..........................
∆STotal
= ∆SSystem + ∆SSurroundings
Equation 3
and ∆SSystem
= ∑ S of the Products – ∑ S of the Reactants
Equation 4
and ∆Ssurroundings = – ∆Hreaction
Equation 5
T
In equation 5, the change in Entropy of the surroundings = the Enthalpy given off by the reaction divided
by the temperature measured in Kelvins. Heat is being given by the reaction to the surroundings, therefore
the Entropy of the surroundings increases by an amount equal to the heat energy gained divided by
the temperature at which this happens: ∆Ssurroundings = – ∆Hreaction
T
and by substitution
∆STotal = ∆SSystem + ∆SSurroundings = ∆SSystem – ∆H , or –T∆STotal = – T∆SSystem + ∆H
T
but – (T . ∆STotal) = ∆G , therefore ∆G = ∆H – T . ∆SSystem
Equation 1 again
Please remember that “S” is in Joules and must be divided by 1,000 before using it with “G” and “H”.
It would be of enormously help to you (especially in the exam) if you committed these equations to memory.

NB When doing calculations, please remember that data books always quote MOLAR figures (i.e.
figures for 1 mole.) You therefore have to multiply the figure in the data book by the number
of moles that you are working with.
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ALL of these factors are crucial.
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The easy ways to detect a change in Entropy are
- changes in states (a gas has more entropy than a liquid, and a liquid has more entropy than a solid)
- an increase in the number of moles of gas from reactants to products. (An increase in the number of
moles of gas means that Energy is spread over a wider area, and this entails an increase in Entropy).

-

AN INCREASE IN ENTROPY
––––––––––––––––––––––––––––––––––––––––––––>
SOLID
––>
LIQUID
––>
GAS
COLD
––>
HOT
––>
HOTTER
FEWER GAS MOLECULES
––>
MORE GAS MOLECULES
FEWER ATOMS
––>
MORE ATOMS
LESS MOTION
––>
MORE MOTION
LESS ENERGY
––>
MORE ENERGY
A Solute dissolving in a Solvent

The more energy that there is in something, the larger will be the number of ways in which that energy
can be distributed, and the more Entropy there will be. When an exhothermic reaction occurs it puts
energy into its surroundings and increases the net Entropy of (itself plus its surroundings), and when an
endothermic reaction occurs the same is true, the net Entropy of the Universe increases e.g. when ether
evaporates it does so by sucking heat out of its surroundings but it turns from a liquid into a gas and it is
this which the increase in Entropy:
∆STotal = ∆SSystem + ∆SSurroundings
.......................................................................
Let me start again, but in a different place this time. It is not particularly surprising when an Exhothermic
reaction takes place (i.e. one where energy is being released as in the combustion of a fossil fuel).
However, reactions do take place where energy is consumed as in the acid/base reaction between
i) Ethanoic Acid Ammonium Carbonate Ammonium Acetate Water
Carbon dioxide
2CH3COOH (aq) + (NH4)2CO3 (s) ––> 2CH3COONH4 (aq) + H2O (l) + CO2 (g) An Endothermic Reaction

or between
Amonium chloride
Ammonia
Water
ii) Ba(OH)2.8H2O(s) + NH4Cl(s) ––> BaCl2.2H2O (s) + 2NH3 (g) + 8H2O (l)
Barium Hydroxide Octahydrate
Barium Chloride Dihydrate

An Endothermic Reaction

This is a famous endothermic reaction and you can see it on https://www.youtube.com/watch?v=IZaGmUGBdC0

and then one tends to ask oneself “Why were the surrounding entities willing to give up some of their
energy in order to allow the reaction to take place”? “Was that not very selfless/altruistic of them”?3
There is no such thing as “altruism” in Science, and the answer to questions such as these can be found in
Entropy – and that is what this Blog is all about.
First I would like you to play a little game with me. (It is just a game. It did not happen in real life.)
On the day that my adopted Afghan granddaughter was born I gave her £1.
On my granddaughter’s 1st birthday I gave her £2.
On my granddaughter’s 2nd birthday I gave her £4.
On my granddaughter’s 3rd birthday I gave her £8.
If I kept up this progression, would I be a mean grandfather or a generous one?
I will answer this question on a later page, but let me come back to the Mathematics of Choices.
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Words such as “selfless” and “altruistic” of course have no meaning in Chemistry. The attribution of human
feelings/emotions to non-human entities is termed “Anthropomorphism”.
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A bit about the Mathematics of Choices
If the order of doing things is of importance, then the resulting number will be a larger number than
when the number is not important.
• For example (if “W” stands for a white billiard ball, and “B” stands for black billiard ball),
the number of different ways of ordering two things (“W” and “B”) is given by
- WW
- BW, and
- BB.
The number of ways or ordering “W” and “B” is “3”. The order is not important, therefore “BW” is
considered to be the same as “WB”, but
if the order is important, then the number of ways is given by
- WW
- BW
- WB
- BB
and the total number of ways is “4”.
• In (C) on the next page
if the order in which “W” and “B” appear is not important, then the number of ways is given by
- 3 Ws
- 2Bs and 1W
- 2Ws and 1B, and
- 3Bs.
The number of ways is “4”. The order in which the “W”s and the “B”s was not important, but
if the order is important, then the number of ways of ordering the “W”s and the “B”s is given by
- WWW
- WWB
- WBB
- WBW
- BWW
- BWB
- BBW
- BBB, and
the total number of ways is “8”.
When ordering two objects, the number of Combinations is three while the number of Permutations is four.
When ordering three objects, the number of Combinations is four while the number of Permutations is eight.

Choice with unending repetition where the choice made in any one instance is not determined by the
choice that has been made in any other prior instance.
If you had a black box with a huge number of black balls (B) and a white box with a huge number of
white balls (W) and you could choose balls from either box, then if there was no way of distinguishing
one black ball from another black ball and there was no way of distinguishing one white ball from another
white ball, then your choices would be
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A) If you have to put just one ball into one empty box
Since you have to choose one ball, then your choice would be either B or W =
2 ways
There are only TWO possible ways of performing this action (and they are enumerated above.)
B) If you have to put just one ball into each of two empty boxes (and which box comes before the
other box is taken care of in the order that is shown below)
Since you have to choose two balls, then your choice would be
B first and then B second or W second giving BB and BW
=
2 ways
W first and then B second or W second giving WB and WW
=
2 ways
4 ways
There are only FOUR possible ways of performing this action (and they are enumerated above).
NB The choice in the second instance is not influenced by the choice made in the first instance.
C) If you have to put just one ball into each of three empty boxes (and which box comes before the
other box is taken care of in the order that is shown below)
Since you have to choose three balls, then your choice would be
B then
B second
then
B or W giving BBB and BBW
=
2 ways
B then
W second
then
B or W giving BWB and BWW
=
2 ways
W then
B second
then
B or W giving WBB and WBW
=
2 ways
W then
W second
then
B or W giving WWB and WWW
=
2 ways
8 ways
There are only EIGHT possible ways of performing this action (and they are enumerated above).

NB The choice in any one of the above instances is not determined by the choice made in any other.
I will do one more and then you will see the pattern that is emerging (and if you are doing ‘A’ Level
Maths, then this will be child’s play for you).
D) If you have to put just one ball into each of four empty boxes (and which box comes before the
other box is taken care of in the order that is shown below).
Since you have to choose four balls, then your choice would be
1st 2nd choice
3rd choice
4th choice
B B
B
BBBB
or
BBBW
=
2 ways
B B
W
BBWB
or
BBWW
=
2 ways
B W
B
BWBB
or
BWBW
=
2 ways
B W
W
BWWB
or
BWWW
=
2 ways
W B
B
WBBB
or
WBBW
=
2 ways
W B
W
WBWB
or
WWBW
=
2 ways
W W
B
WWBB
or
WWBW
=
2 ways
W W
W
WWWB
or
WWWW
=
2 ways
16 ways
There are only SIXTEEN possible ways of performing this action (and they are enumerated above).

NB The choice in any one of the four instances is not determined by the choice made in any other.
In case you have not spotted it, let me point out the pattern that is emerging.
When you have to choose 1 ball, the number of ways
=2
= 2 ways
When you have to choose 2 balls, the number of ways
=2x2
= 4 ways
When you have to choose 3 balls, the number of ways
=2x2x2
= 8 ways
When you have to choose 4 balls, the number of ways
=2x2x2x2
= 16 ways
and by extrapolation we could work out that
When you have to choose 5 balls, the number of ways
= 2 x 2 x 2 x 2 x 2 = 32 ways
When you have to choose n balls, the number of ways
=
n lots of 2
6

= 21 ways
= 22 ways
= 23 ways
= 24 ways
= 25 ways
= 2n ways.

Please let me remind you that choice with repetition was permissible in this experiment. Had repetition
not been permissible, then we would have arrived at a totally different answer.
Another way of saying the same thing mathematically is that where there are two ways of choosing a ball
each time you make a choice viz. B or W, then if you have to make n choices, then you have
2 x 2 x 2 x 2 x ......... n times = 2n ways of making your choice.
You can use your calculator to work out the following
210
=
1,024
≈
103
220
=
1,048,576
≈
106
30
2
=
1,073,741,824
≈
109
40
2
=
1,099,511,627,776
≈
1012
50
2
=
1,125,899,906,842,624 ≈
1015
100
2
=
≈
1030
1000
2
=
≈
10300
300
and 10 = “ 1 followed by THREE HUNDRED zeros ” – and you can see that the numbers are
becoming just GIGANTIC.
By the way, now that we are doing the Maths, the answer to my question on page 4 is that on my
granddaughter’s 21st birthday I would have given her £2,097,152 (and I leave it to you to judge whether I
was a mean or a generous grandfather).
Now, let us say that you had a mole of Oxygen/Hydrogen/Nitrogen/or whatever molecules in a jamjar
with a lid, and you unscrewed the lid. Each molecule of gas would then be free to be either inside or
outside the jamajar, and the effect of ‘translational motion’ would be that over time all of the gas
molecules would move to the outside of the jar.
Being inside or outside of a jar is what is called a binary choice, i.e. it is just one of two possible choices.
It is exactly the same choice as ‘yes’ or ‘no’ in Computing, or ‘black’ or ‘white’ as in the choice of
coloured balls, or ‘inside’ or outside’ of a containment vessel – therefore the Mathematics will be
exactly the same as that which I have already explored earlier viz.
for n choices the number of possible ways = 2n.
And now we come to the heart of the understanding of ENTROPY. Entropy is a measure of
Randomness. In 1 mole, i.e. in just ONE MOLE there are roughly 6 x 1023 molecules of
Oxygen/Hydrogen/whatever, therefore since n choices gives = 2n possible binary choices, in just one
mole of a gas there are

23

6 x 10

2

ways of the gas molecules being inside or outside of the jamjar, or

2600,000,000,000,000,000,000,000
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Just in case the penny did not drop, the resulting number is no longer ‘gigantic’ or even ‘colossal’ or even
‘super-colossal’. In fact, I know of no adjective that would adequately express the enormity of the
resulting number, therefore let me resort to the vernacular of teenagers and for argument’s sake let us call
this adjective “mind-blowingly large”.4
There are a mind-blowingly large number of ways in which the molecules of gas inside a jamjar can
arrange themselves to be either inside or outside of the jar – and in only ONE of all those ways would
they remain inside the jar, therefore in terms of statistical probability, the chances of all the gas
molecules remaining inside the jar are
“1” divided by this mind-blowingly large number
and the resulting number would then be so small as to all intents and purposes it would be
ZERO
In Mathematical terms (or in terms of the Mathematics of Possible Choices), it is to all intents and
purposes statistically near-enough impossible for the gas molecules to remain inside the jar. They will
disperse
and that is what ENTROPY is all about.
I don’t know about you, but I find it much more understandable to talk about ENTROPY in these terms
(viz. the Mathematics of Possible Choices) than to talk about teenagers’ bedrooms and the chances of the
clothes being put back in the wardrobe.
Entropy to me makes a lot of sense when it is rationalised in terms of statistical probability, and it
makes less sense to me to talk about order/disorder/tidiness/etc. In statistical terms it is ‘infinitely’5 more
likely that the gas molecules in a jam-jar would disperse than it is likely that they would remain in the
jam-jar, and it is infinitely more likely that the molecules of a liquid would disperse and become a gas
than they are likely to remain as a liquid, and so on.
If it helps you to think of this as a move from order to disorder, then please do think of it in those terms –
but for the rest of this Chapter I shall talk about ENTROPY largely in terms of Mathematics (and the
consideration of Entropy involves a fair amount of Maths).
As far as ENTROPY is concerned, a system is likely to do what is more probable rather than to do
something that is less probable – and I do not want to enter into a discussion about whether or not a less
probable situation can actually happen.6

4

I personally cannot envisage the size of such a number, but there have been a handful of human beings who could
do so. Srinivasa Ramanujan was one such human being – and he had no formal training in Maths whatsoever.
He was largely self-taught.
5
‘Infinitely’ is technically not the correct adjective to use, but I do not know what adjective to use in its place.
6
I personally believe that if something is possible (no matter how improbable that something may be), then it is
statistically possible that the improbable might happen, but the chances of it happening can be discounted to almost
ZERO probablility (and now you are getting into the realms of Philosophy rather than Mathematics or Chemistry).

8

Do you remember that when we were talking about Boltzmann curves and reactions to completion I
pointed out that Boltzmann curves should be “asymptotic” and should never actually touch the x-axis
because you can never be absolutely certain that out of ‘n’ billion billion billion billion billion (or
however many) reactant molecules there are, there is not one lone maverick unreacted molecule hiding
somewhere out there (possibly because there was no other molecule left with which it could collide and
react). Well, it will not surprise you to know that Professor Ludwig Boltzmann did a lot of the initial
work on ENTROPY.
The phrase “engraved on my tombstone/headstone” is normally a metaphor, but in Ludwig Boltzmann’s
case it is not a metaphor. He actually does have the formula “ S = k . LogW ” engraved on his
tombstone, where W = the number of real microstates corresponding to the gas macrostate (or the
number of possible configurations as in my black ball/white ball scenario), and “k” is the Boltzmann
Constant (which = 1.3 x 10–23 J K–1).
I will now show you a photograph of Professor Boltzmann’s tombstone. I was not making it up. He
actually does have “S = k. LogW” engraved on his tombstone.7 Sadly he died just as all the really
important discoveries in the structure of the atom were being made by the gentlemen who were later at the
1927 Solvay Conference. (Do type 1927 Solvay Conference into your search engine and see how many
people you can recognise. You will, I hope, recognise Marie Curie and Albert Einstein.)
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On my tombstone I shall have engraved “Boltzmann understood it. Angus Phaure merely tried to do so”.
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When is a reaction feasible?
Almost every textbook will tell you under what conditions a reaction will be spontaneous/feasible, and
what they do is to construct a little grid using the equation ∆G = ∆H – T∆S, and then change the values
of ∆H and T∆S in the equation to see what can be learnt. The results can be seen in the following table.
Unless ∆S is POSITIVE and ∆G is NEGATIVE the reaction will NOT be feasible
∆Gsystem = ∆Hsystem – T∆Ssystem

∆Hsystem

∆Ssystem

Tsystem

For ∆G to be feasible
∆G must be negative

+

+

At HIGH temp

Feasible at high temp because then
T∆S > ∆H

+

–

ALL temps

NEVER Feasible because ∆G will
always be positive. It cannot be
negative because a ‘-ve ∆S’ times a
‘-ve’ always gives a ‘+ve’ result.
(NB “T” can never be negative.)

–

+

ALL temps

ALWAYS Feasible because ∆G
will always be negative

–

–

At LOW temps

Feasible at low temperatures because
then T∆S is very small

You will see this table constructed in different ways in different textbooks, but it is the end-result that is
important. What the table says is that
- if ∆H is ‘+ve’ and ∆S is ‘+ve’, then at HIGH temperatures reactions are feasible (and NOT at low)
- if ∆H is ‘+ve’ and ∆S is ‘–ve’, then reactions can NEVER be feasible
- if ∆H is ‘–ve’ and ∆S is ‘+ve’, then reactions are ALWAYS feasible
- if ∆H is ‘–ve’ and ∆S is ‘–ve’, then at LOW temperatures reactions are feasible (but NOT at high)
if + / + feasible at HIGH
if – / – feasible at LOW
if + / – NEVER feasible
if – / + ALWAYS feasible
If you cannot remember the table, then a nice little trick is to put in a high temperature and then a low
temperature into the equation, and if ∆G has a negative value then the reaction is feasible at that
temperature, but if it is positive then it is not feasible at that temperature.
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Some of the calculations that are involved in Entropy
It is most unlikely that after two years of studying ‘A’ Level Chemistry, the examiners are going to ask
you to calculate a simple change in Free Energy (∆G = ∑ G of the Products – ∑ G of the Reactants), or
a simple change in Entropy (∆SSystem = ∑ S of the Products – ∑ S of the Reactants). It is more likely
that you will be asked something that involves
∆STotal
= ∆SSystem + ∆SSurroundings
∆SSystem
= ∑ S of the Products – ∑ S of the Reactants
∆Ssurroundings = – ∆Hreaction
T
and even more likely
∆G = ∆H – T∆S
or
∆Go = ∆Ho – T∆So (for ∆ Standard-State Free Energy)
and let me remind you that if “S” is given in J, then you must convert the unit to “kJ” by dividing it by
1,000.
The change in the Standard-State Gibbs Free Energy of a system (∆Go) is given by
∆Gfo = ∑ ∆Gfo of the Products – ∑ ∆Gfo of the Reactants
where “ ∑ Gfo of the Products ” stands for the sum of all the Changes in Gibbs Free Energy of Formation
for all the Products, and you can look up So / ∆Hfo / and ∆Gfo in most data books.
In past exams there have been questions about “spontaneity” (where the examiners actually mean
“feasibility”), and then you need to appeal to the table that I have just given you on page 10.
Let me remind you also of the formula for the change in the heat content, Q , of a system viz. when the
Pressure of a system is constant then for ∆Q, the change in heat energy transferred
∆Q = ∆H = m . c . ∆T
You could even get questions (cf. page 18) that involve the following equations
- In Chemical Equilibria, we can relate ΔG with the equilibria constants, Kc/Ka/Kw/etc.
∆Go
= –RT.logeK
where R = the Ideal Gas Constant, and K = the Equilibrium Constant
- and in Electrochemistry, ΔG is related to the cell voltage, Ecell.
∆Go
= –nF.Eocell
where F = Faraday Constant, and Eocell = Standard Cell Potential
- and Eocell = RT. logeK
nF

loge can be written as “ln” meaning “the natural logarithm of”.

Let us now do some calculations and then you can see how to use the equations that I have just given you
(and I shall use examples from the excellent textbook “Advanced Chemistry Calculations” by
Lainchbury, Stephens & Thompson – but I dare say that Jim Clark’s textbook or Eileen Ramsden’s
textbook will provide examples that are just as good. However, I recommend Lainchbury, Stephens &
Thompson because they do not just give you the answers at the back of the book, but instead they show
you how to answer every single question that they set in their book!).
Please remember that
G = Gibbs Free Energy
H = the Enthalpy of a system (and at ‘A’ Level at constant pressure)
S = the Entropy of a system in J K–1 mol–1 (and may have to be converted into kJ K–1 mol–1), and
T = the temperature in Kelvins.

11

Question 1 Calculate ∆Go for the reaction
CH3OH(l) + 3 O2 (g) ––> CO2 (g) + 2H2O(l)
2
Solution 1
Purdue University says
“∆Go for a reaction can be calculated from tabulated standard-state free energy data. Since there is no
absolute zero on the free-energy scale, the easiest way to tabulate such data is in terms of standard-state
free energies of formation, ∆Gfo. As might be expected, the standard-state free energy of formation of a
substance is the difference between the free energy of the substance and the free energies of its elements
in their thermodynamically most stable states at 1 atm, all measurements being made under standard-state
conditions.” (That looks rather daunting, but let us see how it works in practice.)
∆Gfo = ∑ ∆Gfo of the Products – ∑ ∆Gfo of the Reactants
The ∆Go of Formation for substances can be found in most good data books (and they will be given to
you in an exam if you need to know them). I shall use the ones that are used by LS&T (and please
remember that “f” stands for “formation”).
∆Gfo for CH3OH(l)
∆Gfo for O2(g)
∆Gfo for CO2(g)
∆Gfo for H2O(l)
therefore

=
=
=
=

Gfo =
∆Go =
∆Go =

-166.7 kJ mol–1
is an element therefore it cannot have a ∆Gfo
-394.4 kJ mol–1
-237.2 kJ mol–1 [NB (l) and not (g) i.e. in liquid and not in gaseous form]
∑ ∆Gfo of the Products – ∑ ∆Gfo of the Reactants
[(1 x -394.4) + (2 x -237.2)] –
[(1 x -166.7)]
kJ mol–1
-702.1
kJ mol–1

Question 2

Calculate ∆So for

Solution 2

∆So = ∑ So of the Products – ∑ So of the Reactants

2Cu(s) + O2(g) ––> 2CuO(s)

and the So for a substance can be found in most good data books (and it will be given to you in an exam if
you need to know it). I shall use the ones that are used by LS&T.
So
So
So

for CuO(s)
for Cu(s)
for O2(s)

therefore

∆So
∆So

=
=
=

43.5
33.3
204.9

J K–1 mol–1
J K–1 mol–1
J K–1 mol–1

= [(2 x 43.5)] – [(1 x 204.9) + (2 x 33.3)]
= -184.5

J K–1 mol–1
J K–1 mol–1

Please remember that values for “S” are given in units of J K–1 mol–1, therefore to give the same units as
in ∆G they must be divided by 1,000 when used in the formula ∆G = ∆H – T∆S.
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Quite often, in the exams, you will be asked a question that involves two different sorts of calculations.
Therefore let us do one such calculation (one involving both a Hess cycle Enthalpy of Formation
calculation and an Entropy calculation).
Question 3

Calculate ∆Go for the reaction CaO(s) + H2O(l) ––> Ca(OH)2(s)
given that
∆Hfo for CaO(s)
= –635.5 kJ mol–1
o
∆Hf for Ca(OH)2(s)
= –986.6 kJ mol–1
o
∆Hf for H2O(l)
= –285.9 kJ mol–1
o
S for CaO(s)
= 39.7 J K–1 mol–1
So for Ca(OH)2(s)
= 76.1 J K–1 mol–1
o
S for H2O(l)
= 70.0 J K–1 mol–1

Solution 3
I do hope that you have not forgotten how to do an Hess cycle calculation.
- If you are given a ∆H of Formation then both the arrows must point upwards (and you must start with
the constituent elements in their standard states under standard conditions), and
- if you are given ∆Hs of Combustion then both the arrows must point downwards and in Organic
Chemistry you get nothing but Water and Carbon Dioxide).
Here you have been given the ∆Hs of Formation for the substances, therefore
CaO(s) + H2O(l)

Ca(OH)2 (s)

A
C

B

Ca(s) / O2 (g) / H 2 (g)

Now look for the DIRECT ROUTE and then the INDIRECT ROUTES, and you will see that
B=C+A

therefore

A=B–C

Now put in the values (above) for B and C and work out the ∆Ho of Ca(OH)2(s) which is
∆Ho of Ca(OH)2(s)

=
=

A
–65.2

= [-986.6] – [(-635.5) + (-285.9)]

kJ mol–1
kJ mol–1

Now work out the ∆So of the reaction from the formula
∆So

=
∑ So of the Products – ∑ So of the Reactants
=
[76.1] – [70.0 + 39.7]
J K–1 mol–1
–1
–1
=
–33.6 J K mol
but here the answer has to be given in kJ K–1 mol–1, therefore we must divide by 1,000 to get
=
–0.0336 kJ K–1 mol–1
Now we use the formula
∆Go
= ∆Ho – T∆So
and we get
∆Go
=
[–65.2)] – [(-298.15) x (–0.0336)]
o
∆G
=
–55.2

kJ mol–1
kJ mol–1
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This one is from Jim Clark (but the wording/workings/calculations/etc are mine).
Assignment
The following equation is that for the Oxidisation/Combustion of Methane in Oxygen. Use the published
data tables for Enthalpy (H) and Entropy (S) to find the Free Energy (G) value. Is the reaction “feasible”?
CH4(g) + 2O2(g) ––> CO2(g) + 2H2O (l)
Resolution
In this Answer, I am going to calculate ∆Go , the Standard Molar Free Energy because the Syllabus does
not require you to be able to convert ∆Go into ∆G unless they give you the conversion equation in the
exam. Please therefore assume that all the values that follow are for Standard States/Standard Conditions
(and the data book that I use uses 298K and 101.325 Nm–2).
A) ∆G = ∆H – T(∆S), therefore the first thing that I shall do is to calculate ∆H.
The ∆Hf of the combustion reaction CH4(g) + 2O2(g) –––> CO2(g) + 2H2O (l) is given by
CH4(g) + 2O2(g)

CO2 (g) + 2H2O (l)

A
C

B

C(s) / O 2(g) / H 2(g)

The direct route is B and the indirect route is C + A, therefore B= C + A, and thus A = B – C. From the
data book, the standard molar ∆H of formations give
B = (1 x -394) + (2 x -286)
kJ mol–1
NB You must look up the value of the Enthalpy H2O (l) and not H2O (g).
C = (1 x -74.9) + (Oxygen is an element)
ditto
therefore ∆H of the above reaction = (-966) + 74.9 = – 891.1 kJ mol–1
B) ∆SSystem = ∑ S of the Products – ∑ S of the Reactants
from the data book ∑ S of the Products = (1 x 214) + (2 x 70.0) = 214 + 140 = 354
NB You must look up the value of the entropy H2O (l) and not H2O (g).
∑ S of the Reactants = (1 x 186) + (2 x 205) = 186 + 410 = 596
therefore
∆SSystem = 354 – 596 = –242
= – 0.242

J K–1 mol–1
J K–1 mol–1
J K–1 mol–1
kJ K–1 mol–1

C) ∆G = ∆H – T(∆S)
therefore ∆G = – 891.1 – 298 x (- 0.242) = – 891.1 – (-72.1) = – 819.0 kJ K–1 mol–1
D) ∆G is negative therefore it is feasible (but it will still need the appropriate amount of Activation
energy before it can proceed).
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This is one from Purdue University. Given the following information (which can be found in any good
data book and it will be given to you in the exam if you need it),
So(Jmol–1K–1)

Use ∆Hfo and ∆So data from the tables to calculate ∆Hfo and ∆So for the following reaction
NH4NO3(s) + H2O(l) ––> NH4+(aq) + NO3–(aq)
and then use the results to calculate the value of ∆Go
and then explain why the reaction is feasible.

Q4

Answer 4
Could you please start by noticing that there is no change in the Enthalpy/Entropy for the Water. The
Water was one of the reactants and it is one of the products. Then could you notice that the number of
moles is “1” for every reactant and every product therefore the values in the table do not need to be
multiplied by anything. Please also remember that the Temperature will be 25˚C/298.15K. Lastly please
remember that I have told you that the unit of “S” is J and must be converted to kJ.
∆So = ∑ So of the Products – ∑ So of the Reactants
∑ So of the Products
∑ So of the Reactants
therefore ∆So

=
=
=
=

113.4 + 146.4 = 259.8
151.08
259.8 – 151.08 = 108.72
0.10872

∆Hfo = ∑ ∆Hfo of the Products – ∑ ∆Hfo of the Reactants
∑ Hf of the Products = –132.51 + ( –205.0) = –337.51
∑ Hfo of the Reactants = –365.6
therefore ∆So
= –337.51 – (–365.6) =
28.09
o

∆Go = ∆Ho – T∆So

= 28.09 – (298.15 x 0.10872)
= 28.09 – 32.41 = – 4.32

J mol–1 K–1
J mol–1 K–1
J mol–1 K–1
kJ mol–1K–1
kJ mol–1
kJ mol–1
kJ mol–1
kJ mol–1
kJ mol–1

∆Go is negative therefore the reaction is feasible and will proceed in the forward direction.
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APPENDIX
Relationship of Entropy to the Equilibrium constant
We know that for any reversible reaction that is in dynamic equilibrium
aA + bB

cC + dD

there is a Constant, K , that relates the Products and the Reactants in accordance with their concentrations
as follows
K = [C]c . [D]d
[A]a . [B]b
and merely by looking at this equation we can see that as K gets larger it means that the position of
dynamic equilibrium is moving more and more to the right.
NB

K can never be a negative number, but it can be very small.

Now let me put it no stronger than this “From what we now know about the Mathematics of Choices, it
would not be at all surprising if the more that the position of dynamic equilibrium moved to the right (in
favour of the Products) then the greater the Entropy there would be in the Universe”.
As it happens this statement can be seen by playing around with numbers (just as we did for the
Feasibility table), and I show you the following slide from MSJ Chemistry

If you look at the end column (for “K”,) the value of K for the first reaction (1.4 x 10–25) is a very small
number and ΔG for the reaction is a large positive number, whereas when you have a very large number
for K (as in the last reaction where K = 1.4 x 1037 i.e. “plus 37”) then you get a large negative number for
ΔG and please remember that the more negative that G is, the more Entropy there is.
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In addition, the larger the value for K, the more the products are favoured (which we know from our
analysis of K). A massive K means that the reaction goes to completion, and the reaction will be
feasible. NB When K = 1 , the system will be in equilibrium.
You might like to know how Gibbs Free Energy relates to the Equilibrium constant.

As it happens, there is an equation that relates ΔG with K viz.
∆G = ∆Gº + RT logeK
and when ∆G = 0 ,

∆Gº = – RT logeK

and

logeK = – ∆Gº
RT

therefore it follows that

– ∆Gº

K=e

RT

∆G is related to K the Equilibrium Constant of a reversible reaction that is in dynamic equilibrium, and also
to the Standard Electrode Potential of a cell, Ecell by the following equations.
ΔGosystem = −RT.logeK(eq) = −nFEocell = (∆Hosystem – T∆Sosystem)
It is also the case that
and at equilibrium
therefore

Ecell = E°cell – (RT) . logeQ
nF
Ecell = 0 and Q = Kc
E°cell = (RT) . logeKc
nF
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where F is the Faraday constant
and n = number of moles of electrons
where Kc = the Equilibrium Constant

“Q” here is the reaction quotient, which is the equilibrium expression with initial concentrations rather
than the equilibrium concentrations, e.g., in a Zn|Zn2+ and Ag+|Ag cell (and solids have a concentration of
“1”)
Zn(s) + 2Ag+(aq)

Zn2+(aq) + 2Ag(s) where Eocell = + 1.56 v

Q = [Zn2+]
[Ag+]2

,

EoCell , ∆Gº and K are all related as follows (Source Chemistry LibreTexts)
where

= ERight – ELeft

but if the examiners want you to use this information they MUST provide it in the exam.

The following question was set in the Edexcel 2015 exam (and I believe that it is a grossly unfair
question). The question can be answered from the following set of equations.
ΔGo = −RT.logeK(equilibrium) = −nFEocell = (∆Hosystem – T∆Sosystem)

i.e. when ∆G is negative.
No. Ecell is proportional to the loge(K).
No it is directly proportional to ∆G.
Yes, this is true.
No, not the loge(Ecell)

…. and all this for one measly mark! It was an absolutely ridiculous question! How much
Chemistry were you expected to know for just one mark!
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The derivation of ∆H = m . c . ∆T
Do you remember that in the first year when we were calculating ∆H by experimentation (page 4 of First
Year Chemistry, Thermodynamics and Kinetics, Chapter 01, Changes in Enthalpy) we used the formula
Q = ∆H = m . c . ∆T ; well, this is where that comes from! You learnt it off by heart then, but now the
following explains its derivation.
You don’t need to memorise the derivation below – but you do already know by heart that
∆H = m . c . ∆T
If
U = the Internal energy of a system then
Enthalpy, H = U + PV
where P = Pressure of a system
and V = Volume of the system
The First Law of Thermodynamics states that where U = the Internal Energy of a system,
then the change in the Internal Energy of the system ∆U is given by
∆U = Q – W = Heat added to the system – Work done by the system
where
Q = Heat added to a system (and sometimes the symbol “E” is used instead of “Q”)
Heat is added to the system in an Endothermic reaction (making Q positive), and
Heat is released from the system in an Exhothermic reaction (thus Q is negative).
W = Work done by the system and W = P∆V
and from our first year we already know that
∆H is the heat change during an experiment, and
since
H =
U + PV
(we learnt this from Equation 1)
then
∆H =
∆U + ∆PV
therefore ∆H = (Q – W) – ∆PV
therefore when Pressure is constant and P∆V = ∆PV ,
(and most Chemical reactions are conducted in open vessels where the Pressure remains constant)
the Heat applied to the system = Change in Enthalpy
Q = ∆H
(and ∆H = m . c . ∆T)
and THIS is the ∆H that we have been using in all our discussions about ENTHALPY so far.
I cannot remember seeing an exam question on the equilibrium point in entropic reactions, but just in case
you are given one, then
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