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AG = AH - TAS

The study of Free Energy and Entropy is concerned with the factors
which make reactions occur spontaneously — this means they occur
without having to input energy but it does not mean they are
necessarily fast.

Consider the following two reactions:

1. Some dilute hydrochloric acid is added to magnesium ribbon.
There is some effervescence as hydrogen is given off and the
reaction vessel gets quite warm.
Mg +2HClI - MgCl, + H, AH -ve

2. Some dilute hydrochloric acid is added to sodium
hydrogencarbonate. There is again some effervescence but this
time the temperature of the reaction vessel decreases.
HCI + NaHCO, - NaCl + H,0 + CO, AH +ve

Both reactions are spontaneous but while one reaction gives out
heat the other takes heat in.

To explain why some reactions are spontaneous even though they
have a positive enthalpy change we need to take into account another
factor called entropy.

Entropy

Entropy is often thought of as being a measure of the disorder of a
system. For example, a gas in which the molecules are moving more
or less completely freely and randomly throughout the system has a
high degree of disorder. On the other hand a regular crystal, such as
sodium chloride in which all the particles are vibrating about fixed
positions, is highly ordered. Systems which have a high degree of
disorder are said to have a high entropy; systems which are highly
ordered (or have a low degree of disorder) are said to have a low
entropy.

Entropy is measured in J K' mol' and is given the symbol S. A
change in entropy is given the symbol AS. Entropy change which is
measured under standard conditions is referred to as standard
entropy change and is given the symbol AS®. Entropies change with
temperature and so the temperature at which they are measured must
be specified.

Table 1. Some Examples of Entropy Values

Calculating Standard Entropy Changes, AS® from
Standard Entropies, S°

Entropy changes for reactions can be calculated in the same way
as enthalpy changes. The entropy change for a reaction is the
difference between the total () entropies of the products and the
total entropies of the reactants.

ie. AS® = XS° -2S°
products reactants

Example 1. Calculate the standard entropy change for the
following reaction using the given standard entropies:

CaCO,(s) > CaO(s) + COL(g)
S° (298 K)/J K mol!

CaCO,(s) 92-9
CaO(s) 397
CO,(g) 213-6
CaCO,(s) > CaO(s) + CO,(g)
AS®/JK'mol! +929 +39:7 42136
AS® = %S¢ - 2S¢

products reactants

AS = (397+213:6)-92:9 = +160-4 J K mol™

Free Energy

Entropy (in the universe as a whole) tends to increase. However,
this does not mean that there must be an increase in entropy in
any given reaction. A reaction can show a decrease in entropy
provided that the surroundings show an appropriate increase in
entropy. Entropy and enthalpy by themselves do not help us to
decide whether a reaction is spontaneous or not.

A better indication of the feasibility of a reaction is the free energy
change, AG. AG is related to the enthalpy change and the entropy
change in a reaction by the following equation.

-
Free energy
change

Enthalpy
change

Temperature Entropy

change

C(diamond) +5.7J K mol"!

A relative small value because it is a regular crystalline solid

H,0() +69.9 J K! mol"!

A liquid so it has a higher entropy

Increasing
entropy

Ne(g) +146.2 J K mol!

A gas and so is highly disordered. It has a relatively high entropy

The standard entropies of elements and many compounds can be found in data books.
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The change in free energy does enable us to say whether a
reaction is or is not spontaneous:

If the free energy change for a reaction is
negative, the reaction is spontaneous.

If the free energy change for a reaction is
positive, the reaction is not spontaneous.

For example,
CaCO, > CaO + CO, AG  =+130kJ mol" at 298K
Not spontaneous at 298K because AG is positive.

H,(g) + Cl(g) > 2HCl(g) AG =-190kJmol"' at298K
Spontaneous at 298K because AG is negative.

As seen above, free energy is usually measured, like enthalpy, in
kJ mol!'. This means you must remember to convert S values from
J mol! K to kJ mol! K! by dividing by 1000.

Example 2 Calculate the standard free energy change for the
following reaction at 500 K and hence determine whether the
reaction is spontaneous at S00K:

CuO(s) + H(g) = Cu(s) + H,0(g)
AH®, /kJ mol" S°/J mol' K!

CuO(s) -155 +44
H,(2) 0 +131
Cu(s) 0 +33
H,0(g) -242 +189
Solution
1. Calculate the enthalpy change for the reaction using the given
data
AHef = ZAHef rods EAHeﬂ reactants

(0+(-242)- ((—pISS) -0)
-87 kJ mol

2. Calculate the entropy change for the reaction using the given
data
Ase = 2Sepmds - 2'Sercaclanls
= (33+189) - (44 + 131)
= 47 J K" mol"!
= 0.047 kJ K'! mol!

3. Use the enthalpy and entropy changes calculated in 1. and 2.
and the equation for free energy to find AG at 500K.
AG® = AH®-TAS
= -87 - 500x47/1000
= -110.5 kJ mol’!
AG is negative therefore the reaction is spontaneous.

Free Energy Changes and Temperature

By changing the temperature at which a reaction is carried out it is
sometimes possible to change the factor TAS to such an extent that
the feasibility of a reaction is changed.

Example 3

(a) Is the following reaction spontaneous at 25°C?

(b) Is it spontaneous at 1000°C?

(c) What is the temperature at which it becomes spontaneous?

CaCO,(s) = CaO(s) + COL(g)
AS®= +165 Jmol' K
AH®= +178 kJ mol"!

Solution

(a) At 25°C,
AG®°= AH°- TAS®
= 178 -298 x 165/1000
=+128.8 kJ mol"!

This value for AG is positive and so the reaction is not
spontaneous at 25°C

(b) At 1000°C

AG® = AH® - TAS®
178 — 1273 x 165/1000
= -32kJ mol"!

This value for AG is negative and so the reaction is spontaneous
at 1000°C

(c) To find the temperature at which the reaction becomes
spontaneous we find the temperature at which the value of AG
is changing from positive to negative, i.e. AG =0

AG® = AH®-TAS®
165
0 = 178-T %1000
1000 . . .
T = 178 % 65 (rearranging the equation to give T)
= 1079K

i.e. The reaction becomes spontaneous at temperatures above
1079K (806°C)

In other words calcium carbonate does not decompose at room
temperature but if it is heated to a temperature above 1079 K then
it does decompose. This, of course, agrees with what we know
about the stability of calcium carbonate.
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Practice Questions

1. Would you expect that the entropy change for the following 90Uy pue ‘, SV~ 9SNLIAQ SNOAULIUOAS SSI] UONOLAL Y} SARW
reactions is positive, negative or approximately zero? armjerodway oy Suisearour uayl 9ANRSAU SI SV JO uSIs oy J|
(a) Mg(s) + 2HCl(aq) — MgCl,(aq) + H,(g) "9ATIE3QU QIOW SAUWI099q ‘DY 0UY
(b) 2Ca(s) + Oz(g) — 2Ca0(s) pue ¢ SyI— 9snedaq snoduejuods 910w UOIIOBAI AY) SINBUW
(c) N(g) +0O,(g) = 2NO(g) armjeradwe) oY) Jursearour uayy aanisod sr Sy jo ulis oy JI
(d) C,H,(g) + 320,(g) -2CO,(g) + 3H,0(g)
(10w MY 'Y =sDV)
2. Calculate the standard entropy change for the following reaction: snodueuods 10U SI UONORAI PUOdas Ay 3 0001 IV
(;Jow [ G- =.0HV) snoauejuods ST UOTIORAI ISITJ A 3] 000T IV
BaCO,(s) — BaO(s) + CO,(g) (Tow 3 §'¢- =,HV) snoauejuods SI uonoear puodss Ay 3 00S IV
$° (298 K)/J K- mol ;10w Y T'18+ =.DHV) snoauejuods jou ST uonoear sy oy 3 00S IV 'S
BaCO,(s) 112.1
BaO(s) 704 I 8.6 aa0qe sarmeradwa) 18 snosuejuods
CO.(g) 2 13' 6 SOWI029q UONILAI AY], 'D,G7 Je snoauejuods J0U ST UONOBAI Y], ‘¥
X .
3. Calculate the free energy change for the following reaction at dlOWPILET e
298 K:
FOWLTLT T
1
Hg) + %0,(e) = H,0(@) 'sased paropiosip A[enba jo sojow
AH® = -286 KJ mol! - AS®=-164 J K- mol" G 9onpoid saseS paIopIoSIp JO SI[OUI Z44 snedaq aanisod (p)
4. Decide whether the following reaction is spontaneous at 25°C. 18355 pa1opiostp Arenba jo sajout ¢ onpoid
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oAnIsod Q10w $AW099q ‘ OV

.. . . S9seT PAIOPIOSIP JO S9[OW 7 9sneoaq 019z Aroyewrxordde (o
If it is spontaneous, decide at what temperature it would cease PoIopIOSIp ! 4 4 loreatt ©)

to be spontaneous. If it is not spontaneous, decide at what

. QUINSUOD ST SBT paIoplosip A[YSIY ® asneoaq oAne3ou
temperature it would become spontaneous. P : PIIOpIOSIp Al 4 o @

poonpoid st se3 paropiosip A[y3iy e asneoaq aanisod (B) |
SIaMsuy

C(s) + H,0(g) — CO(g) + H,(g)
AH® =+ 131 kI mol' ; AS®=+134J K''mol"!
5. Calculate the free energy change at 500K and 1000K for each of
the following reactions:
FeO(s) + C(s) — Fe(s) + CO(g)

FeO(s) + CO(g)— Fe(s) + CO, (2)
(Assume that AS® and AH® at 500 K and 1000 K are the same as

at 298K.)

FeO(s) Fe(s) C(s) CO(g) COLg)
AH®/kJ mol!' -271.9 0 0 -110.5 -393.5
AS®/TK!'mol! 575 27.3 57 197.6 2136

Which of the reactions is spontaneous at 500 K? Which is
spontaneous at 1000 K? How does the sign of AS®affect the
way in which feasibility changes with temperature?
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