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The natural direction of change: 

The second low



Spontani procesiThe natural direction of change



• Cooling is 
spontaneous 
process hladno

vruće

• Why things change?

hot

cold

X



Energy initially 
localized

tends to disperse



The increase in entropy from 
solid to liquid to gas

• the molecular view 
depicts the increase 
of randomness of the 
particles as the solid 
melts…

• …in particular, 
as the liquid
vaporizes





diamond
graphite

Standard molar entropies
substance



• Entropy is increased by 
dividing the substance 
into smaller parts



∼30g

∼4000 m2



Chemical reactions
as dispersers of energy

∆rHo = - 1648,4 kJmol-1

4 Fe(s) + 3O2(g) → 2Fe2O3(s)

The (exotermic) rusting of iron 
disperses



Entropy increases 
by forming more molecules of products
from less number of reactant molecules 

2H2O(l) 2H2(g) + O2 (g)

electrolysis of water



the reactants 
become more 
localized

4 Fe(s) + 3O2(g) → 2Fe2O3(s)

Chemical system
(Reaction vessel) 

67 dm3 (0oC)

0,06 dm3 (0oC)

72 dm3 (25oC)

∆So=2 (87,4 JK-1mol-1)-4 (27,3 JK-1mol-1)-3(205,0 JK-1mol-1)=
= -549,4 K-1mol-1



• ∆S(surroundings)= -(-1648,4 ⋅ 103Jmol-1) / 298,15 K = + 5529 JK-1mol-1

• ∆S(total) = ∆S(surroundings) + ∆S(reaction vessel)

• 4 Fe(s) + 3O2(g) → 2Fe2O3(s)

• ∆S=2 (87,4 JK-1mol-1)-4 (27,3 JK-1mol-1)-3(205,0 JK-1mol-1)= -549,4           
JK-1mol-1

• ∆S(total) = ∆S(surroundings) + ∆S(reaction vessel)

= + 5529 JK-1mol-1 + (-549,4 JK-1mol-1) = + 4980 JK-1mol-1

oxidation of iron is exotermic, so energy is 
released from the reaction vessel (system),
∆H = - 1648,4 kJmol-1

into the surroundings
∆S (surroundings) = - ∆H/T 



The second low    
of thermodynamics

• Entropy of the universe increases in the 
course of every natural change

• The “universe” means the system and 
its surroundings



• ∆S(total) = ∆S(surroundings) + ∆S(reaction vessel)

• ∆S(total) = -∆rH/T + ∆rS / x(-T)

• -T ∆S(total) = ∆rH - T ∆rS

• + ∆S ⇒ -T ∆S is negative

• - ∆S ⇒ -T(-∆S) = is positive

• ∆G = ∆H – T ∆S

∆G = - spontaneous processs (+ ∆S )

A process is spontaneous if it corresponds to a negative value of ∆G

∆G = + non spontaneous process



• When ∆Gm
o is large and negative the 

equilibrium lies strongly in favour of 
the products,

• when it is large and positive, the 
equilibrium lies strongly in favour of 
the reactants. 





• ∆G = ∆H - T ∆S

• ∆H - T ∆S = ∆G 

• ∆H = ∆G + T ∆S
Q

• ∆U = W + Q

Two different paths (W + Q)
for the energy change of a system



2.1. ∆U = Q

∆H = ∆G + T ∆S
Q



• ∆H ∆S ∆G__________________
• 1.- + ∆G = ∆H - T ∆S
• - - +
• ∆G = - - process allways spontaneous

• 2.- - ∆G = ∆H - T ∆S
• - +    -
• ∆G = - + spontaneous at low T

• ∆G = - + non-spontaneus at high T

• 3.+ + ∆G = ∆H - T ∆S
• +   - +

• ∆G = +  - spontaneous at high T

• ∆G = +    - non-spontaneus at low T
• 4.+ - ∆G = ∆H - T ∆S
• +   +     -
• ∆G = +  + process allways non-spontaneous



• glucose + P ⇔ glucose-6-P + H2O ∆Go’ = 12,5 kJ/mol

• ATP  + H2O ⇔ ADP + P ∆Go’ = -33,5 kJ/mol
_______________________________________________________

• glucose + P + ATP + H2O ⇔ glucose-6-P + H2O + ADP + P

• glucose + ATP ⇔ glucose-6-P + ADP ∆Go’ = -21 kJ/mol

• One reaction can drive another in its unnatural direction
• if the former is accompanied by a greater decrease in Gibbs 

function than the latter, 
• so that the overall ∆G is negative. 



glucose + ATP ⇔

⇔ glucose-6-P + 
ADP



ADP + P → ATP     ∆rG’ = +30.5 kJmol-1

(PG) + P 

+ P 

bisphosphoglycerate (BPG)
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• ∆Gm
o is related to the equilibrium constant 

by: 
∆Gm

o = -RT ln K

• The standard molar Gibbs energy of 
reaction,  ∆Gm

o, is the change in energy 
accompanying complete reaction of 1 
mol of substance, all species being in their 
standard state at 25o C

• For other conditions ∆G’ = ∆Go + RT ln K



• BPG (bisphosphoglycerate) ⇔ PG (phosphoglycerate) + P

• ∆G’ = ∆Go + RT ln K

• ∆G’ = ∆Go + RT ln [product 1][product 2]
[reactant 1]

• ∆G’ = ∆Go + RT ln [PG][P] / [BPG]

• ∆G’ = -18.8 + RT ln [PG][P] - RTln [BPG]

• ∆G’ = -30.5 kJmol-1

• ADP + P → ATP     ∆G’ = +30.5 kJmol-1

• Reaction will result in ATP synthesis when there is:
• a) [PG][P] > [BPG]
• b) [PG][P] < [BPG]
• b)



• BPG (bisphosphoglycerate) ⇔ PG (phosphoglycerate) + P

• ∆G’ = ∆Go + RT ln K

• ∆G’ = ∆Go + RT ln [product 1][product 2]
[reactant 1]

• ∆G’ = ∆Go + RT ln [PG][P] / [BPG]

• ∆G’ = -18.8 + RT ln [PG][P] - RTln [BPG]

• ∆G’ = -30.5 kJmol-1

• ADP + P → ATP     ∆G’ = +30.5 kJmol-1

During glycolysis 
phosphoglycerate (product) is
depleted due to its rapid conversion 
into phosphoenolpyruvate and 
pyruvate

and BPG (reactant) is increased
due to the degradation of glucose.


