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Models of Solution 
Chemistry IChemistry- I

State of Equilibrium
Chapter 6

Heat is defined as a form of energy that flows 
from a high temperature object to a low 
temperature object  Therefore  when the two 

A covered cup of coffee will not be colder than or 
warmer than the room temperature

temperature object. Therefore, when the two 
objects are at the same temperature, there is 
no net flow of energy or heat. This 
phenomenon is known as equilibrium. In this 
example, we deal with the flow of energy. 

State of Equilibrium
Chapter 6

A         B
A transformation of matter A to a new matter BA transformation of matter A to a new matter B

What will happen if you let this reaction mixture sit 
for a long time? 

A   → B  Chemical Reaction

It will arrive at equilibrium.It will arrive at equilibrium.

What does it mean?

The concentrations of each species will become The concentrations of each species will become 
constant.constant.

This does NOT mean that the reaction has stopped.

We say the reaction has reached at its equilibrium
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Chemical Equilibrium
Chapter 6

A forward reaction : A   → B  

A backward reaction : A   ← B  

Th ibilit f th i d bThe reversibility of the process is expressed by 

A          B

The symbol  ‘[ ]’ always signifies a condition in 
which the forward and backward reaction will still 
continue but at equal rates.

Chemical Equilibrium 
Chapter 6

A            B  

B][product][

Chemical Equilibrium
Mass action law states that at equilibrium the ratio of 
equilibrium concentrations of reactants and products is 
constant. This constant is referred as equilibrium constant, K

]A[
B][

]reactant[
product][

==K

For multiple reactants or products, 

]B][A[
C][D][

]reactant[
product][

==K

A + B           C+ D  

]A[
B][C][

]reactant[
product][

==K

A         B+ C  

Chemical Equilibrium
Chapter 6

Equilibrium constant, K
]reactant[

product][
=K

Example: Dissociation of a STONG hydrochloric acid vs. an 
WEAK acetic acid 

Governs which species is dominant in the solution

]HCl[
]][ClH[ -

1

+

=K1. HCl                 H+ + Cl-
K1

2. CH3COOH                 H+ + CH3COO-
K2

]COOHCH[
]COO][CHH[

3

-
3

2

+

=K

21 KK >

K1 = 1 x 103

K2 = 1.75 x 10-5
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Some Conventions
Chapter 6

Equilibrium constant, K
]reactant[

product][
=K

In thermodynamic derivation, [product] and [reactant] 
are typically expressed as a RATIO to its concentration at 
its STANDARD STATE

Standard states are defined byStandard states are defined by 
Solutes: 1 M
Gases: 1 bar (1 atm = 1.01325 bar)
Solids and liquids: Pure states

Units of concentrations
Solute  : mol/L
Gases: bars
Solids and liquids: They are omitted because they 

are unity 

For either 
reactant or 
product

Some Conventions
Chapter 6

Equilibrium constant, K
]reactant[

product][
=K

All equilibrium constants are DIMESIONLESS

For example,  to calculate equilibrium constant,  
if Solute A is the reactant: M)(inA][if Solute A is the reactant:

- a dimentionless quantity

Or if the product is a Gas D :

- a dimentionless quantity

M) (1
M)(in  A][reactant][ =

bar) (1
bar)(in  D][]product[ =

For the pure states of solids and liquids this ratio is unity

Some Conventions
Chapter 6

Equilibrium constant, K ]reactant[
product][

=K

For practical purpose, while calculating equilibrium 
constants we must express the concentration of 
reactant and product with their proper units and then 
take them off before putting them in the equilibriumtake them off before putting them in the equilibrium 
equation

Units of concentrations
Solute  : mol/L
Gases: bars
Solids and liquids: They are 

omitted because they are unity 
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Multiple Reactions
Chapter 6

Equilibrium constant, K ]reactant[
product][

=K

If more than one reactions are involved in the process, 
we can still derive the equilibrium and evaluate its 
equilibrium constants

2. B- + H+ HB

1. HA                 H+ + A-

]HA[
]][AH[ -

1

+

=KK1

K2

]A ][H[
HB][

-2 +=K

Summing 
up: B- + HA               HB  + A-

K3
213 KKK ×=

Stoichiometry Coefficients 
Chapter 6

aA+ bB             cC + dD

Expressing Chemical Equilibrium

[product] = [C]c × [D]d

K

ba

dc
K

B][A][
D][C][

]reactant[
product][

==

[reactant] = [A]a × [B]b

Calculations  
Chapter 6

Suppose that the following reaction has come to 
equilibrium:
Br2(l) + I2(s) + 4Cl–(aq)                2Br– (aq) + 2ICl2

– (aq)2( ) 2( ) ( q) ( q) 2 ( q)

If more I2(s) is added, will the concentration of ICl2
– in the 

aqueous phase increase, decrease, or remain unchanged?
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Calculations  
Chapter 6

Calculate the concentrations of H+ and OH– in pure water 
at 25 °C?

H2O                H+ + OH–

Kw = 1 ×10-14

2

Chemical thermodynamics describe the 
energetic balance of chemical processes and 
predict distribution of chemical species at 
equilibrium. 

Thermodynamics and Kinetics
Chapter 6

Chemical kinetics describes reaction speed 
and what factors effect the speed of the 
reaction.

Thermodynamics and Kinetics
Chapter 6

What goes on in a chemical reaction? 

A – B + C ↔ A – C + B 
Bond 
broken

Bond 
formed

Some bonds are broken and some bonds are formed
A lt th h it t t t d thAs a result, the energy changes; it goes up to an extent and then
down to a new low

A – B

Stable molecule A – C
Stable molecule

B … A … C

En
er

gy
 →
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Thermodynamics
Chapter 6

What part of the energy is rising, potential or kinetic ?

Thermo-heats, dynamo- change
Describes conversion of energy from one 
form to anotherform to another
Gibbs free energy (G) energy that is 
available to do work is related to enthalpy, 
H and entropy S and temp, T.
G = H – T × S

Spontaneous Process
Spontaneous processes are 
those that can proceed 
without any outside 
intervention

Processes that are 
spontaneous in one direction 
are non-spontaneous in the 
reverse direction

Reversible and Irreversible Processes
Reversible processes are those where change can be 
reversed.

Irreversible Processes are spontaneous in one 
direction
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Enthalpy Entropy and Free Energy

Enthalpy (H) – energy of inter- and intra-
molecular bonds that binds atoms and 
molecules together
Entropy (S) – is a measure of “disorder ofEntropy (S) is a measure of disorder of 
the system” related to various  modes of 
motion in a molecule
Free energy (G or H) – is a thermodynamic 
function that relates enthalpy and entropy to 
spontaneity

Enthalpy

Enthalpic change (ΔH) – expressed as the heat 
absorbed or released in a reaction

HCl (g) H+ (aq) + Cl–(aq)HCl (g)           H (aq) + Cl (aq)     

ΔHo = –74.85 kJ/mol at 25 °C

Standard state
–ve sign 
indicates that 
heat is released

Enthalpy

ΔHo = –ve   → EXOTHERMICEXOTHERMIC
ΔHo = +ve   → ENDOTHERMICENDOTHERMIC

y 
→

y 
→
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Product
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Product
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Entropy
Entropic change (ΔS)  is expressed as a change in 
the randomness of a system.

KCl (s)           K+ (aq) + Cl–(aq)

ΔSo = +76.4 J/(K.mol) at 25 °C

Standard state
+ve sign 
indicates 
disorder has 
increased

Entropy
Entropy is due to different modes of motions in 
a molecule translational, rotational, and 
vibrational

S (in gas) > S(in liquid) > S (in solid)
Degree of randomness highest in gases

Free Energy and Equilibrium

The amount of energy in a system to do work -
“useful” energy.
2nd Law of Thermodynamics states that a 
system tends to lose “useful” energy andsystem tends to lose useful  energy and 
approach a state of minimum free energy, or an 
equilibrium state.
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Free Energy and Equilibrium
Stable state = 
equilibrium = 
Lowest energy =         
no more reactions

Gibbs free energy 
(G) energy is the 
chemical analog of 
the gravitational 
potential energy 

Free Energy and Equilibrium
Change in free energy of a reaction is 
expressed as ΔG = ΔH – TΔS

Similar to the use of ‘standard state’ in the 
measurement of enthalpic and entropic 
changes, the change in Gibb’s free energy is 
also expressed in the standard states as ΔGo

Free Energy and Equilibrium

HCl (g)           H+ (aq) + Cl–(aq) 

ΔHo = – 74.85 kJ/mol at 25 °C
ΔSo 130 4 J/(K l) t 25 °CΔSo = –130.4 J/(K.mol) at 25 °C

ΔGo = ΔHo – TΔSo

= – 74.85 kJ/mol – [(298.15 K) × (–130.4 J/(K. mol)]
= –35.97 kJ/mol
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Free Energy and Equilibrium

Free Energy and Equilibrium

Factors that favor spontaneity 
Enthalpy Entropy Spontaneous?
Change Change Is ΔG < 0 ?

exothermic  (ΔH < 0) increase (ΔS > 0) yes 
exothermic  (ΔH < 0) decrease (ΔS < 0) yes, if |TΔS| <|ΔH|
endothermic  (ΔH > 0)  increase (ΔS > 0) yes, if TΔS > ΔH
endothermic  (ΔH > 0)  decrease (ΔS< 0) no, ΔG > 0

Free Energy and Equilibrium
The reaction quotient, Q, is expressed by the 
same equilibrium constant expression, but 
with partial pressures or concentrations of the 
reactants and products before the system 
reaches equilibrium.reaches equilibrium. 

If Q < K then the reaction is proceeding in the 
forward direction. 

If Q > K then the reaction is proceeding in the 
reverse direction.
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Free Energy and Equilibrium
ΔG = 0 will represent an equilibrium of a reaction, at 
a single temperature, the one temperature at which all 
reactants and products are in their standard states. 

Ιn general, ΔG and ΔGo are related through the reaction 
quotient, Q: ΔΔGG = = ΔΔGGoo + + RT RT ln ln QQ
At equilibrium, ΔG = 0 and Q=K
Hence ΔΔGGo o == --RTRTlnlnKK

Free Energy and Equilibrium

For a reaction, A            B  A            B  
K

Under the conditions of ΔG = 0 and Q = K, the 
equation above becomes
00 = = ΔΔGGoo + + RT RT ln ln KK

KRTG

K RT
G

ln

or,
e

o

o

−=Δ

=
Δ

−

Factors Influencing Equilibrium
Chapter 6

What are the factors that controls a chemical equilibrium?
What goes on at the molecular level?

]HA[
]][AH[ -

1

+

=K1. HA                 H+ + A-K1

K1 will be larger if:
i) [H+] and [A-] ions are present in larger quantities 
compared to HA
i.e. if the HA molecule is less stable than its dissociated 
ionic form 

Relative stability of A- vs. HA is governed by the 
principles of thermodynamics
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Factors Influencing Equilibrium
Chapter 6

La Chatelier’s Principle

If the conditions of a system at equilibrium are 
changed, the system moves in such a way as to 
oppose the effects of that

A            B  
K

For example, if any external action (physical or chemical) disturbs the 
equilibrium of a reaction, then the system tends to move its equilibrium 
in a way to counter that action

Factors Influencing Equilibrium
Chapter 6

La Chatelier’s Principle
For example:

A change in concentration of a reaction in equilibrium for the following equation:

N2(g) + 3H2(g) 2NH3(g)

If one increases the pressure of the reactants (Nitrogen, N2 and Hydrogen, H2) the reaction
equilibrium will change to decrease the pressure of the reaction => equilibrium shifted to theq g p q
right i.e. towards product
Why the pressure will decrease in the reaction?

No. of moles of the product < No. of moles of the reactants

Another example: In the Contact Process for the production of sulphuric acid, the second stage is
a reversible reaction:

2SO2(g) + O2(g) 2SO3(g)

The forward reaction is exothermic and the reverse reaction is endothermic. When the
temperature is increased, this new condition will favor the reverse reaction, as this will absorb the
increased energy in the system, hence keeping the equilibrium by decreasing the temperature.
=> equilibrium shifted towards reactant

Factors Influencing Equilibrium
Chapter 6

What are the factors that can change a chemical equilibrium?
What goes on at the molecular level?

1. 2NO2(g) N2O4(g)
2

NO

ON
2

2

42

2

42

]NO[
]ON[

P

P
K ==

K

red

http://cwx.prenhall.com/petrucci/medialib/media_portfolio/text_im
ages/068_NO2_N2O4Equil.MOV
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Free Energy and Reaction Rate
gy

 →

Chemical Kinetics ─ deals with how fast the 
reaction is occurring

B … A … C

A ti ti B i
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A – B

Stable molecule

A – C

Stable molecule
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Activation Barrier

Rate of a reaction ─ Reaction rate is the change in 
the concentration of a reactant or a product with 
time (M/s).

Chemical Kinetics

AB          AC

time

Rate of a reaction ─ Reaction rate is the change in 
the concentration of a reactant or a product with 
time (M/s).

Chemical Kinetics

AB          AC

AB molecule

rate = -
Δ[AB]
Δt

rate = 
Δ[AC]
Δt

AB molecule

AC molecule
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Factors Affecting Rate
Temperature

Kinetic Theory: Temperature is directly related to 
molecular speed (chem103). When two chemicals react, 
their molecules collide with each other with sufficient 
energy for the reaction to take place. 

Concentrations of reactants
More reactants mean more collisions if enough energy isMore reactants mean more collisions if enough energy is 
available

Catalysts
Make reaction faster by lowering activation energy

Surface area of a solid reactant
More area for reactants to be in contact (Bread and Butter 
theory!)

Pressure of gaseous reactants or products
Increased number of collisions


