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Abstract: 

    We discuss the use of simple probability concepts to rationalize Law of Mass 

Action and Ionic Equilibrium. We show how the notion of probability as related to 

concentration, can be used to teach in a straightforward way these two chemical 

topics.  
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Introduction 

    The important concepts include: chemical equilibrium (especially the Law of 

Mass Action) and ionic equilibria in solution. The Law of Mass Action can be 

derived in various ways, usually by using assumptions from thermodynamics 

related to the minimum in the time evolution of Gibbs free energy of the system 

and the principle of the conservation of mass in chemical reactions [1-4]. The 

principles of chemical kinetics are also invoked since they are necessary to describe 

dynamic nature of chemical equilibrium in terms of the rates of opposing reactions 

(forwards and reverse). In this work we describe a simpler approach based on the 

idea that the amount of substance (expressed as number of particles) in a unit 

volume, or concentration, can be directly related to the probability of finding a 

particle in a unit volume of the reaction mixture. We use the same probability 

arguments to describe ionization of weak acids or bases in the water solution. 

Discussion 

Chemical Equilibrium     

We begin by considering a general reversible reaction of the form:  

xA + yB  wC + zD                    (1) 

where A,B,C,D are reactants and products with x-z being the corresponding 

stoiochiometric coefficients. We make the assumption that the equilibrium mixture 

is homogeneous. This assumption is necessary for probabilistic description to be 

valid in our description of the equilibrium system. We then define the probability of 



finding particle A in a finite unit volume as pA
 
= ωA [A]  where [A] is molar 

concentration and ωA is a constant scaling factor which ensures that  0<pA<1. ωA 

can be interpreted as the inverse of the maximum possible concentration of A in the 

equilibrium system under consideration under given conditions of temperature and 

pressure. ωA has units of M
-1

. The same expressions and reasoning apply to the 

probabilities of other species: pB, pC, pD.  

    Inspection of (1) shows that we need x molecules (or moles) of A and y molecules 

of B to be present in the unit volume if we are to produce w molecules of C and z 

molecules of D. The reverse is also true. w molecules of C and z molecules of D are 

required to produce A and B. The joint probability of finding the required numbers of 

A and B particles in the unit volume is then given as: pAB = ωA
x
 [A]

x
ωB

y
 [B]

y
 = ωAB 

[A]
x
[B]

y
. ωAB  is the constant scaling factor for the joint probability. The derivation of 

this joint probability is based on the assumption that the probability of finding one 

particle is independent of the probability of finding another. This assumption depends 

on the equilibrium mixture remaining homogeneous throughout its volume. For 

example, if the probability of finding one particle is pA
 
= ωA [A] then the probability 

of finding two A particles is pA
2 

= ωA
2
[A]

2
. Analogously, the probability of finding 

one particle of A and one particle of B is pAB = ωA[A]ωB[B] = ωAB [A][B].  We can 

derive the expression for joint CD probability in a similar way: pCD = ωC
w
 [C]

w
ωD

z
 

[D]
z
 = ωCD [C]

w
[D]

z
. Since we know that in the equilibrium state the concentrations of 

A-D remain constant we conclude that joint probabilities pAB and pCD
 
are also 

constant. The ratio pCD/pAB is then also a constant which leads directly to the well 

known form of the Law of Mass Action Kc = [C]
w
[D]

z
/[A]

x
[B]

y
.  



Ionization of weak acids and bases 

 We shall describe the use of probability arguments on the example of derivation of 

the pH of isoelectric point in ampholytes, for example in amino-acids.  

Ampholytes contain weakly acidic (A) and weakly basic (B) functional groups 

which ionize (we use the term ionization in preference to dissociation [5]) as 

follows:   HA  H
+
 + A

-
    (2)      B + H2O  BH

+ 
 + OH

-
    (3)       

We define the probabilities of ionization of acidic and basic functional groups as 

follows:  pA= [A
- 
] / [HA]0  ;  pB = [BH

+
] / [B]0   where subscript 0 indicates the 

initial concentration of unionized weak acid or weak base. Using standard 

expressions for equilibrium constants of weak acid and base: 

Ka1 = [H
+
] [A

-
] / ([HA]0-[A

-
])  and   Kb= [OH

-
][BH

+
] / ([B]0-[BH

+
])     (4)    

and combining (4) with the expressions for pA and pB we obtain: 

pA = Ka1 / ([H
+
] +Ka1)   ;  pB = Kb/ ([OH

-
] + Kb)       (5). 

The expression for pB can be transformed into pB = 1/ ((Ka2[H
+
]

-1
) +1)  using well 

known relationships between conjugate acids and conjugate bases i.e. [H
+
][OH

-
] = 

10
-14

 and KbKa2 = 10
-14

. At the isoelectric point the probability of ionization of 

weakly acidic and weakly basic functional group in an ampholyte must be the same 

hence  

Ka1 / ([H
+
] +Ka1)  = 1/ ((Ka2[H

+
]

-1
) +1)                      (6) 

Rearranging (6) and solving for [H
+
] gives [H

+
]

2
 = Ka1Ka2 or pH = ½[pKa1+pKa2]. 

We also note that the probability of ionization of weak acid or base is equal to the 

fraction of ionization of the same. However, to the best of the author’s knowledge 



such link between probability and fraction (or % ) of ionization has not been 

explicitly used in standard chemistry textbooks.  

We presented the example of a teaching approach where the concept of probability 

is used to derive expressions pertaining to chemical equilibrium and to the 

ionization of weak acids and bases. This elementary approach is suitable for 1
st
 year 

undergraduates taking general chemistry subject and does not require sophisticated 

mathematical skills or the use of advanced theoretical concepts. It is best 

incorporated into the discussion of chemical equilibria and properties of weak acids 

and bases. N.B. this approach does not make any assumptions related to the  

reaction mechanisms of forward or reverse reactions; no assumptions are made 

about  simultaneous presence of reactant molecules in a unit volume in a unit time. 

The only assumption made is about their time averaged probability (presence) in 

the unit reaction volume.     
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