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CHAPTER 4 
Electrochemistry – I: Ion-Ion Interactions 
 The Debye-Huckel Theory of Ion-Ion Interactions

When an ion goes into the solution, it interacts not only with the solvent molecules but also with other 
ions that are produced as a result of electrolytic dissociation. The interaction of this ion with its solvent-
surrounding is quite important as it helps the ion to get stabilized in that medium. Nevertheless, the other types 
of interactions, i.e., the ion-ion interactions, are also of very much significant value to the overall understanding 
of the system because these interactions affect a number of properties of these solutions such as partial molar 
free energy change or the electrolytic conductance. Now, since the phenomenon of ion-ion interactions is a 
function of interionic separations, which in turn depends upon the population density of these ions; the first 
step to know this phenomenon must be the rationalization of ionic population density. 

In the case of weak electrolytes, the degree of dissociation is very small at high concentrations 
yielding a very low population density of charge carriers. This would result in almost zero ion-ion interactions 
at high concentrations. Now, although the degree of dissociation increases with dilution, which in turn also 
increases the total number of charge carriers, the population density remains almost unchanged since the extra 
water has also been added for these extra ions. Thus, we can conclude that there are no ion-ion interactions in 
weak electrolytes, neither at higher nor at the lower concentrations. On the other hand, in the case of strong 
electrolytes, the degree of dissociation is a hundred percent even at high concentrations yielding a very high 
population density of charge carriers. This would result in very strong ion-ion interactions at high 
concentrations. Now, when more and more solvent is added, the total number of charge carriers remains the 
same but the population density decreases continuously, creating large interionic separations. This would result 
in a decrease in the magnitude of ion-ion interaction with increasing dilution. 

In 1913, a British physicist Samuel Milner proposed the first quantitative explanation of ion-ion 
interactions in a statistical framework. After that, in 1918, an Indian Chemist, Sir Jnan Chandra Ghosh 
proposed a model to compute the energy of Coulombic interaction of the ions with an assumption that the ions 
in the solution are fixed just like in the crystals. The Milner’s model was quite complicated mathematically, 
while Ghosh’s model did not consider the distorting effect of thermal motion on the ionic distribution in the 
solution phase of electrolyte under consideration. 

In 1923, Peter Debye and Erich Huckel proposed an extremely important idea to quantify the ion-ion 
interactions in the solutions of strong electrolytes. In this model, the solute, i.e., the strong electrolyte, is 
assumed to dissociate completely. They considered the ions as perfect spheres that cannot be polarized by the 
surrounding electric field while the solvation of ions was ignored. The solvent plays no role other than 
providing a medium of the constant relative permittivity (dielectric constant). A reference ion was thought to 
be suspended in solvent-continuum of dielectric constant ε with zero electrostriction, and this ion is surrounded 
by oppositely charged ionic cloud. 
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 Fundamental Concept 

               It is quite interesting to recall the fact that like many other coupling effects, the phenomena of ion-
ion interaction can also be quantified in terms of free energy change. In this case, it can be achieved by 
assuming an initial state with no ion-ion interaction and a final state in which the ion-ion interactions do exist; 
and then calculating the free energy change in going from initial to the final state. 

               The initial state, i.e., the state with no ion-ion interaction, can be created hypothetically by taking 
ions in the vacuum. However, since the final state possesses ions in solution, the initial state should also have 
ions in solution and not in the vacuum, otherwise, two states would differ not only by ion-ion interaction but 
also in respect of ion-solvent interaction. Conversely, if we imagine some discharged ions in the solution 
(discharged ions mean no ion-ion interaction) and then charge them up fully, free energy change of ion-ion 
interaction would be the amount of work done in doing so. 

 

Figure 1. The pictorial representation of the fundamental idea for calculating the free energy of ion-ion in 
the Debye-Huckel model of ionic interactions. 

 

               It should also be noted that the procedure depicted in ‘Figure 1’ gives the work of charging (i.e., the 
free energy of ion-ion interaction) for all the ions present in the solution whether they are positive or negative. 
However, the scientific analysis of electrolytic solutions typically needs the free energy of ionic interactions 
for individual species. This partial free energy change is called as chemical potential change and is typically 
denoted as Δμi-I. The value of Δμi-I for ith species of radius 𝑟𝑖 can be obtained by computing the work of 
charging this sphere from a neutral state to its full charge of Zie0. The work of charging (w) a spherical 
conductor can be given by the following relation (from electrostatics): 

 
𝑤 =

1

2
[𝐶ℎ𝑎𝑟𝑔𝑒 𝑜𝑛 𝑡ℎ𝑒 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟 × 𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑠𝑡𝑎𝑡𝑖𝑐 𝑃𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝑜𝑓 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟] (1) 

Since the Debye-Huckel model also considers the ions as spherical conductors, the work of charging an ion of 
radius r will be 

Buy the complete book with TOC navigation, 
high resolution images and 

no watermark.

https://www.dalalinstitute.com/books/a-textbook-of-physical-chemistry-volume-1/


162 A Textbook of Physical Chemistry – Volume I 

 Copyright © Mandeep Dalal  

 
𝑤 =

1

2
[𝑍𝑖𝑒0 ×𝜓] 

(2) 

Where ψ represents the electrostatic potential of the reference ion due to the influence on it by the Coulombic 
forces of the neighboring ions. Multiplying equation (2) by Avogadro number, we can obtain the amount of 
work done required to charge one mole of such ions i.e. the partial molar free energy change. 

 
𝛥𝜇𝑖−𝐼 = 𝑁𝐴𝑤 =

𝑁𝐴
2
[𝑍𝑖𝑒0 × 𝜓] 

(3) 

The only thing that is unknown in the above expression is ψ. Therefore, the partial molar free energy change 
due to the interaction of ith species with the rest of the solution requires the determination of electrostatic 
potential exerted at the reference ion by its ionic-surrounding. Now, from the law of superposition of potentials, 
we know that the potential at any point due to an assembly of charges is just the sum of the individual potentials 
exerted at that point by the individual charges. Since the electrostatic potentials depend upon the distances 
between the charges under consideration, the time-averaged distribution of all ions around must be known 
(distances from the reference ion are the function of the population distribution of other ions). 

               Although we know that the total electrostatic potential at the reference ion can be obtained by 
knowing the distance of each surrounding ion from the reference ion, the number of ions is extremely large 
making it almost impossible to follow the conventional route to do so. So, instead of dealing with individual 
ions, Debye and Huckel proposed the revolutionary idea of considering all the surrounding ions as a continuous 
ionic cloud that surrounds the reference ions. They assigned the discrete charge only to the reference ion which 
is situated in the solvent’s continuum of dielectric constant ε, i.e., water in this case. 

 

Figure 2. The pictorial representation of reference ion in its ionic cloud. 
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               Hence, the Debye-Huckel’s idea transformed the complex problem of computing the population 
density around the reference to the determination of excess charge density (ρ). At this point, one might think 
why the excess charge density is not zero everywhere because the solution as a whole is actually electroneutral. 
The reason for this behavior lies in the fact that positive centers attract negative density while a negative center 
tries to accumulate a positive cloud around it. Therefore, in a volume element near positive ion, there should 
be a more negative charge, i.e., excess negative charge density and vice-versa. This excess negative charge 
density near a positive center is counterbalanced by excess positive charge density near a negative center, 
keeping the overall electroneutrality maintained. It should also be mentioned here that since the thermal forces 
in the solution are always trying to randomize the ionic distribution, the excess charge density diminishes in 
moving away from the center. 

 Mathematical Development 

               So far we have discussed the fundamentals aspects of how we can determine the partial molar free 
energy change generated by the ionic interactions of ith species. All we need is the electrostatic potential (ψ) 
of the reference ion due to the influence on it by the Coulombic forces of the surrounding. Since ψ, at a distance 
r from the reference ion, depends upon the excess charge density at r, the first thing we need to develop it 
mathematically is the correlation between these two parameters, i.e., ψr and ρr. One such relation for spherically 
symmetric charge distribution is the Poisson’s equation in electrostatics that can be given as: 

 1

𝑟2
𝑑

𝑑𝑟
(𝑟2

𝑑𝜓𝑟
𝑑𝑟
) = −

4𝜋

𝜀
𝜌𝑟 

(4) 

Where ψr and ρr are electrostatic potential and excess charge density in a very small volume element dV situated 
at distance r from the reference ion. 

 

Figure 3. The depiction of electrostatic potential and excess charge density in dV volume element at a 
distance r from the reference ion. 
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Rearranging the Poisson’s equation for excess charge density, we get 

 
𝜌𝑟 = −

𝜀

4𝜋
[
1

𝑟2
𝑑

𝑑𝑟
(𝑟2

𝑑𝜓𝑟
𝑑𝑟
)] 

(5) 

Also, the “linearized Boltzmann distribution” can be used to prove that 

 
𝜌𝑟 = −∑

𝑛𝑖
0𝑍𝑖
2𝑒0
2𝜓𝑟

𝑘𝑇
𝑖

 
(6) 

Where 𝑛𝑖0 is the bulk concentration of the ith species and k is simply the Boltzmann constant. Equating the 
Poisson’s expression with the Boltzmann Formula, i.e., from equation (5) and (6), we get the linearized Poisson 
Boltzmann equation as: 

 
−
𝜀

4𝜋
[
1

𝑟2
𝑑

𝑑𝑟
(𝑟2

𝑑𝜓𝑟
𝑑𝑟
)] = −∑

𝑛𝑖
0𝑍𝑖
2𝑒0
2𝜓𝑟

𝑘𝑇
𝑖

 
(7) 

or 

 1

𝑟2
𝑑

𝑑𝑟
(𝑟2

𝑑𝜓𝑟
𝑑𝑟
) = (

4𝜋

𝜀𝑘𝑇
∑𝑛𝑖

0𝑍𝑖
2𝑒0
2

𝑖

)𝜓𝑟 
(8) 

Now assume a constant κ2 with value 

 
𝜅2 =

4𝜋

𝜀𝑘𝑇
∑𝑛𝑖

0𝑍𝑖
2𝑒0
2

𝑖

 (9) 

Using the value of equation (9) in equation (8), we get 

 1

𝑟2
𝑑

𝑑𝑟
(𝑟2

𝑑𝜓𝑟
𝑑𝑟
) = 𝜅2𝜓𝑟 

(10) 

The above differential equation is the popular form of linearized Poisson-Boltzmann expression and its 
solution gives 

 
𝜓𝑟 =

𝑍𝑖𝑒0
𝜀

𝑒−𝜅𝑟

𝑟
  

(11) 

Now comparing equation (4) and equation (10), we get 

 
𝜅2𝜓𝑟 = −

4𝜋

𝜀
𝜌𝑟 (12) 

or 
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𝜌𝑟 = −

𝜀𝜅2𝜓𝑟
4𝜋

 
(13) 

Now putting the value of electrostatic potential from equation (11) in equation (13), we get the expression for 
excess charge density as a function of r. 

 
𝜌𝑟 = −

𝜀𝜅2

4𝜋
×
𝑍𝑖𝑒0
𝜀

𝑒−𝜅𝑟

𝑟
 

(14) 

 
𝜌𝑟 = −

𝑍𝑖𝑒0𝜅
2

4𝜋𝑟
𝑒−𝜅𝑟 

(15) 

Now because the magnitude of ρr is a consequence of the unequal distribution of anions and cations, the above 
expression also defines the ionic-population-distribution around the reference ion. 

 

Figure 4. The variation of electrostatic potential and excess charge density as a function of the distance r 
from the reference ion. 

 

After knowing that the excess charge density decreases exponentially with r, we can determine the total excess 
charge (dq) at the same distance just by the following relation. 

 𝑑𝑞 = 𝜌𝑟4𝜋𝑟
2𝑑𝑟 (16) 

Where 4πr2dr is the volume element of a hollow spherical shell of thickness dr with the inner and outer radius 
as r and r+dr, respectively. After putting the value of ρr from equation (15) in equation (16), we have 

 
𝑑𝑞 = (−

𝑍𝑖𝑒0𝜅
2

4𝜋𝑟
𝑒−𝜅𝑟)4𝜋𝑟2𝑑𝑟 

(17) 
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 𝑑𝑞 = −𝑍𝑖𝑒0𝑒
−𝜅𝑟𝜅2𝑟𝑑𝑟 (18) 

Thus, the exponential part decreases with increasing r while the non-exponential part shows a continuous 
increase as we move away from the reference ion. 

 

Figure 5. The depiction of excess charge density in a volume element of thickness ‘dr’ as a function of the 
distance r from the reference ion. 

 

In order to find the distance of maximum “excess charge”, we need to differentiate the equation (18) with 
respect to r, and then derivative needs to be put equal to zero i.e. 

 𝑑𝑞

𝑑𝑟
= −𝑍𝑖𝑒0𝜅

2(𝑒−𝜅𝑟 − 𝜅𝑟𝑒−𝜅𝑟) = 0 
(19) 

Since −𝑍𝑖𝑒0𝜅2 is non zero for sure, the above equation holds true only if 

 𝑒−𝜅𝑟 − 𝜅𝑟𝑒−𝜅𝑟 = 0 (20) 

Which implies 

 𝑟 = 𝜅−1 (21) 

Also from equation (9), we have  

 
𝜅 = (

4𝜋

𝜀𝑘𝑇
∑𝑛𝑖

0𝑍𝑖
2𝑒0
2

𝑖

)

1/2

 
(22) 

Hence, the radius of maximum excess charge from the center of the reference ion can be obtained by putting 
the value of κ from equation (22) in equation (21), we get rmax or the “Debye-Huckel length” as 

 
𝑟𝑚𝑎𝑥 = (

𝜀𝑘𝑇

4𝜋

1

∑ 𝑛𝑖
0𝑍𝑖
2𝑒0
2

𝑖

)

1/2

 
(23) 
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               At this point, we have understood most of the ideas of Debye-Huckel’s theory of ion-ion interaction, 
and the question we raised initially is near to its end, i.e., to calculate the molar chemical potential change of 
ion-ion interaction. Now, although we have calculated the electrostatic potential, we cannot use the same in 
equation (3) because what we have obtained contains the contributions from the ionic cloud as well as from 
the reference ion itself. Therefore, before we calculate the partial molar free energy of ion-ion interaction, we 
need to separate potential from the ionic cloud and from the central ion first. The total electrostatic potential 
at a distance r can be fragmented as given below. 

 𝜓𝑟 = 𝜓𝑖𝑜𝑛 + 𝜓𝑐𝑙𝑜𝑢𝑑 (24) 

 𝜓𝑐𝑙𝑜𝑢𝑑 = 𝜓𝑟 − 𝜓𝑖𝑜𝑛 (25) 

From the formulation of potential due to a single charge at a distance r, we know that 

 
𝜓𝑖𝑜𝑛 =

𝑍𝑖𝑒0
𝜀𝑟

 (26) 

Now using the value of ψr from equation (11) and of ψion from equation (26) into equation (25), we get 

 
𝜓𝑐𝑙𝑜𝑢𝑑 =

𝑍𝑖𝑒0
𝜀

𝑒−𝜅𝑟

𝑟
−
𝑍𝑖𝑒0
𝜀𝑟

 
(27) 

 
𝜓𝑐𝑙𝑜𝑢𝑑 =

𝑍𝑖𝑒0
𝜀𝑟
(𝑒−𝜅𝑟 − 1) (28) 

Now because the value of κ is proportional to ∑ 𝑛𝑖0𝑍𝑖2𝑒02𝑖 , at very large dilution κ becomes very small and 𝑒−𝜅𝑟 
and can be expended as 1 − 𝜅𝑟 (ex = 1+ x). Therefore, equation (28) takes the form 

 
𝜓𝑐𝑙𝑜𝑢𝑑 =

𝑍𝑖𝑒0
𝜀𝑟
(1 − 𝜅𝑟 − 1) (29) 

 
𝜓𝑐𝑙𝑜𝑢𝑑 = −

𝑍𝑖𝑒0𝜅

𝜀
 (30) 

Hence, potential due to ionic cloud is independent of the distance r in this case. Now putting the value of ψcloud 
from equation (30) into equation (3), we get 

 
𝛥𝜇𝑖−𝐼 = 𝑁𝐴𝑤 =

𝑁𝐴
2
[𝑍𝑖𝑒0 × (−

𝑍𝑖𝑒0𝜅

𝜀
)] 

(31) 

 
𝛥𝜇𝑖−𝐼 = −

𝑁𝐴𝑍𝑖
2𝑒0
2𝜅

2𝜀
 

(32) 

Hence, the Debye-Huckel’s model gives the theoretical value of 𝛥𝜇𝑖−𝐼 arising from ion-ion interactions. Now 
before we check the validity of the Debye-Huckel model, we will discuss the many aspects of mathematical 
treatment Debye-Huckel model in more detail in forthcoming sections. 
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