
 

The equilibrium constant is expressed as the dimensionless quantity: 

 = [   ]   [  ]   ⋅ [   ]    

as all the terms are activities, for which the reference molar concentration is set to 1 M. We have 
the molar concentration of H2O given by the density: [H O] =     MM   = 1000 g/L18.016 g/mol = 55.50 M 

The molar concentration of H+ is given by the pH value,while the molar concentration of OH– is 
given by the charge balance: [H ] = 10   M = 1 × 10  M     →      [OH ] = [H ] = 1 × 10  M 

All the concentrations are known, so the apparent equilibrium constant becomes: 

 =   .        ×        ⋅  ×        = 5.55 × 10   
The entropy change of the reaction is known from the thermodynamic definition of equilibrium 
constant and Gibbs’ free energy change. We have, from the equilibrium constant definition: Δ   ( ) = −  log = −8.3144 J/(mol K) ⋅ 298 K ⋅ log(5.55 × 10  ) = −89.82 kJ/mol 
and from the definition of the Gibbs’ free energy of reaction: Δ   ( ) = Δ ℎ −  Δ    

Δ   = Δ ℎ − Δ   ( ) = 40.17 kJ/mol298 K = 0.135 kJ/(mol K) 
 



 

The pH is related to the molar concentration of H+, which can be obtained from the equilibrium 
constant at 373 K. The Gibbs’ free energy change of the reaction at 373 K is obtained from the 
thermodynamic definition. We know that Δ ℎ  and Δ    are mean values over a temperature 
range, and since the required temperature is inside such range, we consider both values as 
constant.  

We have, from the Gibbs’ free energy change definition: Δ   ( ) = Δ ℎ −  Δ    Δ   (373 K) = −49.65 kJ/mol − 373 K ⋅ 0.135 kJ/(mol K) = −99.93 kJ/mol 
and the equilibrium constant: 

 (373 K) = exp − −9.993 × 10 J/mol8.3144J/(mol K) ⋅ 373 K = 9.86 × 10   

The molar concentration of H+is equal to the molar concentration of OH– from the charge balance, 
and itis obtained from the equilibrium constant expression in part 5.1 (as the standard 
concentration of 1 M has been omitted) as follows: 

 = [H O][H ] ⋅ [H ]     →    [H ] = [H O]    →    [H ] =  [H O]   / 
 

and the molar concentration of H2O is set equal to55.50 M. Then, the molar concentration of H+ 
and the respective pH value is obtained: 

[H ] =  55.509.86 × 10    / = 7.50 × 10  M   →    pH = − log  [H ] = 6.12 

 

From the KW, which is defined only to include the molar concentrations of D+ and OD–, we have:   (D O) = [D ][OD ] = 1.35 × 10    

The molar concentration of D+ is equal to the molar concentration of OD– from the charge balance: [OD ] = [D ] 
thus, the KW relation is an equation the only unknown [D+] which is obtained as:   (D O) = [D ]    →      [  ] =    (D O)  / = (1.35 × 10   ) / = 3.67 × 10  M 

The pD value is then obtained from the definition: pD = − log  [D ] = 7.43 



 

The rate law for the D2O molar concentration change is expressed as the net of the direct and 
inverse reaction rates, as follows:  [D O]  =     −     =   [D ][OD ] −   [D O] 

 

From the definition of the equilibrium deviation , we have a set of relations that link the actual 
molar concentrations with respect to their equilibrium value: [D O] = [D O]  −   [D ] =  + [D ]   [OD ] =  + [OD ]   

and after substitutingin the reaction rate expression in 5.4 we obtain:   [D O]  −     =     + [D ]     + [OD ]   −    [D O]  −    
Since the equilibrium concentration of any specie does not change with time, we have:   [D O]  −     =  [D O]    −     = −     
and we can obtain the exact equation:     = −    + [D ]     + [OD ]   +    [D O]  −    
Expanding the first term in the right-hand side, and neglecting the    terms, we have:     = −    [D ]  +   [OD ]  +    −   [OD ]  [D ]  +   [D O]   

From the equilibrium constant definition (as the standard concentration of 1 M has been omitted), 
we have the following relation: 

 =     = [D O]  [OD ]  [D ]       →      [OD ]  [D ]  =   [D O]   

so, the last two terms cancel out, leaving the following: 



    = −    [D ]  +   [OD ]  +     

 

The definition of relaxation time   implies that:  ( ) =  (0) =  (0)exp (−1) 

so, we substitute the equilibrium change solution and we obtain a direct relation between the rate 
constants and  :   (0) exp −    [D ]  +   [OD ]  +     =  (0)exp (−1)     [D ]  +   [OD ]  +    = 1 

From the charge balance we have [D ]  = [OD ]  , therefore the above expression simplifies 
into: 2  [D ]  +   = 1  
also, from the equilibrium constant definition (now as dimensional, without the standard 
concentration of 1 M) we have   =    , where   is the apparent equilibrium constant. We remark 
that   must not be confused with the autoionization constant  (D O), as this relation holds: 

 = [D O]  [OD ]  [D ]  = [D O]    (D O) 
The equilibrium concentration of D2O is known from the density: [D O]  =     MM   = 1107 g/L20.03 g/mol = 55.27 M 

Thus, the dimensional equilibrium constant becomes: 

 = [D O]    (D O) = 55.27 M1.35 × 10   M = 4.09 × 10  M   
and the main relation between the rate constants reduces to one equation in one unknown, the 
backward rate constant  : 2  [D ]  +   = 1   →   2   [D ]  +   = 1    →      = 1 ⋅  2 [D ]  + 1  
We know [D ]   at 298 K from the pD calculation in 5.3, that is [D ]  = 3.67 × 10  M.Thus, we 
have thebackward rate constant: 



  = 11.62 × 10    ⋅ (2 ⋅ 4.09 × 10  M  ⋅ 3.67 × 10  M + 1) = 2.06 × 10  s   
and the forward rate constant is obtained from the dimensional equilibrium constant definition:   =    = 2.06 × 10  s  ⋅ 4.09 × 10  M  = 8.42 × 10  M  s   

 

We name the 6-hydroxynaphtalene-2-sulfonate ion as HA, and the dissociation reaction is treated 
in the standard form HA → H+ + A–. We may split the problem by evaluating the pH before, during 
and after irradiation. 

•The pH before irradiation(BI) is given by the dissociation constant: 

  ,  = [H ]  [A ]  [HA]      →       ,  = 10    ,  = 10  .  = 7.59 × 10    

From the charge balance, [A ]  = [H ]  =  , and the equilibrium concentration of the acid is 
given as the difference between the initial and reacted amount: [HA]  = [HA] −  = 5.0 × 10  M −   

Since   ,   is very small compared to [HA]  we can neglect the   contribution to [HA]  , or that the 
equilibrium concentration of HA is approximately equal to its initial value. This leads to a simplified 
quadratic equation, which gives: 

  ,  =   [HA]    →    [H ]  =    ,  [HA]   / = (7.59 × 10   ⋅ 5.0 × 10  ) / = 1.95 × 10  M 

then, from the pH definition we have: pH  = − log  [H ]  = 5.71 

•The pH during irradiation (DI) is given not only from the modified dissociation constant, but also 
from the already existing contribution of [H ]  . We have the new constant: 

  ,  = [H ]  [A ]  [HA]      →       ,  = 10    ,  = 10  .  = 2.19 × 10   



and new values for the molar concentration of involved species, which are now related to the new 
reacted amount  , as follows: [H ]  = [H ]  +   [A ]  = [H ]  = [H ]  +   [HA]  = [HA]  −  = [HA] −   

We notice that no additional simplifications may be done, since   ,   is comparable to [HA] , and 
thus leading to a quadratic equation: 

  ,  = ([H ]  +  ) [HA] −     →      +     ,  + 2[H ]   +  [H ]   −   ,  [HA]  = 0 

as the quadratic’s coefficients are  = 1,  = 2.19 × 10   and  = −1.095 × 10  , which leads to 
only one positive solution:  = 4.19 × 10  M [H ]  = [H ]  +  = 4.19 × 10  M  [HA]  = [HA] −  = 8.10 × 10  M 

then, from the pH definition we have: pH  = − log  [H ]  = 2.38 

• The pH after irradiation (AI)is given from the original dissociation constant  ,  =   ,  , and the 
not negligible contribution of [H ]  . The new values for the molar concentration of involved 
species, which are now related to the new reacted amount  , are listed as follows: [H ]  = [H ]  −   [A ]  = [H ]  = [H ]  −   [HA]  = [HA]  +   

Since   ,   is very small compared to [HA]   we can neglect the   contribution to [HA]  , or that the 
equilibrium concentration of HA is approximately equal to its value during irradiation. This leads to 
a simplified quadratic equation, which gives the reacted amount: 

  ,  = ([H ]  −  ) [HA]      →     = [H ]  −    ,  [HA]    /  
The H+ molar concentration is then obtained: [H ]  = [H ]  −  =    ,  [HA]    / = (7.59 × 10   ⋅ 8.10 × 10  M) / = 7.84 × 10  M 

then, from the pH definition we have: pH  = − log  [H ]  = 6.11 
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