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Acid-base equilibria.  

Polyprotic acids 
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For polyprotic (or polybasic) acids, the ratio of the constants 

of the stepwise dissociation is very important:   
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 Are there any regularities that 

describe this relationship? 
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a1 a2p p ?K KBut can it be that:  

,  

Inorganic acids (small molecules): electrostatic factor results in  

a1 a2K K

For example, the Pauling’s rule:   

3 4 a1 a2 a3H PO :  p 2.15; p 7.20; p 12.32K K K  

In general, since the molecules of inorganic acids are small, it is 

reasonable to assume a significant role of the electrostatic factor.  

For example, the presence of one negative charge in the single 

charged anion should hinder the elimination of the next proton 

with the formation of the double charged anion.  

(inversion) 



But some exceptions are also known: 

4 4 a1 a2 a3 a4H SiO :  p p 11.7; p p 12.00K K K K   
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2 n 2
Hg H O   HgOH   Hg OH 

a1 a2p 3.70 0.07; p 2.60 0.09 (ionicstrength 0.5M)K K   



Organic acids: some unusual ratios of the dissociation 

constants:  inversion or  

Ar N=N Ar N=NOH Ar N=NO     

(p-dihydroxyglutaconeanyl) 

a1 a2K K

(diazonium cation in aqueous alkaline media) 
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Double charged cation (H4A
2+) and the neutral form (H2A) of 

meso-tetraphenylporphyrin.  
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Sources of error: 

 

Small fraction of the intermediate HA- form 

Slow reactions, including intramolecular rearrangements 
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2,7-Dichlorofluorescein in  

47% ethanol – 47 % 

benzene – 6 % water 

a1p 9.23 0.08;K  

a2p 8.22 0.08K  



But inversion of the pKa may be NOT an error!  

Hegarty A.F., Bruice T.C. Acyl Transfer Reactions from and to the Ureido 

Functional Group. I. The Mechanisms of Hydrolysis of an O-Acylisourea ( 2-

Amino-4,5-benzo-6-oxo-1,3-oxazine) // J. Amer. Chem. Soc. -1970. -92, № 22. -P. 

6561–6567.  
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Inversion of the dissociation constants of 2-amino-4,5-benzo-6-

oxo-1,3-oxasine  

a1 a2p 10.61; p 9.21K K 



Clarkson R., Dowell R.I., Taylor P.J. The reversible cation-anion 

isomerisation of 2-imino-2H-pyrido [1,2-b][1, 2, 4] thia(oxa)diazole 

hydrobromide // Tetrahedron Letters -1982. -23, № 4. –P.485–488.  
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“Microscopic” dissociation constants 

If  

1 1 1

a2 21 22K k k   

11 12 21 22 ,k k k k k   

a1p p log 2 p 0.301K k k    a2
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a1 2K kthen 

a2 a1p p log 4 0.602K K  



Special case of aliphatic aminoacids 

II 11 21
T

12 22I

HA

HA

k k
K

k k





    
  

+

2 3HOOC CH NH 

2 2HOOC CH NH 
+

2 3OOC CH NH  

2 2OOC CH NH  

11k 12k

21k 22k

Glycine: 

How can we estimate the structure of the neutral form?  

For  
+

3 2 3 aH COOC CH NH : p 7.7;K   +

3 3 aH C NH : p 10.7K 

a0 a1p 4.3; p 10.8K K 
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2 n 2 n 2 n( ) ( )HOOC– CH –COOH HOOC– CH –COO OOC– CH( ) –COO   

11 12 21 22 ,k k k k k   

a1p p log 2 p 0.301K k k   

If  :n

a2 a1p p log 4 0.602K K  
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Electric field lines 

This negative charge hinders the 

removal of the second proton   

Bjerrum – Kirkwood – Westheimer: 

distance r 

effective relative permittivity 



Christensen J.J., Wrathall D.P., Izatt R.M., Tolman D.O. Christensen J.J., Izatt 

R.M., Hansen L.D. Thermodynamics of Proton Ionization in Dilute Aqueous 

Solution. VII. J. Amer. Chem. Soc. 1967. 89: 213.  

   

o

2 nHOOC– CH –COOH in water) , 25 ( C

el

a2 a1 ap p log 4 pK K K  

log 4 0.602approach  



Hence: only the tautomeric transformations can result in the 

inversion of the dissociation constants ?!   

As example: fluorescein  

 
 a2 a1 2,OH 1,COOH

III
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K K k k   



Fluorescein 

Water – acetone  
Water – ethanol 

Water – DMSO  Water – 1,4-dioxane 







Relation between the structure and pKa  

Effects of substitution.  

Aromatic compounds: Hammett’s constants of para- and meta- 

substituents  
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reflects  the  influence of the substituent  

characterizes the reaction series 

(The same – for some rate constants of hydrolysis) 



o

6 4Benzoic acids, XC –COOH in water, 25 CH :

1 

H X

X a ap p ;K K  

H 0 

a1p p log 2 p 0.301K k k   

Electronic interaction between 

the substituents 

The problem of the ortho-

substituents 



Two effects: conjugation (“mesomeric”) and inductive effects  
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 Estimation of the “ro” constant in non-aqueous 

solvents   

OH
X

For In water: 2.1 



H3O
+ hydronium ion;   
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H13O6
+ в водном растворе [Stoyanov et al., 2013)]  

Proton in aqueous solutions:   
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Proton in organic solutions   





Acidity scales in solution 

+

2Pt H H ,Cl AgCl Ag

+glasselectrode(H ) H 1MKCl AgCl Ag

(Harned cell) 

Cell without a liquid junction 

Cell with liquid junction 

Standard pH solutions for water:   

opH 1.68; 4.01; 6.86; 9.18; 12.45 (25 C)
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In aqueous solutions: 

The problem of ionic strength: the pH values refer to 

relatively low ionic strength. If the ionic strength of solutions x 

is much higher, a systematic error appears.  

 

Another problem: determination of pH in organic solvents.  

 

For water-organic solvents, a correction may be made:     

pH  = pHs x 

(instrumental pH) 

The values of      are known. For example, in 50 mass %  ethanol in 

water,          = 0.20. 




pD=pH+0.40For heavy water:  



Acidity function 

The Hammett acidity function.   
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Acid-base equilibrium in the excited state  
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Weller cycle:  



Acid-base equilibrium in the excited state  
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298.15K;T  – in nanometers 



Acid-base equilibrium in the excited state  
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For example, if    *

a ap p 10.48K K HAA
500nm, 400nm,   

HAA
600nm, 700nm,   

*

a ap p 4.99K K if 



Kinetics of protolytic reactions 

+ 11 1 1

2H +HO H O; =1.4 10k M s   

+ 10 1 1H + H; =2 10e k M s   

+ 10 1 1

3 3H +CH COO CH COOH; =(1.1 5.2) 10k M s    

(estimated by 8 different methods) 

Diffusion-limited reactions 



Kinetics of protolytic reactions 

+ 9 1 1+ H ; =6.4 10k M s  

+ 2 1 1 o

2 2 3 2CH NO +H CH NO ; =10 ;25 Ck M s  

+ 10 1 1H +RCOO RCOOH; =(3.8 1.0) 10k M s    

(for 11 different carboxylic acids) 

Slow reactions 
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Nitroparaffins can be titrated in water by NaOH 

For salicylic acid, the intramolecular hydrogen bond 

decelerates the reaction  



“Heavy water”: Deuterium oxide  





Medium effects:  
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This approach is applicable to other  equilibria as well.  

w s

i i; hereafter: 



Estimation of the       values   
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MOLECULES.  

1. Solubility:  

w w

i i
i s s

i i

a s

a s
  

Main condition: the absence of crystal solvates  

Another problem: too high solubility, or even unlimited solubility.   



2. Partition between two phases (water/organic solvent, practically 

immiscible with water) 

0w 0s

i i i

w

i

exp ;
s

i

a
P

a RT

 
  1i

i iw

i

sa
P

a
  

Two limitations:   

(1) many organic solvents are unlimitedly miscible with 

water;   

(2) in any case, the partition constants and transfer activity 

coefficients reflect the equilibrium between the two 

mutually saturated solvents.  



ELECTROLYTES. IONS. 

Estimation of the       values 
i
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(solubility product)  

This approach works for limitedly soluble salts.    



2. Electrochemical cells.   
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3. Tetraphenylborate  hypothesis. 

The main problem is as follows:  

The transfer activity coefficients of single ions from one 

solvent to another cannot be determined by 

thermodynamic methods. 

Contrary to the     values of neutral molecules, only the          product 

may be obtained experimentally.   
i   

Therefore, the dividing of the corresponding products can be 

made using some extrathermodynamic assumptions.    



Presently, the most accepted assumption is the so-called 

tetraphenylborate hypothesis.   
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The assumption consists in equating               to                or 
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6 5 4As(C H )

 

6 5 4P(C H )
 

The ions can be considered as “pseudo-spherical”  



If  
6 5 4 6 5 4
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1
log log (p p ),

2
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then the values for other ions may be calculated:   

6 5 4 6 5 4As(C H ) B(C H ) , 
where  

spK is the solubility product of  

6 5 4As(C H ) Cl , 

6 5 4K B(C H ) , 

Cl
  using the solubility products of 

in water and in a corresponding  

solvent; 

K
  using the solubility products of 

in water and in a corresponding  

solvent; 

H
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Some examples from a much larger body of data:  

ilog 0 : 

ilog 0 : 

profitable transfer  

unprofitable transfer  
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water solvent s 

Born’s equation for a charged sphere: 

Attempts to estimate the transfer activity coefficients theoretically  
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(the so-called Bronsted equation) 



2 2 2
s w A HA HA
a a

0 A HA r, r,wH

( 1)1 1 1
p p

4.60  4 s

e N z z
K K

RT r r r   

   
         

       

Comparison with 

the experiment 

?

Poor agreement! 



solv solv solv2 2 2
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1 ( 1) 1 1
p p

4.60  4 2.30s

G G Ge N z z
K K

RT r r r RT   





      
          

       

However, for the picric acid in acetone (pKa = 9.2) and 

methylisobutylketone (pKa = 11.0) the experimental and 

calculated differences coincide: = 1.8.    

 

These two solvents are of the same chemical nature, but 

with different relative permittivity, 20.56 and 13.92 at 25 oC, 

respectively. 

Therefore, more adequate is the so-called Bronsted–Izmailov 

equation: 




