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PROLOGUE 

Why  NONAQUEOUS SOLUTIONS ? 

The variety of properties of non-aqueous solvents that makes it 

possible to successfully solve many problems of modern 

chemistry. This largely explains the extremely wide use of a rich 

arsenal of non-aqueous, primarily organic solvents in today's daily 

practice.  
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The main tasks of studying the discipline is to teach students:  

  To know the main properties of most popular nonaqueous 

solvents, methods of their purification, and their toxic properties;  

 To be able to classify any solvent using quantitative 

parameters (descriptors);  

 To determine the pH values in nonaqueous solutions, to 

create buffer solutions in organic solvents;  

 To determine and explain the transport properties of ions in 

non-aqueous solvents; 
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  To predict the properties of solutions of electrolytes and 

non-electrolytes in solvents of different chemical nature by using 

educational and scientific literature;  

 To correctly choose the necessary solvent for modifying 

the properties of organic and inorganic substances (solubility, 

thermodynamic reactivity, rate of chemical reactions);  

 To rationally choose the solvent necessary for carrying out 

one or another analytical operation, in particular, in titrimetric 

analysis and extraction 
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INTRODUCTION 

Why SOLUTIONS ?  

 

Why LIQUIDS ? 

Over 90% of all studied chemical reactions occur in 

the liquid phase 
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Ta hygra meikta malista ton somaton  

 

(there are primarily liquids that react) 

Corpora non agunt nisi fluida ?? 
 

(substances do not react unless they are liquid)  

Aristoteles 
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Why are non-aqueous solvents needed for technology and scientific 

research? What are their advantages over water?  

1. For increasing the solubility of poorly water-soluble compounds.  

2. To shift the equilibrium state.  

3. To accelerate the chemical reactions.  

4. As liquid media in organic synthesis including polymerization.  

5. As liquid media in colloidal synthesis.  

6. In extraction.  

7. For re-crystallization.  

8. In chemical analysis – Titration in organic solvents.  

9. In liquid-phase chromatography.  

 



9 

10. In photophysical processes (light emission).  

11. In electrochemistry.  

12. In metallurgy.  

13. In UV-visible, infrared, and NMR spectroscopy.  

14. For studying free radicals.  

15. For studying complex formations between metal ions and 

ligands.  
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G. A. Krestov:  

  

«Solvation is understood as the whole sum of energy and 

structural changes occurring in the system during the transition 

under given conditions of atomic and molecular particles 

(atoms, molecules, ions, radicals) [from vacuum] into the 

liquid phase of the solvent, leading to the formation of a 

solution of a certain chemical structure and a given 

composition (exceptions are changes accompanied by the 

breaking of chemical bonds in the atomic-molecular objects 

themselves and solvent molecules)». 
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The thermodynamics of solution and solvation of various 

compounds in organic solvents, the regularities of the influence of 

the nature of the solvent on the equilibrium and kinetics of 

reactions began to be studied more than a century ago by many 

scientists. The Kharkov chemists who worked at the Imperial 

Kharkov University in the 19th and in the first post-revolutionary 

years also contributed to this field of knowledge (P. D. Khrushchov, 

V. F. Timofeev, I. P. Osipov, G. E. Timofeev, G. E. Mukhin and 

others). 
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These traditions were continued and 

developed by N. A. Izmailov (1907–

1961), who created the world famous 

school of physical chemistry of non-

aqueous solutions. Separate areas of 

research were further developed by the 

students of N.A. Izmailov  A.M. 

Shkodin, V.V. Aleksandrov, V.D. 

Bezugly, E.F. Ivanova and others. 

N. A. Izmailov 
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Chapter 1. THE CHARACTERIZATION OF THE 

PRINCIPAL PHYSICO-CHEMICAL PROPERTIES  

 

AND THE CLASSIFICATION OF NONAQUEOUS 

SOLVENTS 
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Hydrogen bonds and hydrogen bond donor-solvents (HBD-

solvents) 
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Hydrogen bond, or H-bond is the second bond, formed by a H atom 

that is already covalently bound with another atom:  
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 Non hydrogen bond donor-solvents: here small anions  

(F–;  HO–;  R–COO–) are poorly solvated. Contrary to it, large anions 

with delocalized charge are well solvated: I–, I3
–, ClO4

–, SCN–, 

C6H2(NO2)3O
–, B(C6H5)4
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Polar non HBD-

solvents   
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Chapter 2. THE INFLUENCE OF THE SOLVENTS 

ON THE ELECTRONIC ABSORPTION SPECTRA. 

SOLVATOCHROMISM 
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Absorption of a quant of light is an intramolecular process 

 

Franck (1926) – Condon (1928) principle: the time of vibration of 

molecules is of order of magnitude of 10–12 s, while the time 

necessary for electronic transition is of the order of 10–15 s.  
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Influence of the solvent:  

positive (a) and negative (b) solvatochromism 
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(C. Reichardt, J. Org. Chem. 2022) 
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Reichardt’s solvatochromic parameter 

_
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 is wave number, cm–1  

is wave length, nm 
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IUPAC: 



50 

PURIFICATION OF SOLVENTS  

 

AND PRECAUTIONS  

WHEN WORKING WITH THEM 
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ELECTROLYTES IN SOLUTIONS 

Electrolytes: chemical compounds whose solutions conduct the 

electrical current.  

The theory of the electrolytic dissociation  

(Arrhenius, 1883)  
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The division of electrolytes into "strong" and "weak" as a result 

of studies in aqueous solutions.  

 

Investigation of electrolytes in non-aqueous solutions and limited 

understanding of "strong" electrolytes  

(Walden, Kraus, Fuoss, Izmailov) 

 

More correct classification of electrolytes:  

 

IONOPHORES, or true electrolytes – compounds consisting of 

ions and without contact with a solvent (first of all, these are 

salts, both inorganic and organic)  

IONOGENES, or pseudoelectrolytes – compounds that form 

ions only in solutions (e.g., HCl, CH3COOH).  
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Some exceptions: 
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Fuoss and Kraus: ionic triplets formation 

Ionic pair 

Ionic triplets 

Dimer of an ionic pair 

(quadruple) 
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Tetra-n-butylammonium picrate in binary mixtures of acetone with n-

butylacetate and n-hexane (I.N. Palval, A.V. Lebed, N.O. Mchedlov-

Petrossyan. J. Mol. Liquids. 2011. V. 158. No. 1. P. 33-37).  
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Tetra-n-butylammonium picrate in nitrobenzene-

tetrachloromethane solvent (Fuoss and Hirsch, 1960.)  
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Relation between the ion mobility with size 

(in the absence of specific solvation) 

Size of ion 

mobility 
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Tetraalkylammonium perchlorates in methyl iso-butylketone; 25 0C 
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PROTOLYTIC  EQUILIBRIA 
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General dissociation scheme of acids  

according to Izmailov 
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Acetic anhydride: two possible mechanisms 

Perchloric acid: 

H3C CO+  + H3CCOO
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O

CH3C

O

O

H3C C

O

CH3C

O

OH

2
H3C C

O

CH2C

O

O

H3C C

O

CH3C

O

O

+

+

_



86 

Important parameters of solvents 
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Based on the analysis of the IR spectra of carborane acids and 

perchloric acid, at concentrations from 0.176 to 0.75 M, the 

structure H(H2O)6
+ was proposed as the most probable:  

E.S. Stoyanov, I.V. Stoyanova, C.A. Reed JACS 2010. V. 132. P. 1484.  
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«The strongest acid  

(Л. М. Ягупольский и сотр., 

1986, 1988, 2001) 

SO3HF

Strong acids;  

«superacids» 
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Carborane acid 
 

Also «the strongest ones»: 

C. A. Reed et al., Angew. Chem. 2004, 2009.   
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CH3
CH3
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CH3

H+ + NN
H

N N

CH3
CH3 H3CH3C

SUPERBASES 

 

 

 

«Proton sponge», 1972  

R. W. Alder et al., Chem. Comm. 1968. P. 723 

 

 

А. Ф. Пожарский и др. ХГС. 2012. С. 208–228. 

(Обзор по гетероциклическим супероснованиям) 
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N

N

NN
H+

Na
_

M. Redko et al.,  

JACS. 2002. P. 5928. 

«Reversed sodium hydride», or 

hydrogen natride 
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ACIDITY SCALE IN BENZENE AND OTHER  

INERT LOW-POLAR SOLVENTS 

Cryptand [2.1.1]: masking of 

specific cation-anion interactions 

И. С. Антипин, Р. Ф. Гареев, А. Н. Ведерников, А. И. Коновалов, 

1985-1994 



109 

P

NPN PNPN

N N N

N N N

N

NN

I. Leito et al. 1997-2006  

H+ 

Superbases of the 

phosphazene series – 

most strong bases 

 

Constraction of the 

basicity scales in non-

polar solvents:  

DELOCALIZATION OF THE POSITIVE CHARGE 
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Two effects: conjugation (“mesomeric”) and inductive effects  

H X

a apK K





 Estimation of the “ro” constant in non-aqueous 

solvents   

OH
X

For In water: 2.1 
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2011 
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2007 
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М.: Проспект, 2011.  
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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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Born’s equation for a charged sphere: 

Attempts to estimate the transfer activity coefficients theoretically  
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(the so-called Bronsted equation) 
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1

ass r   0.765  3lo 3.46 ,    0. 9g 9K r   

Tetramethylammonium perchlorate in:  

 

nitrobenzene, benzonitrile, acetone, 2-butanone, pyridine 

P.C. Ho, J.B. Ramsey. J. Chem. Eng. Data 1986. Vol. 31. No. 4. P. 

430-434. 
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SOLVENT EFFECT UPON THE DISSOCIATION OF ACIDS 

Verification of the simple electrostatic model 
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The electrostatic approach: Born-Bronsted equation:  

The Bronsted-Izmailov equation: 
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Differentiation  influence  of  the  organic  solvents 

1.          Charge type of the acid-base couple 

 

2. The chemical nature of the ionizing group 
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Titration in  

90 % Butanol-1 
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Transfer activity coefficients 
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METHODS OF DETERMINATION OF THE TRANSFER 

ACTIVITY  COEFFICIENTS 



Estimation of the       values of ions i
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Electrochemical cells.   
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Polar non HBD-

solvents   
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pH  STANDARDIZATION IN NON-AQUEOUS SOLUTIONS 
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+

2Pt H H glasselectrode

Validation of the hydrogen function  

of a glass electrode in an organic solvent  

Measurements of E.M.F. at different pH within a wide range.  

 

Knowing accurate pH values is unnecessary,  

but the E.M.F. value must be constant. 
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The role of solvent polarity 

+ R''''X

R'''

R''

R'

N

R'''

R''

R'

N R''''

X

The influence of the solvent on the reaction rate: 

the Menshutkin reaction 
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Huges - Ingold rules 

Scatchard reaction:  
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Decrease in the relative permittivity on the reaction rate: 

 

Acceleration of the reaction between cation and anion 

 

Deceleration of  the reactions of cation + cation  

or anion + anion 
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The solvolysis reaction rate  

and the ionizing power of the solvent 
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Ionizing power of the solvent 

 

The role of ionic associates 

 (CA) (C
+

 A
_

 )
solv

_
A

+
solvC +

solv

_
A+

solv
C

solvsolv
CA

solvent

 

Лупи А., Чубар Б. Солевые эффекты в органической и 

металлоорганической химии. М.: Мир, 1991. 376.   

 

Two types of ionic pairs 
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