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Abstract. An original approach for describing chemical equilibrium shifts in systems of any 
physico-chemical nature has been developed. The mathematical expression of the equilibri-
um principle as formulated by the authors contains, instead of the standard heat and volume 
changes during a chemical reaction, mixing functions that in some special cases exceed the 
standard ones. It is shown that in systems with extremely large deviations from ideality (for 
example, in aqueous solutions of uranyl salts or water-soluble light fullerenes derivatives) the 
equilibrium shift principle developed by the authors may fundamentally differ from the well-
known Le Chatelier-Brown principle).
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Аннотация. Разработан оригинальный метод описания сдвигов химического 
равновесия в системах произвольной физико-химической природы. Математическое 
выражение принципа в формулировке авторов содержит вместо стандартных теплот 
и изменений объемов в ходе химической реакции функции смешения, которые в 
некоторых особых случаях превосходят стандартные. Показано, что в системах с 
экстремально большими отклонениями от идеальности (например, в водных растворах 
солей уранила или водорастворимых производных легких фуллеренов) разработанный 
авторами принцип смещения равновесия может кардинально отличаться от известного 
принципа Ле Шателье-Брауна.
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Introduction

The conditions of chemical equilibrium shifts in the systems with single chemical reaction 
were elaborated in the classical thermodynamic works and are well known as Le Chatelier-Brown 
principle or simply Le Chatelier principle. This principle was repeatedly supplemented, justified, 
and commented in a number of thermodynamic works, e.g., in classical monographs [1–8].  
Except of the original author of the principle [9] the fundamental role of J.W. Gibbs should be 
noted in substantiating this principle [4–6].

The authors consider the presentation in the monograph [10] to be the most successful in 
terms of simplicity, consistency and generality.

Materials and Methods

Let us consider isolated equilibrium reactions, where reactions have no common reagents or 
products, or isolated “free” reaction systems. This allows us to consider any reaction separately 
without taking into account other reactions.

Let us consider equilibrium chemical reaction:

 
(1)

where νi is stoichiometric coefficient of molecular Ai in reaction (1), n1 and n are number of 
reagents and number of all participants in the reaction (1). Assume that

νi < 0 for reagents 1 ≤ i ≤ n1; νi > 0 for products n1 ≤ i ≤ n                                   (2)
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So, we can simplify eq.(1) to

 
(3)

Differential equation of chemical equilibrium conservation will be the following:

 
(4)

Differentiating equation (4) by temperature (T), pressure (P) and molar number of all 
components (ni) we get the expression:

 
(5)

where:

 
(6)

 
(7)

 (8)

 (9)

 
(10)

In eq.(6–10)

 
(11)

 
(12)

are partial molar entropy, partial molar volume and enthalpy of i-th component, respectively; 
ΔAf (r) is chemical affinity of reaction (3), ξ is chemical variable, Gij = (∂2G/∂ni ∂nj )T,P,nk≠j. According 
to physical sense, ΔS (r), ΔV (r), ΔA (r), ΔG (r) are change of entropy, volume, chemical affinity and 
Gibbs energy, respectively, in the isotherm-isobaric process of the formation of νi moles of 
product Ai(i = n1+1, n1+2, ... ,n) from νi moles of reagent Ai(i = 1,2,...,n1) in the mixed phase (or 
phases) with infinitely large mass, which contains both reagents and products. According to the 
sense of ξ:

 
(13)

According to Sylvester’s criterion, bilinear form is then

 
(14)

because the determinant of the matrix of second derivatives is positive:

 
(15)

where upper index symbolizes determinant dimension. All minors of main diagonal of Δ(n) are 
positive also:

 
(16)

according to the criterion of phase diffusional stability with respect to infinitesimal state changes. 
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So, one can directly determine the signs of the derivatives:

( ) ( ) ( ) ( )( / ) / / ( )0,r r r r
Pd dT S Af H Af T orξ = ∆ ∆ = ∆ ∆ > < = if 

( )rS∆  or ( ) ( )0,rH or∆ > < =   (17)
( ) ( )( / ) / ( )0,r r

Td dP V Af orξ = −∆ ∆ > < =  if ( )rV∆ ( )0,or> < =                         (18)
( ) ( ) ( ) ( )( / ) / / ( )0,r r r rdP dT S V H V Tξ = ∆ ∆ = ∆ ∆ > <                                (19)

if ΔV (r) and ΔS (r) have the same (opposite) sign.

Results and Discussion

We compared equations obtained with the classical formulation of the Le Chatelier-Brown 
principle for chemical equilibrium shift. Standard well-known equations of the Le Chatelier 
principle for chemical equilibrium shift are the following [8]:

 
(20)

 
(21)

where Ke is equilibrium constant of reaction (3); ai is activity of i-th component; ΔH (0), ΔV (0) 
standard change of enthalpy and standard change of volume in the reaction (3), where the 
formation of νi moles of pure products Ai(i = n1+1, n1+2, ... ,n) occurs from νi mole of pure 
reagents Ai(i = 1,2,...,n1). Moreover, all reagents and products are separated from each other and 
belong to different pure phases. We immediately get:

 
(22)

 
(23)

where

 

(24)

because (∂μi ∂nj )T,P,nk≠j >0 for all components, according to the criterion of diffusional stability.
So, one can postulate, that, according to the Le Chatelier principle:

(0) 2( / ) 1/ ( / ) ( )0,Pd dT Z H RT orξ = ∆ > < =  if 
(0) ( )0,H or∆ > < =                       (25)

(0)( / ) 1/ ( / ) ( )0,Td dP Z V RT orξ = − ∆ > < =  if 
(0) ( )0,V or∆ < > =                       (26)

And this form is very similar to eq.(17, 18).
Let us assume the difference.

( ) (0) ( ) ;r mixH H H∆ = ∆ + ∆  
( ) (0) ( ) ;r mixS S S∆ = ∆ + ∆  

( ) (0) ( ) ,r mixV V V∆ = ∆ + ∆              (27)

where ΔF (mix) = ΔH (mix); ΔS (mix), ΔV (mix) – are enthalpy, entropy and volume of mixing of reagents-
components in the reaction (3) phase, respectively. If products or reagents belong to the different 
phases with constant composition ΔF (mix) = 0; or, if they form ideal phases-solutions (for example, 
ideal gaseous solutions), then: ΔH (mix) = 0, ΔV (mix) = 0, and eq.(25, 26) become identical to eq.(17, 
18). In the other cases, when products or reagents belong to the same non-ideal phases, as a rule, 
the following relations between the functions ΔF (mix) and ΔF (0) are observed:

 
(28)

Really, typical values of ΔH (mix) and ΔH (0) by absolute values are:
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and for ΔV (mix) and ΔV (0) (gaseous solutions at moderate pressures and temperatures are rare 
strongly non-ideal):

 
(30)

So, approximate identification of eq. (25, 26) and eq. (17, 18) is also justified.
Two exceptions are the following:
A) The extremely unlikely variant of random coincidences: ΔH (0) ≈ 0; ΔV (0) ≈ 0 when values of 

ΔH (mix); ΔV (mix) can become decisive.
B) Very high extreme values of positive deviations of excess partial molar functions (activity 

coefficients γi) from the ideality. These cases are realized, in particular, in the systems with 
the strong hierarchical association, when standard state of dissolved component (normalized on 
infinitely diluted solution) is far away from its state in real solutions with finite concentrations. The 
examples of such systems are: UO2Cl2-H2O at 25 ̊C, where in the solutions, close to saturation 
γUO2Cl2 ≈ 1500–1700 a.u. [11]; C60 Subn-H2O at 25 ̊C (C60 Subn is water soluble derivative of fullerene 
C60 Subn is the substituent: carboxyl, hydroxyl, residues of amino-acid, protein, etc.), where in the 
comparatively concentrated (but diffusionally stable) solutions γC60Subn ≈ 10–100 a.u. [11].

Naturally, use of classical formulations (eq. (25, 26) is very convenient, because data, concerning 
ΔH (0) and ΔV (0) for the reaction are available, and may be simply calculated from tabulated 
data for all participants of the reaction: standard heats of formation ΔHf,i

(0) or standard heats of 
combustion ΔHc,i

(0); isobar heat capacity Cpi; standard molar volume ΔVi 
(0)(T,P). But namely for 

the cases A), B) in practice, eq. (25, 26) are not valid for the description of chemical equilibrium 
shift in an equilibrium mixture of substances in a natural phase state, and not formally separated 
for pure components, so eq. (17, 18) look preferable.

Conclusions

Thus, we have developed a method for predicting the shift of chemical equilibrium in highly 
unideal reaction phases with changes in temperature and pressure, when the classical formulation 
of the Le Chatelier principle, characterized by the use of standard heats and volume changes, 
becomes practically inapplicable.

Reaction systems of this type include condensed solutions of nanoclusters, for example, 
aqueous solutions of water-soluble nanoclusters of fullerene derivatives, such as, for example, 
C60(OH)24-H2O, which are characterized by extremely high positive deviations from ideality, many 
times greater than the ideal mixing functions (the natural logarithm of the activity coefficients of 
nanoclusters with asymmetric normalization of excess functions in such systems can be tens and 
even hundreds of relative units). The latter circumstance is related to the fact that the state of 
nanoclusters in real aqueous solutions subject to successive hierarchical association is infinitely far 
from the standard state corresponding to a hypothetical solution with unit concentration and the 
properties of an infinitely dilute solution.
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