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T h e equat ion for the change of Gibbs energy in complex chemica l sys tems is r e fo rmula ted 
in t e rms of the newly conce ived response react ions (RERs) . The present fo rmula t ion has the 
r emarkab le proper ty of be ing unique: the composi t ion of the species unequivocal ly de te rmines 
the response react ions and via them the change of the Gibbs energy of the sys tem. Fur the rmore , 
it enab les one to re in terpre t and rat ionalize some basic concepts of chemica l t he rmodynamics , as 
coupl ing be tween react ions , sensitivity coeff ic ients , etc. 
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Introduction 

There are two equivalent equations describing the 
chemical transformations in a closed system contain-
ing n species, in terms of the Gibbs energy: 

n 

D G ( T , P ) = Y ^ ß I DRIJ, ( 1 ) 

i=i 

m 

dG(T,P) = - 5 ^ dfc . (2) 
j=l 

The first equation is the original Gibbs formulation 
[1], given in terms of chemical potentials (pl) and 
the amounts (n l , number of moles) of the species i = 
1,2,..., n. The second one represents the De Donder 
approach [2] in terms of affinities (A , ) and extents 

of the stoichiometrically independent reactions 
(SIRs) j = 1 , 2 , . . . , ra. 

Calculations based on (1) regard the system as a 
whole, the actual change of Gibbs energy is not de-
composed into contributions associated with individ-
ual reactions. The second equation makes it possible 

Repr in t reques ts to Prof . I. N a g y p ä l . 

to express the actual change of G as a sum of contri-
butions associated with particular SIRs. The concept 
of affinity is the basis of the De Donder theorem, de-
scribing the time development of chemical processes: 

m * ^ m 

5 > = > <>• (3 ) 

i=l i=l 

The condition of equilibrium in this formulation is 

At= 0-vl = d^=0. (4) 
di 

The problem with (2) is that the choice of the SIRs 
is arbitrary, there are no criteria for selecting a unique 
set of them. This, in turn, is the cause of the criticism 
[3,4] of the idea of thermodynamic coupling [5,6] 
between chemical reactions and of the ambiguous 
definition of reaction velocities in complex reacting 
systems [6]. 

We recently put forward the concept of response 
reactions (RERs) [7 -9] , which enabled the rational-
ization of some unusual behavior of equilibrium sys-
tems [7,9], interpretation of cases in which apparent 
contradiction to the Le Chatelier principle is observed 
[9,10], and discovery of hitherto unnoticed thermo-
dynamic identities [10]. The most important finding 
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obtained is that every sensitivity coeff icient in a chem-
ical equi l ibr ium sys tem may be, in a natural way, par-
ti t ioned into terms, each being associated with either 
an individual RER or a pair thereof [ 9 , 1 0 , 1 1 ]. Further 
work along these lines revealed that all these results 
have a c o m m o n origin in a third, novel , formula t ion 
of the change of Gibbs energy. T h e a im of this note 
is to present this new formula t ion and to summar ize 
its main advantages relative to (1) and (2). 

At this early point we wish to make clear that we 
are not o f fer ing a (new) method suitable for numeri-
cal calculat ions in chemical the rmodynamics . Our ap-
proach, as we believe, provides certain novel concepts 
useful for unders tanding and rat ionalizing the (often 
very compl ica ted) behavior of mul t ip le -equ i l ib r ium 
systems. 

M a t h e m a t i c a l C o n s i d e r a t i o n s 

Consider a c losed sys tem in which n species 
B \ , B 2 , . . . , BN interact in accordance with the fol-
lowing set of s toichiometr ical ly independent reac-
tions: 

U\\ B\ + V\2B2 + 

V 2 \ B \ + V 2 2 B 2 + 

+ V\NBN = 0 , 

+ U2 NBN = 0, 

(5) 

VM\B\ + UM2B2 -I- • • • + URNN BN = 0, 

where vZJ are the s toichiometr ic numbers , being neg-
ative for reactants, positive for products and zero for 
species not part icipat ing in the given SIR. 

Each of these react ions is character ized by its extent 
and affinity A j , def ined as [5] 

dns = y vJS dgj-; 6 = 1,2,..., n, (6) 
j=i 

AJ = - E ujs ILS\ j = 1 , 2 , . . . , ra, (7) 

where ns is the amount (number of moles) of species 
BS. 

At T,P = const , the Gibbs energy may be re-
garded either as a func t ion of the extents of reac-
tions or as a func t ion of the amounts 

of species n\,n2,..., nn. Thus , we can define two 
Hessian matrices: 

G - | | G j j | | ; G i j - —— 
1 / dzG 

RT ' 

i,j = 1 , 2 , . . . , r a , 

(8) 

R - \\Rij\\; Gtj - —— 
(9) 

Gij ^ ^ ^ ^ Vir Vjs Rrs i 

(10) 

(11) 
r = l 5=1 

where superscr ip t 1 denotes t ransposi t ion. Recall that 
G ^ = G j i and R{J = R3L, i . e . , G = G l and R = R [ 

The determinant of the Hessian matr ix G is denoted by 
A and will be referred to as the Hessian determinant . 
It is necessarily pos i t ive-va lued [5]. 

At T,P = const. , the affinit ies are func t ions only 
of the extents of reactions. There fo re 

m I'd A \ 

= i = l , 2 , . . . , m . (12) 

By taking into account that dA, 

(12) is rewritten as 

1 

d^G 
~~ ( ) = /- /- - PT Grs, 

RT 
dAi = Y , G i j i = 1 , 2 , . . . , r a . (13) 

The given set of independent variables 
d£i , d£2 , d £ m can be t rans formed into the set of 
d .4 j , dA2,..., d A m , as the Hess ian determinant is 
different f rom zero: 

RT A ' 
(14) 
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where 

ZL = 

G i l Gl2 • G i . r _ i d A , G 
G21 G22 • • • G2 

1 U | , r + I 

_1 d ^ 2 G2,r+1 
G ! m 

G2m 

G m l Gm2 • • • G m. 1— 1 dA m ' m , r+1 ^ r 

• (15) 

Thus, for the change of Gibbs energy: 

j m 

dGY p = ^^ „ > Ar Ar ' RTA ^ 
(16) 

r=\ 

Equation (16) may easily be t ransformed into 

771 m 

= ArdAs, (17) 

where 

r=1 s=l 

L r a — 
1 

RTA 
(~\)r+s Dr (IB) 

and where Drs is the minor of the determinant Ar, 
(15), obtained by delet ing its r - th column and 5-th 
row. 

The response reactions are defined by the stoichio-
metric equat ion [11]: 

X > * ( M ) Bk= 0 , 

where 

Dk([i]) = 

k=\ 

V\,i, V\,i2 • • • Vl,im_, U\k 

vi • •• ^2fc 

(19) 
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For the sake of brevity, the (m — 1 )-tuple of in-
tegers i\, i2, • • •, im-1, satisfying the above specified 
conditions, will be denoted by [z]. In harmony with 
this, [ j ] symbolizes the numbers j i , J2, • • •, j m - i , for 
which 1 < ji < j2 < . . . < jm-1 < Ti-

lt can be shown [7] that the affinity of the [i]-th 
response reaction is given by 

A([i]) = 

I^tti, ij ^771,12 ' ' ' ^/m,iTn_ 1 ^m 

(20) 

and that an analogous relation holds for its differen-
tial: 

di4([*]) = 

t2 • • • ^i ,»m_i d A j 

V-rn,i\ ' ' ' ^/m,iTn_\ dAr 

(21) 

The indices i\, «2, • • • , i m - i satisfy the condition 1 < 
ii < i2 < ... < z m _ i < n and pertain to the re-
spective co lumns of the stoichiometric matrix, i. e., to 
the species Blx, Bn,..., Bim X. Hence, a particular 
response reaction is de termined by a choice of m — 1 
species fo rm a total of n. Therefore the number of 
response reactions is r = ( I j ) . They are not all in-
dependent , but they have the remarkable property of 
being unique, i. e., be ing independent of the SIRs they 
are derived f rom [12]. 

Expansion of the latter two determinants with respect 
to their m - t h columns yields 

m 
A([i]) = ^ ( - D r + m Ar drm([i]), (22) 

r= 1 

771 

dA([j]) = £ ( - 1 )s+m dAs dsm([j]), (23) 
5 = 1 

where drm([i]) and dsm([j]) are the respective mi-
nors. Applying the Binet-Cauchy fo rmula [15] to the 
minor Drs of the determinant Ar, (15), and by taking 
into account (10) we arrive at 

Drs = £ £ drm([i]) Ä([i] , [j]) dsm([j]), (24) 
10 lj] 

where 

R([il [j]) = 

Ri\,j\ 71, j*2 
Rt-,.1, Ri-,. .1-1 

' | r 

• Ri-,. 

• ( 2 5 ) 



1082 I. Fishtik et al. • Response Reactions 

The Main Result 

Substitution of (24) into (17) and taking into ac-
count (22) and (23) leads to the main result of the 
present communication: 

d GiT,P) = A([i]) d A(\j]\ (26) 
[i] [j] 

where 7([z], [ j ]) is a quantity which accounts for cou-
pling between RERs: 

7 an l ? ] ) = 
J _ R ( [ O J L T ] ) 

RT A 

The summation in (26) goes over all RERs and pairs 
thereof. 

Differentiation of (26) with respect to time gives 

m b ] 

dA([j]) 
dt 

and because the Gibbs energy is a monotonously de-
creasing function of time, the De Donder theorem 
takes the form 

[il [j] 

dA([j]) 
dt 

At equilibrium: 

X ö i B - 0 , ^ - 0 . dt 

< 0. (27) 

(28) 

Discussion 

The above considerations show that there exists 
a unique stoichiometric representation in the chem-
ical thermodynamics of multiple reactions. In other 
words, the arbitrary SIRs can always be transformed 
into the same, therefore unique, RERs. 

The transformation of the fundamental equations 
of chemical thermodynamics, f rom a SIR-basis to 
the RERs, envisages new, hitherto unnoticed, features 
of these equations. This has two consequences. First, 
the controversial concept of thermodynamic coupling 
may be interpreted in a new qualitative and quantita-
tive manner. In terms of RERs the coupling appears 
in a natural way and is given explicitly by 7([i], [j]). 
Second, the substitution of extents of reactions as 
independent variables by affinities, implies that in 
nonequilibrium thermodynamics the role of flux is 
played by the rate of change of affinities, instead by 
the rate of change of extents of reactions. By this, 
inadequacies due to different transformation rules for 
the forces and fluxes in nonequilibrium systems [4] 
are automatically eliminated. 

An important advantage of the present approach (in 
terms of RERs), compared to the standard approach 
(in terms of SIRs), is that the sensitivity coefficients, 
characterizing the response of an equilibrium system 
to the change of different parameters governing its 
position, may be decomposed into sums of terms, 
uniquely assigned to individual RERs, [8] - [11], [13]. 
The formulation put forward in this letter enables 
the use of the concept of RERs in nonequilibrium 
thermodynamics as well. 

We have presented here only a brief summary of 
the applications of RERs in chemical thermodynam-
ics, putting emphasis on the Gibbs energy. Evidently, 
RERs can be used in connection with other thermody-
namic potential functions, and with other important 
thermodynamic quantities, such as first derivatives, 
etc. Work along the line of building up a complete set 
of thermodynamic relations based on this approach is 
in progress. 
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