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Equilibrium processes are studied which are represented by a single chemical equation and whose
reaction componems are mixtures of isomers. Relationships have been derived between charac-
teristics of the entire process and K, AH® and AS® of partial processes, the latter referring to
defined isomers of reaction components. The formulas are of importance for comparisons of
theoretical and experimental characteristics of equilibrium processes, in particular in the cases
of weak interactions. It is shown that the calculation of AH for an entire process with reaction
components of isomeric composition requires computation of both enthalpic and entropic changes
accompanying partial processes.

The problem of competitive equilibrium processes has been most widely treated in
chemical engineering studies' 2. The major goal is to estimate the composition of the
equilibrium mixture on the basis of the knowledge of equilibrium constants of several
competitive reactions of common reactants. The task leads to the numerical solution
of sets of equations for -unknown concentrations. In this paper a special type of
simultaneous equilibria is studied viz. processes whose reaction components are of
isomeric composition. A need for such a treatment resulted from the theoretical
approach to some equilibria. A typical example is the following equilibrium

4C(s) = Cu (g) (4)

which was studied® by the quantum chemical method MINDO/2. Three C, isomers of
symmetries D,,, D, and T; have been found. The quantum chemical treatment
accounts primarily for the equilibrium constants and enthalpy and entropy changes
for the following partial reactions

4C(s) = Cy (g, D) » (B)
4C(s) =Cs(g Dy), (c)
4C(s) =Cy(e To) - (D)
* Part V in the series Calculations of Absolute Values of Equilibrium and Rate Constants;

Part 1V: This Journal 40, 799 (1975).
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However, the experimental values do not correspond to any process of (B)—(D) but
to the total equilibrium (4). The experimental characteristics of the total process (4)
represent effective values comprising contributions from the three partial processes
(B)—(D) of differing weights. Obviously, a direct comparison of the characteristics
for the total and the partial processes would be inadequate. It is necessary to derive
relationships for the effective thermodynamic quantities of the process (4) with those
of the partial processes (B)—(D). Though the processes (B)—(D) constitute a system
of simultaneous equilibria, the problem is different from the above-mentioned solution
of simultaneous equilibrium reactions in chemical engineering treatments,

Let us note other examples of reactions with the isomerism of reaction components.
These are mostly reactions to which a single chemical equation was assigned on the
basis of the experimental treatment and where isomerism was revealed with at least
one reaction component by a subsequent theoretical analysis. Hence a process which
originally appeared to be simple became a series of partial reactions with reaction
components in states of particular isomers.

Recent results for the (H,),, dimer, which has been studied quantum chemically
rather extensively?, predict four minima on the potential energy hypersurface.
The respective molecular geometries differ considerably. Since the calculations
(ab initio SCF-CI) are highly accurate, it is certainly desirable to make a comparison
with the enthalpy inferred from spectroscopic experiments®. To do that it is necessary
to find a quantity from the characteristics of the four partial processes which would be
compatible with the experimental AH®. Averaging’ is not satisfactory because it
involves the assumption of equal weights of all structures and yields results that are
more likely consistent with the data derived from observed compressibilities*,

The presence of isomerism in the formation of charge-transfer complexes was
pointed out by Orgel and Mulliken®, who established the relation between the
observed quantities and characteristics of partial processes. Semiempirical quantum
chemical calculations® predict a series of potential energy minima in the case of weak
intermolecular interactions. Besides molecular complexes there are numerous proces-
ses with the standard enthalpy change of several dozens of kcal/mol that have at
least one reaction component formed by isomers. Dimerization of the nitrogen
difluoride radical NF, to tetrafluorohydrazine N,F, is an example. In determining
AH® and AS° from the temperature dependence of the equilibrium constant, the
equilibrium has been treated as a single process (e.g. ref.*®), though it is known that
N,F, is a roughly equimolar mixture of two isomers'! (rrans and gauche). A theore-
tical treatment gives of course characteristics for the partial dimerization to trans-
N,F, and gauche-N,F,. Another example of that type of reaction is the isomerism
of atomic clusters which are of importance in the theory of nucleation. In ref.}? this
isomerism was involved in the configuration partition function. The results of
ref.® suggest the isomeric reaction components should also be expected with the
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equilibria between solvated ions (e.g. ref.'®), where experiment again gives only
effective equilibrium characteristics.

All these families of problems are at present, or will be soon, the subject of quantum
chemical treatments. The present state of the numerical quantum chemistry requires,
however, to compare most of the results with the experimental data. Such a comparison
represents a test of the method which may show us how well the physical reality is
described by the theoretical approach. In comparisons with experimental data use
must be made of proper observables in order to avoid the indefiniteness which is due
to the inadequacy of the theoretical counterpart. In the case with the equilibria of
isomeric reaction components, the condition is as follows: correct comparison requires
to carry out the calculation up to the thermodynamic functions of the total processes
because only the latter are quantities determined experimentally. If disagreement is
then found, it can be assigned to the imperfection of the used theoretical method
provided the experiment is correct.

The above examples indicate two problems encountered in the treatments of
equilibria with the isomeric reaction components:

1) The conversion of the characteristics of partial processes to effective AH® and
AS® i.e. to convert results of the theoretical treatment to characteristics compatible
with the observed quantities.

2) The treatment of the observed quantities in such a way as to arrive at the thermo-
dynamic characteristics of partial processes.

The two tasks are the subject of this paper.

Formulation of the Problem

Consider an equilibrium process in the ideal gaseous phase between n reaction com-
ponents A, with the stoichiometric coefficients v,

S vede = 0. (1)
k=1
The principal thermodynamic characteristics of the process (1) are the equilibrium
constant K, standard enthalpy change AH® and standard entropy change AS°.
These are given by the following relationships

K =T] p, (2)

k=1
AH® = RT?dInK/dT, (3)
AS® =RInK + AH|T, 4)
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where p, is a partial pressure of the reaction component A, in the equilibrium mixture.
Let the reaction component A4, be a mixture of j, isomers A", AP, ..., AU where
the A{" isomer is the lowest in energy. Process (1) becomes then a superposition of

n
1T jk partial processes:
k=1

k;vask) = () (lk = 1, 2, ’-]k) . (5)

For the principal thermodynamic characteristics of processes (5) it holds analogously
to Eqs (2)—(4):

Kipip i =11 P (6)
K=1
] 2 d -
AHY i, . . =RT?—InkK,, - (7)
Sz aT 3oy in
AS?],ig, ey in (8)
=RInkK; ;, . i + AH? o T,

where p, ; denotes a partial pressure of the AU in the equilibrium mixture.
Let the observation of process (1) be so organized that for p, in Eq. (2) it holds
Jx

Px = Z Dk iy - (9)

ik=1

If isomers are taken into consideration, the number of chemical components of the

n n
system is Y. j, and the number of equilibrium constants (6) is [] j.. We shall limit
k=1 n k=1

ourselves to the following set of 1 — n + Y j, independent equilibrium constants:
K=1
K;, =Ki;,1,1,...,1 (ix =1,2,. ->j1)
K;, =K1,i2,1,...,1 (i: = 1,2,...,]'2) (10)

Ki,, =K1,1,1,..., in (in =1,2, -~~>jn)-

The processes given by equilibrium constants (10) are associated with the following
standard enthalpy and entropy changes:

Collection Czechoslov. Chem. Commun. {Vol. 40} [1975)



Equilibrium Processes 2001

AH] = AH{ |, .. 1 =RT?*dnK,[dT
AH?Z = AH‘I),ig,l...-, , = RT?*dInK, [dT (11)

AH°

In

= AHY,, ..; = RT*dInK, [dT

AS) =AS) ,, ... =RInK; + AH{ .T!
AS) = ASy ;... 1 =RInK, + AH] . T™! (12)

AS) =AS},, ., =RInK, +AH] .T™'.

Provided that (9) is valid, our next task is to express K, AH® and AS® (Egs (2)—(4))
in terms of K, , AH) and AS? (Eqs (10)—(12)).

lk’

General Relationships

According to (6) and (10) the partial pressure of the A{*x) component becomes:
P = Ki[™ H P (13)
J#—k

On substituting this result into (2) and by assuming (9) one gets after some algebraic
manipulation

K=K 1’1 (ZK?k/"k)VK. (14)

k=1 ip=1
From (3), (11) and (I14) it follows
AHO - ” - I)AHI 1,1, ,1 + (15)

+ Y V K{™AH]] Z K.

1\—1 11\=1 ix=1
Furthermore, (4), (12) and (I5) give us
AS® = —(n — DAST (.1 +

z Kl/vk
n Jk Wz ko

+ 3 Y K| AS) + Rln > [y K. (16)

ix g
k=1 ig=1 K, =1
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Relationships (14)—(16) are the desired expression for the effective characteristics
(2)—(4) of the entire process by means of characteristics (10) —(12) of partial processes.
The forms of (14)—(16) depend of course on the choice of the set (10); the equations
given above represent thus only one way of expressing the conversion relationship.
The set (10) was so chosen as to permit an easy passage to some special cases of
interest,

Special Cases
Processes noted in the introduction are mostly of the type
A+B = (AB), (i=12..,n) (17)

and represent thus a special case for which j; = 1,j, =1, j; = n. For the sake of
of simplicity we set

K; = Ky,
AH? = AHY;; (i=1,2...n) (18)
AS? = —As(l),l,i s

which gives us (14)—(16) in the form

K = _ZlKi (19)
AR = 3 20 AR (20)
AS° = i; 51(-( (AS? + Rln ;(I{—) (21)

On denoting the highest and the lowest values of the AH} set with AH2, and AHZ,,,
respectively, it is possible to show by means of (20) that it holds

min max

AHY, < AH® < AH?,, . (22)

It should be noted that an analogous relationship for AS® does not hold. Consider
next a very simple case of the process (17), where equilibrium constants and enthalpy
and entropy changes are of the same value for all n partial reactions. Hence, (19)—(21)
become
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K = nkK, (23)
AH® = AH} (29)
AS® = ASY + RInn. (25)

Obviously, the result (25) is a known expression for the entropy of mixing, applicable
to the formation of the equimolar mixture of optical isomers’*,

Applications and Conclusions

The utility of formulas (14)—(16) interrelating characteristics of partial and total
processes is twofold. Firstly, they make it possible to interpret observed effective
K, AH® and AS°® by means of results of the theoretical treatment of partial processes
i.e. by making use of thermodynamic characteristics K, , AH ?k and AS?k appearing
in (10)—(12). Secondly, they permit the determination of the standard enthalpy
changes, AHioko, for processes (10) at absolute zero from the observed temperature
dependence of the equilibrium constant K of the total process (1). If molecular
constants of all isomers A{™ are available for the construction of partition functions,
it is possible to evaluate their standard thermodynamic potentials!#, For the sake
of simplicity, consider only a process of the type (17). Its AH 9 can be determined by
the least-square optimization of the following expression

’ o AP AHH\T
A= K — ) ex - - ). 26
; [ igl P ( R RT )] (20)

Here A®? denotes the changes in the standard thermodynamic potential associated
with the processes (17). The summation in Eq. (26) runs over temperatures at which
K was measured. Molecular constants for the construction of partition functions may
originate from spectral measurements or quantum chemical calculations. Use can
even be made of those quantum chemical methods that fail in providing a satisfactory
account of enthalpies but give molecular constants accurate enough for calculations
of entropy.

From the two applications noted the former is evidently more significant. If (15)
and (20) are compared, the following important result emerges: Even if we limit
ourselves in the treatments of processes of this type to the computation of the enthalpy
term, we need to know their equilibrium constants. This implies a significance of
calculations of equilibrium constants in cases of weak interactions®, where processes
with isomeric reaction components occur rather often. If the enthalpies of partial
processes are rather close in value, the effective AH® will not differ markedly from
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them as documented by Eq. (22). On the contrary, with the entropy term the effect
of the isomerism of components is more pronounced, which conforms to the special
result represented by Eq. (25).

The author is indebted to Dr R. Zahradnik for his interest and valuable discussions and Dr E.
Erdos for critical comments on the manuscript.
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