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Abstract

The interpretation of the results of thermal measurements followed over decades the Ar-
rhenius law. In recent years an apparently different interpretation (Eyring’s equation) has been
emerging in the literature on polymers. As the main reason for this, a direct connection to mate-
rial properties has been claimed.

The paper shows some weak points in the Eyring theory and in its application as well.
Firstly, the parameters of the two equations are mathematically convertible to each other. Thus
Eyring’s conceptual quantities (entropy and enthalpy of activation) give no new physical informa-
tion. Secondly, the Eyring theory postulates an equilibrium for the activated state. In the case of

processes, however, in which change is an inherent characteristic, this assumption seems to be
unjustified.
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mers, temperature dependence

Introduction

Many of the processes in polymers are studied as a function of temperature.
The interpretation of the results followed ~ over decades — the well known

E 1
logk = logd ~ 5543pT W

Arrhenius law, where k is the rate constant of the chemical reaction, A is the
pre-exponential term, E is the energy of activation, T is the temperature, R is
the gas constant. Although Eq. (1) has its origin in chemical reaction kinetics,
it could be applied in the study of physical processes as well. (For example, the
temperature dependence of the conduction current has often been presented
through the Arrhenius plot: logl vs. 1/T.)
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In recent years a seemingly different interpretation has been emerging in the
literature on polymeric dielectrics. It has been proposed [1, 2] to replace the
Arrhenius Eq. (1) by another one (2), associated with Eyring’s theory [3] of ab-
solute reaction rates, or briefly [2] ‘rate theory’:

lolc-"loKJr CON; @
BT =198, Y 7303k ~ 2.303RT

Here k and 4 are the Boltzmann and the Planck constant, AS” and AH” are the
activation entropy and activation enthalpy, respectively. (It is evident from
Eq. (2) that while the Eyring plot will differ from the Arrhenius plot in its or-
dinate, the 1/7 abscissa will remain the same. For example, in the case of di-
electric relaxation [2]: logw/T vs. 1/T).

As the main reason for this change from the Arrhenius to the Eyring equa-
tion a direct connection with material properties has been claimed.

The aim of this paper is to show some weak points in the Eyring theory and
in its application as well.

The meaning of the concepts AS™ and AH"

We show below that the replacement of the Arrhenius parameters A and E by
Eyring’s AS” and AH" renders no new information. This is easy to see by con-
sidering the

AH* = E-RT or 3)
E=AH + RT 4)
and
AS' = Rlogd + RIog%kl  or )
_ glfclz ASTR (6)

relations between [3] the characteristic quantities of the two approaches. We can
conclude that the functional relations (3—4) and (5-6) between the Eyring quan-
tities on the one hand, and the Arrhenius parameters on the other, consist of
universal material constant and the (average) temperature T of the process as
well. In other words, it is shown by the relationships (3—4) and (5-6) that the
quantities AH” and E or AS” and A are mathematically convertible to each other,
thus they do not carry different information. The seemingly different mathe-
matical interpretations reflect in fact the same physical significance by using
slightly different quantities.
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The question of the equilibrium postulated concerning the
activated state

(To show the weakness of the ‘rate theory’ in this respect, we have to return
to its original concepts belonging to reaction kinetics.) The fundamental postu-
late of the theory of absolute reaction rates [3] is the assumption of thermo-
dynamic equilibrium between X*, the activated complex and its constituent
starting molecules in the transition state of the

A+B & X*> C+D @)

process. The irreversible decomposition of the activated complex — to a greater
or lesser extent, depending on its rate — disturbs the equilibrium. Therefore the
assumption [3, 4] of the equilibrium value of [X"] also means that the supplying
of the concentration of X” goes much faster (more precisely, two or several or-
ders of magnitude faster) than the rate at which it will be consumed by the uni-
directional ‘decomposition’ reaction. The rates of the three elementary
reactions cannot be commensurable, or more precisely, the

X*—> C+D (8)

reaction must proceed only with a negligibly low rate. (This was also recog-
nized by Eyring himself: ‘This is one of the fundamental postulates of the the-
ory developed here; it is supposed that the reaction does not appreciably disturb
the equilibrium concentration of activated complexes.’[3/185] If, on the other
hand, the rates of the three reactions are commensurable, equilibrium states or
equilibrium concentrations cannot develop.

Formulated from another angle: in the case of commensurable rates, the
concentration of the activated complex is not an equilibrium concentration, but
a commensurable one at most. However, the theory of absolute reaction rates
still uses, instead of the real value, the formula of equilibrium concentration of
activated complex to deduce the corresponding kinetic equations. These rela-
tions, derived in this manner, have the appearance of exact formulae, although
they are approximate equations at best on the basis of the above consideration.
The elimination of this contradiction, which has been built in ‘unnoticed’ in the
theory is not possible within the frame of the theory.

It could be the subject of further discussion and investigation that to what ex-
tent this inherent contradiction makes the theory of absolute reaction rates
inaccurate. It is certainly evident that the accuracy of these relations improves
if the decomposition rate of the activated complex decreases, and in the extreme
case — at zero decomposition rate — the formulae become exact.
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There is another feature of the activated complex which differs from the
starting components and end-products of the reaction. These — in the state of
chemical equilibrium — belong to the minima of the corresponding chemical po-
tential functions. However, the activated complex - in function of the reaction
coordinate — belongs to the maximum of the corresponding potential function,
which in fact means an unstable (hence par excellence non-equilibrium) state.

And if the assumption of equilibrium is unjustified [5, 6], enthalpy and en-
tropy as ‘activation’ concepts are questionable, because the attribute ‘activation’
deprives the expressions enthalpy and entropy of their original meaning which
is associated with the concept of equilibrium.

Connection of the question with ageing processes

In can be seen from the above that there is not reason to criticize [7] the Age-
ing Compensation Effect (ACE) earlier predicted [8], then — concerning insula-
tion ageing — introduced [9], because it was presented originally [9] using the
Arrhenius model and not Eyring’s. It does not affect the validity of ACE corre-
lation (between related life lines) whether it is presented through either the Ar-
rhenius or the Eyring plot [10-12]. The latter differs from the Arrhenius plot
only in an insignificant and disputable correction. The occasional deviations —
in the case of usual experimental errors — are not significant numerically. The
part of the criticism [7] which claims physical significance only for Eyring’s
representation does not hold either, because the very ACE cited [6] as an exam-
ple of physical significance proved to be [13, 14] an apparent ACE, without
physical sense. Thus, even Eyring’s interpretation is unable to protect its user
from the occasional occurrence of a misleading apparent ACE.

With respect to the characteristics of the real and apparent ACE [15, 16] and
to their distinction, we refer to several methods [5, 17-19].

Conclusion

We have shown that the parameters of the two equations (Arrhenius and
Eyring) are mathematically convertible to each other by the use of universal ma-
terial constants and the average temperature of the process. Thus the conceptual
quantities ‘entropy of activation’ and ‘enthalpy of activation’ in the Eyring equa-
tion — stemming from the unjustified assumption of equilibrium for the acti-
vated state of reactions — give no more or no newer physical information that
the Arrhenius parameters (4 and E). Despite the ‘direct connection’ to material
properties claimed for the Eyring interpretation, it was shown earlier that it will
not prevent the occasional occurrence of a misleading (apparent) phenomenon.
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