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Abstract. The well-known linear relationship ( TAS # = ctAH # + fl, where 1 > ,, > 0, fl > 0) 
between the entropy (AS #) and the enthalpy (AH #) of activation for reactions in polar liquids 
is investigated by using a molecular theory. An explicit derivation of this linear relation from 
first principles is presented for an outersphere charge transfer reaction. The derivation offers 
microscopic interpretation for the quantities ct and ft. It has also been possible to make 
connection with and justify the arguments of Bell put forward many years ago. 
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1. Introduction 

The study of the effects of solvent on chemical reactions in solution has been a subject 
of great importance in chemistry (Glasstone et al 1941; Amis 1966; Entelis and Tiger 
1976; Reichardt 1979). It was recognized quite early that the solvent can significantly 
affect the reaction potential energy surface, espectiaUy if the reaction involves polar 
species in a dipolar liquid which is most often the case. The following expression for 
the rate constant, k, 

k = (ks T/h) exp(AS~/kn) e x p ( - A / P / k  s T) (1) 

has been used widely to rationalize the solvent effects on chemical reactions 
(Wynne-Jones and Eyring 1935). In (1), AS # and A/-P are the entropy and the enthalpy 
of activation per molecule, respectively, kB is the Boltzmann constant, h is Planck's 
constant and T is the temperature. 

Recently great attention has been focussed on understanding the dynamic solvent 
effects on various ultra-fast chemical reactions (Hynes 1985; Kosower and Huppert 
1986; Barbara and Jarzeba 1988, 1990; Simon 1988; Bagchi 1989; Marroncelli et al 
1989; Fleming and Wolynes 1990; Bagchi and Chandra 1991) and a better understanding 
of both the equilibrium and the dynamic solvent effects is beginning to emerge. Several 
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microscopic studies are now available which can be used to address some of the 
long-standing problems in chemical dynamics. 

One such problem is the often observed linear relationship between the enthalpy 
and the entropy of activation given by (Evans and Polanyi 1936; Bell 1937; Amis 1966) 

TAS ~ = 0~A/-/~ + ft. (2) 

It is known experimentally that a is positive and less than unity. The intercept fl also 
appears to be positive (Evans and Polanyi 1936; Bell 1937; Amis 1966). Equation 2 
is interesting (and also important) for the following reasons. Firstly, if solvent effects 
are not important, than there is no a priori reason that (2) should hold and no such 
constraint seems possible. If solvent effects are important, then such an equation is 
possible because both A/-/a and AS # may partly have the same origin. Even then (2) 
is non-trivial because AS ~ and A/-/a are rather different thermodynamic quantities. 
Secondly, ff a relation like (2) is truly valid, then it would have serious implications 
for the experimental determination of the activation energy of the reaction. For 
example, if fl is small, then a determination of the enthalpy of activation by the usual 
temperature variation method would actually measure (1 - ~) AH a, instead of A/~. 

There have been attempts in the past to explain (2). Evans and Polanyi (1936) noted 
that a relation of the form of (2) also holds for enthalpy and entropy of solution of 
the same solute in a series of different solvents 

TAS = aaH + r, (3) 

where AS and AH now refer to the entropy and the enthalpy of solution. Therefore, 
if one assumes that the equilibrium relation (3), holds, not only for the reactant, but 
also for the activated complex, then one naturally recovers (2). 

Many years ago Bell (1937) investigated the reason for the existence of a linear 
relation between TAS and AH by using the basic statistical thermodynamics. He 
arrived at the conclusion that a relation like (3) is possible only when the interaction 
between the solute and the solvent molecules is small and also. when the solute molecule 
is considerably smaller than the solvent molecules. The argument of Bell was based on 
qualitative grounds. It fails to account satisfactorily, as recognized by Bell himself, 
for the relation given by (2) and (3) which exist for a large solute in different solvents. 

A limited explanation for these relations can be given for the solvation of a large 
dipolar solute in a dipolar liquid, if one assumes that the main source of AH and AS 
is the electrical interaction between the solute and the solvent and also if the solvent 
can be replaced by a dielectric continuum. Under these assumptions, the free energy 
of solute-solvent interaction can be given by (Onsager 1935; Frohlich 1958) 

AA = - It'R + )~R 2, (4) 

where 11 is the dipole moment of the solute and R is the reaction field at the solute 
cavity. If one minimizes the free energy with respect to R, then one obtains 

AA = - �89  (5) 

Under the same conditions the change in the energy of the system (AE) and the change 
in the enthalpy (AH) are both equal to - It'R. Next, the use of the thermodynamic 
relation AA = AH - TAS gives the following relation between AH and TAS, 

TAS = �89 (6) 
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which is a particular form of (3) with ~ = 0"5 and /~ = 0. However, one knows 
experimentally that/~ ~ 0. Also, the above derivation, given originally by Frohlich 
(1958) in a different context, is severely limited. 

In the following we present a molecular derivation of (2) and (3). Towards this end, 
we first note that the main effect of the solute-solvent interaction is to produce an 
inhomogeneity in the density distribution (primarily an orientational polarization) 
near the solute- as recognized by Bell (1937). However, Bell could not carry out a 
microscopic calculation because the necessary statistical thermodynamic expressions 
for the free energy and the distribution functions were not available at that time. We 
next discuss our theoretical treatment. 

2. Theory 

For simplicity and also for making the calculations precise, we consider a model 
electron transfer reaction in a dipolar liquid. However, the treatment that follows is 
quite general and can be used to extract a functional relation between AH and AS 
for other reactions also. The electron transfer that we study involves a redox couple 
of the following type 

Ox + e~,-~-Red. (7) 

This model has been studied recently by McMannis and Weaver (1989) to investigate 
the dynamic solvent effects on electron transfer reactions. As pointed out by McMannis 
and Weaver (1989), this reaction can be thought of as an electrochemical exchange 
process with the reactant located sufficiently far from the metal surface. The free 
energy of activation, AA #, is the intrinsic outersphere (i.e., the solvent) part of the 
barrier energy. Thus, for this model of electron transfer reaction, the free energy of 
activation is equal to the solvation energy of an e/2 amount of charge where e is the 
charge on an electron (Marcus 1956, 1964; McMannis and Weaver 1989). An accurate 
expression of the solvation energy of a solute can be derived from the density functional 
theory (DFT) (Bagchi and Chandra 1989; Chandra and Bagchi 1989b, e, 1990). As 
we have mentioned before, the charge distribution of the solute or the reacting system 
creates an inhomogeneous polarization in the solvent. This polarization is related to 
the position and orientation dependent solvent density. The DFT provides an 
expression for the free energy change of the total system because of the inhomogeneity 
in the solvent density distribution which is caused by the reactant system. For charge 
transfer reactions the relevant polarization is the longitudinal one. The DFT can be 
used to obtain a general microscopic expression for the polarization dependent free 
energy functional in presence of an external electric field Eo(k). This expression is 
given by the following equation (Chandra and Bagchi 1989d, 1991) 

A{p(k)} = Ao + f dkp2(k)_ 3y(2n) 214rcP~ dkP(k)Cxx~ 

- (2n)- 3 fdkP(k)Eo(k) ' 
,/ 

(8) 

where A o is the free energy of the homogeneous unperturbed liquid. P(k) is the 



402 A Chandra and B Bagchi 

inhomogeneous longitudinal polarization of the liquid and Clio(k) is the (110) 
component of the two-particle direct correlation function of the liquid in its spherical 
harmonic expansion. Y is equal to (4npo#2/9knT) where Po is the number density 
of the liquid. The derivation of the above equation has been discussed in detail by 
Chandra and Bagchi (1989, 1990). The equilibrium value of the polarization, P(k), can 
be obtained by minimizing the free energy with respect to the polarization. The 
expression of the equilibrium polarization is given by the following equation 

P(k) = ~ S 11 o (k) E o (k), (9) 

where S~ ~o(k) is the (110) component of the static structure factor of the liquid which 
is related in a linear theory to the direct correlation function coefficient Clio(k) by 
the following relation (Grey and Gubbins 1984; Hansen and McDonald 1986) 

S i l o ( k ) - - I 1 - ~ C l ~ o ( k ) ]  -1. (1o) 

Now we substitute (9) in (8) to obtain the following expression of the free energy of 
activation AA # 

I 
AA # = - ~-(27r)-a3 YJdkSllo(k)E2(k), (11) 

where E o (k) is the wavevector dependent electric field of the reactant with e/2 amount 
of charge. The static structure factor, Silo(k), can be related to the wavevector 
dependent static dielectric function of the liquid (Neuman 1986; Chandra and Bagchi 
1989a, c; Wei and Patey 1990; Raineri et al 1991). Our next step is to calculate the 
entropy and the enthalpy of activation. We note that at constant volume, AS and 
AA are related by the following thermodynamic relation 

A S = - ~ T A A  L. (12) 

We take the temperature derivative of (11) to obtain the following expression for AS # 

_ 33 YfdkS,,o, ,E ,k, 

At constant pressure and volume the change in internal energy (AE) and the change 
in enthalpy (AH) are equal to each other. Thus, we obtain 

AH # = AA # + TAS # 

- 1n(2n)-33YfdkS,,o(k)E~(k ) 

+ 1 ( 2 n ) - 3  T3YfdkE2(k)ASllo(k). (14) 
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Equations (13) and (14) can now be used to obtain the following exact relation between 
AS # and AH # 

where 
TAS # = ct A/-/~ + fl, (2) 

0t= 0-5 

fl = l-~n(2n)- 3 T3 Y f dkE2(k) d~ Sl lo(k ). (15) 

The above equation is the main result of this paper. Several comments on this are 
in order. 

(1) Equation (14) gives a definite constant value of 0t which is equal to 0-5. Thus, a 
is independent of both the solute and the solvent. The predicted value of ct is in 
moderate agreement with many experimental results (Evans and Polanyi 1936; Bell 
1937; Amis 1966). 
(2) The intercept fl depends on the temperature derivative of the static structure of 
the solvent. Thus fl is a solvent dependent quantity. It also depends on the size of the 
solute (through Eo(k) ). Thus, if one varies the solvent, keeping the solute fixed, or 
vice-versa, the value of the quantity fl can change in both the cases. Therefore, strictly 
speaking, a general relation of the form (2) between AS ~ and A/-/# with a constant fl 
is not obvious from (l 5). For dipolar liquids, the change of orientational structure with 
temperature may not differ substantially from solvent to solvent and we may expect 
a near linear relation between AS # and A/ff for a given reacting system in different 
solvents. Numerical calculations confirm this prediction, as discussed in the next 
section. The case of different solutes in the same solvent is more complex and is also 
discussed later. 
(3) We have considered the case of an outer sphere electron transfer reaction. It is 
obvious that the same formulation holds for the process of solvation of charged 
solutes in polar solvents. Thus, all the above conclusions are valid for the relationship 
between the entropy and the enthalpy of solvation in polar solvents. 

3. Numerical results 

We have explored numerically the validity of (2) for the following two cases: (i) the 
reacting system remains the same and the solvent is varied, (ii) the size of the reacting 
system is varied while the solvent remains the same. We have used the mean spherical 
approximation (MSA) (Wertheim 1971) to calculate the static structure factor of the 
liquid and its temperature derivative. The reason for using MSA is that it provides 
a simple analytic solution for the structure factor which is fairly accurate for not very 
strongly polar liquids. 

In figure 1 we have shown the variation of fl with the dielectric constant of the 
solvent. The sizes of the solute and the solvent molecules are assumed to be the same. 
It is seen that fl is nearly constant for the entire range of the dielectric constant that 
is investigated. Thus, a linear relation between TAS # and A/-/~ holds in this case 
which is shown in figure 2. As we have mentioned earlier, such a linear relation 
between TAS ~ and AH # was observed by Evans and Polanyi (1936) for solvation in 
different solvents. 
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F i g u r e  1. The dependence of p, (15), on the dielectric constant of the solvent, p is calculated 
in units of e2/a where e and # are the charge of an electron and the diameter of a solvent 
molecule, respectively. The ratio of the reactant-solvent molecular size ratio, R, is 1.0. The 
value of the reduced density of the solvent, po(r 3, is 0-8. 
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Figure 2. The plot of entropy of activation (TAS #) against the enthalpy of activation (AH #) 
calculated for different values of the dielectric constant of the medium. The solid curve shows 
the calculated values and the dashed one is the extrapolation to the zero enthalpy change. 
The values of the other parameters are the same as in figure 1. 

Figure 3 shows the variation of fl with the size of the reacting system. The dielectric 
constant of the solvent is kept fixed at 18.0. R is the reactant-solvent molecular size 
ratio. It is seen that for very small solutes, fl is nearly constant, fl decreases smoothly 
as the size of the solute is increased. It is clear that the linear relation between TAS # 
and AH # exists in this case only for very small solutes which is in agreement with the 
conjecture of Bell (1937). In the opposite limit, that is for very large reactants, /~ 
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Figure 3. The dependence of~ on the size of the reactant molecule. R is equal to 2a/~r where 
a is the radius of the reactant molecule. The values of the dielectric constant and the reduced 
density of the solvent are 18-0 and 0-8, respectively. 
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Figure 4. The plot of the entropy of activation ( TAS #) against the enthalpy of activation 
calculated for different values of the reactant-solvent molecular size ratio, R. The solid curve 
shows the calculated values and the dashed one is for/~ = 0. The values of the different 
parameters are the same as in figure 3. 
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becomes very small and in that limit the linear relation can again hold with fl-~ 0. 
This behaviour is clear in figure 4 where TAS # is plotted against AH # calculated for 
different sizes of the reactant molecule. Also note that this behaviour is in agreement 
with the continuum model which gives fl = 0. It is well-known that continuum models 
are reliable when the size of the ionic solute is much larger than that of the solvent 
molecules. 

4. Conclusions 

It is clearly important to understand the validity of the relation given by (2) and also 
the range of the values of the parameters ct and ]~. For example, if (2) holds with a ]/ 
which is so small as can be negligible, then (1) simplifies to 

k -~ ~ - ~ e x p [ -  (1 - a)AH#/kn T]. (16) 

Therefore, a reaction may appear to have a significantly lower activation enthalpy 
than the real value. This result appears to have a special significance in view of several 
recently studied photoinduced electron transfer reactions that were found to proceed 
without the intervention of a significant barrier (Barbara and Jarzeba 1988, 1990). 
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