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In this paper four assumptions are made : (1) Pauling’s relation (2) Bond order conservation, 
(3) An approximation for the potential energy along the reaction coordinate and (4) a symmetry 
principle. The main results which follow are : (a) An expression for the bond order of the transition 
state, a result which is compared with potential energy surfaces, BEBO and Marcus’ theories. (b) A 
theoretical fit for (nonlinear) Bronsted plots over a mild range of ApK. In addition, other theories 
which relate kinetics to thermodynamics (in particular : BEBO, Marcus’ theory and Thornton’s 
model) are analysed. Two empirical relations of Mok and Polanyi and the Evans-Polanyi relation 
are derived by using the symmetry principle. Marcus’ theory may be related to a ‘‘ weak sym- 
metry principle ” ; this theory is given a new proof by Thornton’s model of the inverted parabola. 
Thus these theories appear to have much in common ; it is possible that they all follow from one 
general theory. 

1. INTRODUCTION 

Consider a chemical reaction 
R - , T S + P  

where reactants R pass through a transition state TS to products P. A typical graph 
of the system energy along the reaction coordinate (RC), p, is given in fig. l(a) where 
AE denotes the energy difference between P and R, and E, denotes the barrier height. 
AE and E, given, there are still many possibilities for the location pT of the TS, 
that is, pT could be near the reactants (p  = 0) as in fig. l(b) or near the products 
(p  = 1) as in fig. l(a). 

proposed the following postulate : “ if 
two states, as for example, a TS and an unstable intermediate, occur consecutively 
during a reaction process and have nearly the same energy content, their inter- 
conversion will involve only a small reorganization of the molecular structure ”. In 
other words : states with similar energy have a similar configuration, i.e., fig. l(a) 
describes the energy dependence on the RC much better than does fig. l(b). 

Hammond’s postulate is fundamental in the study of the TS and the relation of 
structure and reactivity (especially free energy relationships). Various formulations 
and variations of this postulate appear in the literature and in textbooks of physical 
organic ~hemistry,~ and there exist several principles and theories which may be 
considered as quantitative formulations of this postulate : the Leffler pr in~iple ,~ 
which was named by Murdoch an “ extended Hammond postulate ” ; the successful 
empirical BEBO method ;7 Marcus’ theory of proton transfer ; Thornton’s inverted 
parabola model; and recently, an empirical function describing the reaction profile, 
by leNoble et aL1* The two main experimental probes for TS s t r u ~ t u r e , ~ ~  especially 
for proton transfer reactions,ll are the Bronsted constant a and the magnitude of 
kinetic isotope effects, of which the first will be considered in this paper. 

388 

In discussing this problem, Hammond 
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have deduced Hammond’s postulate independently, by noting 
that a potential energy surface (PES) for an exothermic reaction has an “ early ” 
barrier. It is thus of value to compare a quantitative Hammond postulate with the 
barrier location on the PES calculated by the BEBO, LEPS or ab initiu methods.13 

Physical chemists 

0 P 1 

FIG. 1,-Schematic representation of the PE along the RC with two possibilities for the location of 
the barrier T. 

This paper has a double purpose : To propose a new symmetry relation yielding 
a simple expression for the bond order (BO) at the TS and an equation for fitting 
experimental Bronsted plots, and to point out some relations between the existing 
theories, as a prologue to further work on these subjects.14 

2. THE REACTION COORDINATE 

A crucial step towards a quantitative presentation is a precise definition of the 
RC and of the notion of bond order (BO), which is perhaps the most fundamental 
concept in the present treatment. This section is, therefore, mainly a summary of 
known results (only a proof of an empirical relation by Mok and Polanyi 1 2 b  is 
believed to be new). 

The RC is here defined only for a simple exchange reaction, such as 

Cl+HI I+HCl. (2) 
A PES for this reaction l 5  is given in fig. 2.16 Consider the minimum energy path 
leading from the reactants valley (bottom right) uia the PE barrier of the TS (marked 
by a cross) to the products valley (upper left). This path is called the “ PES RC ”. 
The location of the barrier on this RC conforms to Hammond’s postulate : it is an 



390 Q U A  N TI TA TIVE HAM MO ND POSTULATE 

" early barrier ". The PES RC is inconvenient because of its infinite length. 
may overcome this difficulty by using Pauling's relation l7 

where Re is the equilibrium value of R when n = 1, and the empirical constant 
a = 0.5 a.u. (A dependence of a on Re has been recently proposed.) This trans- 
forms the ray [Re, GO] onto the unit interval introducing, at the same time, the notion 
of BO, n, as a generalization of the chemist's intuitive notion.7u 

One 

R-Re = -alnn, 0 < n < 1 ( 3 )  

1.27 
RHCl/A 

FIG. 2.-PES for reaction (2) adapted from Parr et a1.l' The TS is denoted by a cross, the RC, p, 
is denoted by the bold line descending from the TS, the broken lines are the orthogonal coordinate, u. 

(Actually u should also be a curvilinear coordinate like p.) 

In a reaction such as (2)' one has two bond orders : nl for the H-I bond and n2 
for the H-Cl bond. For the reactants R1 = Rel,  R2 = GO so that n1 = 1, n2 = 0 ; 
for the products n2 = 1, n1 = 0. Therefore, it is plausible to assume that the total 
BO is conserved all along the RC, namely 

This BO conservation is a basic assumption of the Bond Energy Bond Order (BEBO) 
m e t h ~ d . ~  The curve defined by eqn ( 3 )  and (4) is thus termed the " BEBO RC ", 

n l i - n 2  = 1. (4). 

given explicitly by 

exp ( -R+)+erp ( = 1. 

There are two advantages using the BEBO RC. First, the simple empirical eqn 
( 5 )  reproduces RC on calculated PES very well. For the best known RC (Liu's 
calculation for H2 +H)l the error at the TS is - 2 x a.u.20 The estimated 
accuracy of the quantum mechanical calculation at the TS is a.u.19 It is 
actually possible to achieve the same level of accuracy by using a " modified Pauling 
relation ".14b For most other reactions PES have not been as accurately calculated. 
Nevertheless, there is a fair agreement of the BEBO RC with the minimum energy 
path for a number of examples.' 
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The second advantage of employing the BEBO RC is its explicit, analytic form. 
Thus one has that the tangent to the RC is 

by which it is possible to transform back to the physical distance along the RC, 

(7) 
Finally, the empirical relation proposed by Mok and Polanyi 12b is derived. 

Denote : ARi = RTi-Rei, i = I ,  2 where RTi are the coordinates of the TS. Assume 
ARZ B AR1 (an " early " barrier) i.e., exp (- AR2/a) 4 1. By the approximation 
In (1 - x) = --x one has from eqn ( 5 )  

P, by 21 

dp = [l +(n,/t~,>~]* dR1. 

5 = exp(---> AR2 
a 

taking the logarithm of eqn (8) and differentiating, one finally has 
6 In AR1 = -a-'6AR2, (9) 

a correlation which has been deduced empirically by Mok and Polanyi.12b Using 
log to base 10 as in ref. (12b) l /a  = 1.67 A-l, in agreement with the value of the 
parameter a of column (c) table I1 ref. (12b). 

3. SYMMETRY PRINCIPLE 

A symmetry relation from which is derived a simple expression for the barrier 
location (a " quantitative Hammond postulate '7 is now proposed. To motivate 

Ea 
E 

AE 

0 
0 1 

n 
FIG. 3.-" The mirror method " for determining the location of the barrier in the linear approximation. 
The mirror is the broken line at E = Ea. A simple proof of Snell's law is also evident by congruence 

of triangles. 

the discussion, consider first a linear approximation of the PE as a function of the 
BO shown in fig. 3. Fig. 3 results the following situation: a ray of light from a 
source R is reflected in a mirror which is parallel to the BO axis at E(n,) = Ea and 
then detected at point P. The problem is to discover the point of reflection T. As 
known from optics, the trajectory of light is governed by Fermat's principle which 
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states that light always travels along the path for which the transit time is minimal 
or, in a medium where the velocity of light is constant, along the path of minimal 
length. A heuristic method for finding this trajectory is the “mirror method ”, 
where one connects R by a straight line with P’, the reflection of P in the mirror (see 
fig. 3). The point T thus obtained conforms qualitatively to Hammond’s postulate : 
when P and R have the same height (thermoneutral reaction) YtT = 0.5. As P is 
raised, keeping the mirror constant (a TS nearer in energy to the products), the reflec- 
tion P’ is lowered and T moves to the right (a TS nearer in configuration to the pro- 
ducts). 

In order also to derive a quantitative expression for nT, note (fig. 3) that from 
Fermat’s principle it follows that the angle of reflection at point T is equal to the 
angle of incidence (Snell’s law). From this symmetry relation it follows that the 
two triangles in fig. 3 are similar and therefore 

Ea nT = ____ 
2E, - AE’ 

One can generalize this intuitive derivation by assuming a nonlinear approximation 
as in the following : 
Proposition 1. For a simple exchange reaction of type (2) the “ quantitative Hammond 
postulate ” (10) follows from the assumptions : 

(i) The BO n is defined by eqn (3) and (4). 
(ii) The dependence of the PE on the BO is 

{ A’nfq+AE t ETp(n) (1 1) Anq ERT(n) 0 < F l  < ?IT 

nT < n < 1 
E(n) = 

where n’ = 1 --n, q > 0, A and A’ are some positive constants to be determined, and 

(iii) A symmetry relation holds, namely 

Remarks. Eqn (11) is demonstrated in fig. 4 for q = 2 and q = 0.5. In fig. 5 it is 
compared with the exact quantum mechanical calculation for H3.19 [A similar 

0 Tr 1 0  m 1 
n n 

FIG. 4.-Demonstration of eqn (11) for two values of q. The broken lines are “ stabilization by 
resonance ” which is ignored in our presentation. nT is given by eqn (10) and the symmetry 

relation (13) is satisfied at point T. 



N .  AGMON 393 

comparison for the old and new BEBO methods is given in ref. (2041. Since eqn (1 1) 
is believed to be a better approximation for calculating nT than for calculating energies, 
it is used only in that context. The physical interpretation of -dE/dn may be a 
" configuration force ". Therefore, eqn (13) states that in the TS I . . . H . . . C1 
this repulsive force between I and H is equal in magnitude (and opposite in direction) 
to the force between H and C1. (This recalls Otozai's maximal force method,22 but 
the details are different.) 

121 1 

3 

I I I I I 
0.0 0.5 1 .o 

bond order 

FIG. 5.-PE as a function of Pauling's BO for linear H3. The x's are Liu's quantum mechanical 
calculations l9 with the RC transformed to BO by eqn (3). Due to a small inconsistency in Pauling's 
relation [which gives ~ Z T  = 0.51 instead of 0.50 on inserting the H-H equilibrium bond length at the 
TS into eqn (3)] the barrier is given by two x 's. The line is eqn (11) with one parameter fitted to 
Liu's barrier height E,O = 9.8 kcal mol-I by eqn (48) and the other fitted by least squares to Liu's 

data. This gave q = 0.39 and A = 12.9 kcal mol-'. 

Proof of the proposition. Use of eqn (11) in (13) gives 

An+-' = At(1-nT)'-'. 

From eqn (1 1)-(14) it follows 
(14) 

(15) 

thus regaining eqn (1 0). 
Remarks. (i) One may also solve eqn (1 1) for the constants A and A' 

(2Ea - AE)' 
A =  m a )  E:- 

(2Ea - AE)' A' = 
( E, - AE)~-  

These results have been utilised in drawing fig. 4. The importance of eqn (16) is in 
that it correlates E, with AE (see section 7) .  

(ii) Unlike previous treatments,12 where nT was only a function of AE or only a 
function of E,, it is here a function of both, as it should be.2d In contradiction to 
ref. (12b), where in order to derive a correlation for the reverse reaction the Evans- 
Polanyi relation 2 3  must be invoked, eqn (10) is here valid for the reverse reaction 
as well, where the appropriate quantities (primed) are given by 

nf = l-n, EL = E,-AE, A E  = -AE. (17) 
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To make this point more apparent eqn (10) may be written in a symmetric form as 

I EL nT = - Ea nT = - 
E,+E:' E,+E:' 

Similarly, by the aid of eqn (17) eqn (16) is more elegantly written as 

AE:-' = (E,+EL)q (19) 

(20) AfEk4-1 = ( E a  + EiIq 
from which it is also obvious that A # A', unless (a) E, = EL (thermoneutral 
reaction), and then A = A' = 2gE,; or (b) q = 1, and then A = A' = E,+E;. 
Fig. 6 shows the level contours of nT from eqn (10) and (18). They are straight lines 
issuing from the origin. Indeed, putting in eqn (18) Ea = bEL (b = const.) yields 
n, = b/(b+ 1). 

-20 -10 0 10 20 0 10 20 30 
AE J% 

FIG. 6.-Contour lines for ~ Z T  : (a) against Ea and AE from eqn (10) and (6) against Ea and E; from 
eqn (18). 

(iii) For reactions in solution our assumptions are supposed to be valid for free 
energies (G). Using the thermodynamic expression for the equilibrium constant K 

and the activated complex theory l 3  expression for the rate constant k 

(R,  gas const. ; k,  Boltzmann's const. ; h, Planck's const. ; T, absolute temperature), 
one has for eqn (10) 

AG = -RTlnK, (21) 

(22) G, = -RTln k+RTln (kT/h), 

In (kT /hk)  
nT = ln [ ( k T l ? ~ k ) ~ K ]  

and for eqn (16) 
A -[ln (kT/hk)lq-' = (In [ ( k T / h l ~ ) ~ K ] ) ~  

RT 

(25) 
A' 

-[ln (kTK /hk)j4-' = (In [ (kT/hk))2K])4 .  
RT 

We now compare the present results with PES calculations, the BEBO method and 
Marcus' theory. 
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4. POTENTIAL ENERGY SURFACES 

In previous work a BEBO RC (see section 2) was drawn on a dozen PES 
of exchange reactions (not only H transfers), and the BO at the TS, nT, was obtained 
by Pauling’s relation (3). These data are tabulated in the fourth column of table 
1 while nT from eqn (10) appears in the last column there. The agreement (usually 
better than 10%)) seems to be the best one can hope for in comparing a semiquanti- 
tative principle with semiquantitative PES. However, note that in reaction b(H2 + Cl) 
both AE and E, are small and, as is evident from fig. 6 ,  near the origin nT is susceptible 
to a large error. In reaction j(Li + HF) the present value of nT, and also the shape 
of the BEBO RC [fig. 2(j) ref. (lS)] suggest that the entrance valley should be moved 
to the right (or that the exit valley be moved to the left). This discrepancy may result 
from a small error in the calculation of the PES. The calculated Re for LiF was 3.2 
a.u. while the true value should be 3.0 a . ~ . ~ ~  The only case of a large disagreement 
between the last two columns of table 1 is reaction i (K+CH,L), where eqn (10) 
suggests that the TS should occur at a larger KI separation. It is interesting that 
the same conclusion has been reached by Harris and Herschbach 2 5  on the basis of 
trajectory calculations. (The author is indebted to Prof. R. D. Levine for this 
remark.) 

TABLE 1 .-COMPARISON OF THE QUANTITATIVE HAMMOND POSTULATE (10) WITH RESULTS FROM 

kcal mol-I [VALUES TAKEN FROM THE CALCULATED PES, WORKS CITED IN REF. (18)] 
PES. AE AND Ea ARE REACTION AND BARRIER ENERGIES FOR THE ENDOERGIC DIRECTION IN 

a. 
5. 

d. 
e .  
f: 
8. 
tz . 
i. 
j .  
k.  
I .  

C. 

PES 

H+HF 

Br+H2 
Br+H2 

C1+H2 

I+H* 
I+Hz 
HfIH 
CI+HI 

H+ LIF 
Li+ F2 
H+ Br2 

KI+ CHj 

AE 

32 
3 

19.1 
18.9 
36 
35.65 

0.0 
31.70 
24.0 
2.5 
- 

45 

ES 

33.6 
4 

20.5k0.5 
21.0+0.5 
39+ 2 
35.65 
5.5 

31.81 
24.8 
21.3 & 0.5 
0 

52 

n5 

0.95 
0.71 
0.96 
0.84 
0.88 
0.99 
0.50 
0.995 
0.68 
0.60-0.68 
1 .o 
0.88-0.92 

nT 

0.95 
0.80 
0.93 & 0.02 
0.91 * 0.02 
0.93 & 0.04 
1 .o 
0.50 
0.996 
0.97 
0.53 
1 .o 
0.88 

a BO at the barrier of PES.18 b BO at the TS eqn (10). 

T H E  MOK-POLANYI RELATION 

One empirical relation of Mok and Polanyi 12b has been proved in section 2. 
Following an analysis of LEPS and BEBO PES these authors have also suggested 
a dependence of the barrier location on its height. This empirical correlation is now 
proved. Eqn (1 1) and (12) are combined with eqn (3) to give 

In E ,  = In A + q  ln nT = In A-gAR 

6 In E, = - 4 6 ~ ~ .  

(26) a 

where, as in section 2, AR = RT-Re. Now, in a series of homologous reactions one 
may assume that A is constant ; therefore, differentiation yields 

(27) a 
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This equation is the same as eqn (1a.Z) in ref. (12b) and, moreover, yields an expression 
for the constant /3 there : p = q/a.  [Indeed if q = 1 and the basis of the logarithm 
is 10 then l / a  = 1.67A in agreement with p in table I1 of ref. (12b)I. Eqn (9) 
and (27) reveal that the parameters a and #I in table I1 of ref. (12b) are actually 
identical. 

5. THE BEBO METHOD 

In the successful empirical Bond Energy Bond Order (BEBO) method developed 
by Johnson and Parr the basic assumptions are Pauling's correlation of BO with 
bond length eqn (3), the total BO conservation eqn (4) and a nearly linear relation 
of bond energy with BO given by 

where the parameter p is nearly unity (it is important that p is not exactly unity!) and 
E, is the bond energy when n = 1. For an atom (usually hydrogen) transfer reaction 
such as eqn (2) the energy along the RC is given in the simple BEBO method (neglect- 
ing triplet repulsion between the end atoms) as the sum of the two bond energies 

E = EenP (28) 

E(n) = Epnpl + ER(1- n)p2 (29) 
where Ep and ER are the energies of the products and the reactants respectively. 
Assumingp, = p 2  and differentiating eqn (29) with respect to n, yields the BO at the 
TS n* : 

and the activation energy 

Table 2 compares n* with nT from eqn (10). These are in best agreement when 
n* z 0.5. nT is 5-6% lower than n* as n* approaches zero. One may achieve a 
better agreement of n* and nT by using the following empirical relation 

as is evident from the tenth column of table 2. In addition, if one equates eqn (30) 
and (32), it follows that 

E, = E(n*). (31) 

n* z nT+0.15 (0.5-nT), (32) 

Values of p from eqn (33) appear in the eleventh column of table 2. 

TABLE 2.-BO AT THE TS BY THREE THEORIES, FOR SEVEN PROTON TRANSFER REACTIONS. 
(THE REACTIONS ARE WRITTEN IN THE EXOERGIC DIRECTION AND THE ENERGIES ARE IN kcal mol-') 

BEBO present work Marcus 
reaction En Eo EpIEB, -AE r P b V c  p c  n$ n& p* EZ a g  

H2+H 109.4 109.4 1.00 0.0 10 0.50 - 0.50 0.50 - 10 0.50 
CIH+CF3 106.0 107.0 1.01 1.0 8 0.47 1.10 0.47 0.47 1.10 5 0.47 
EtH+CH3 100.0 105.0 1.05 5.0 10 0.43 1.19 0.40 0.42 1.14 13 0.45 
C l H + H  106.4 109.4 1.028 3.0 5 0.41 1.08 0.38 0.40 1.07 5 0.42 
CHd+OH 105.5 114.7 1.087 9.2 6 0.32 1.13 0.27 0.30 1.11 5 0.27 
CF,H+F 107.0 140.5 1.308 33.5 3 0.14 1.16 0.08 0.14 1.15 10 0.08 
H 2 +  F 109.4 140.5 1.284 31.1 2 0.12 1.13 0.06 0.11 1.13 10 0.11 

0 Reactants', products' and activation energies from table 11-3, p. 212, ref. (7u). b BO at the 
TS eqn (30). CInterpolation in table E-1, p. 346, ref. (74. dBO at the TS eqn (10). e Eqn (32). 
f Eqn (33). @ Bronsted exponent from eqn (35). 
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6. MARCUS’ THEORY 

Using the assumption of weak overlap of electronic functions and electrostatic 
considerations Marcus derived a useful theory for electron transfer reactions.26 
Although the assumption of weak overlap does not hold for proton transfer reactions, 
the theory has been successfully applied also in this field.8* 27 The simple Marcus 
theory (neglecting the work terms) relates G, (free energy of activation) and AG (free 
energy of the reaction)* according to 

2 

G, = G;( 1 +%) for IAGl < 4G,” 

where G,” = G,(AG = 0) is the “intrinsic barrier”. Differentiating gives 

(34) 

where a is the Bronsted exponent (see section 7). Leffler’s assumption,28a that a 
is a measure of proton transfer in the TSP is now introduced and given the following 
quantitative form : 

a = nT. (36) 
As a is a measure of the selectivity of a reagent towards a substrate, and nT (by 
Hammond’s postulate) is a measure of reactivity, eqn (36) implies that high reactivity 
Le., small nT must be related to low selectivity (and vice versa). Thus eqn (36) may 
also be called “ a (quantitative) selectivity-reactivity principle ”. Moreover, Marcus’ 
original interpretation of a as the fraction of charge transfer in the TS 26 may justly 
be identified with the BO at the TS. In view of eqn (36) one can show that there is 
much similarity between eqn (35) and eqn (10) written as 

nT = !( -) AE = ;( -). AE 
2 ‘+2E,-AE ‘+E,+E: (37) 

Now for a nearly symmetric TS (n, near 0.5) a good approximation for E,” is 3(Ea + EL) 
so eqn (37) yields 

n T =  Xl+E)’ 
which is similar to (35). The last column of table 2 contains values of nT (k?., a) 
from eqn (35) for the 7 gas-phase hydrogen transfer reactions-in fair agreement 
with the values obtained by the other theories.1 At this point one recalls that Marcus 
has demonstrated that expanding BEBO’s eqn (29) to a Taylor series aroundp = 1 
(for this purpose it is necessary that p is near, but is not exactly equal to unity) yields 
an expression similar to his eqn (34). As seen in the previous section the results of 
eqn (10) are very similar to those of BEBO’s eqn (30)’ which gives an additional proof 
of the link between the symmetry principle, Johnston’s and Marcus’ theories. 

* For gas phase reactions : Ea and AE. 
t This assumption has been seriously challenged when values of a outside the range (0, 1) were 

found. sb 
2 Values for Ei were chosen by the following criterion : Ei = 5 kcal mol-l if H transfer is fromlto 

C1 or 0. Ei = 10 kcal mol-l for transfer from/to H or F and finally Ei = 13 kcal mol-’ for transfer 
between two (aliphatic) carbons. This seemingly capricious choice of the parameters is actually 
quite reasonable, as will be shown elsewhere l4  (the error should be < 2 kcal mol-’). 
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WEAK SYMMETRY P R I N C I P L E  

It is demonstrated in two ways that Marcus’ theory conceals a symmetry principle 
holding only for AG = 0, so that, in comparison with the symmetry principle of this 
paper (assumed valid also for AG # 0) it is a “ weak symmetry principle ”. To 
that end some existing models are modified and reinterpreted. Several independent 
derivations of Marcus’ relation appear in the literature. Murdoch,16 for example, 
argues that if one assumes a linear dependence of a on AG and assumes that IAGI 
is bound by some AG,,,, eqn (35) naturally follows [and then, integration yields 
eqn (34)]. Here are invoked the model of intersecting parabolas and Thorton’s model 
of the inverted parabola.9 

(a) MODEL OF INTERSECTING P A R A B O L A S  

Marcus [Appendix 11 in ref. (Sa)] mentions that eqn (34) may be derived by this 
model, which also appears in the treatment of electron transfer reactions by the 
Russian school of electrochemi~try.~~ Koeppl and Kresge discuss this model in a 
recent p u b l i ~ a t i o n . ~ ~  The two parabolas are interpreted as the PE of two harmonic 
oscillators (reactants and products) ; when the two force constants are equal eqn (34) 
follows. Here is presented a different interpretation of this model, because it is difficult 
to see why the energy profile along Q is a good approximation of E ( p )  (see fig. 2 for Q and 
p).  To convince oneself that indeed it is not, one has to analyse the asymptotic proper- 
ties of eqn (34) and (35). Eqn (34) is a good approximation for IAG1 < 4G:. Outside 
this interval the quadric fit does not possess the right asymptotic properties, which 
are :31  G, --+ 0 for AG -+ - 00 and G, -+ AG for AG -+ + 00. The same is true for 
eqn (35) where the expected asymptotic behaviour is da/dAG -+ 0 for AG -+ k GO. 

Now if the interpretation of harmonic oscillators was physically sound, a model of 
intersecting Morse curves should have given better results. Unfortunately, this 
model entails even worse asymptotic behaviour for a(AG). 32 We propose, therefore, 
to interpret the parabolas as a fit for E(p), as shown in fig. 2 of Englman’s 
Furthermore, if the ordinate is the BO n and not the physical distance p ,  then this 
model is a special case of eqn (1 1) with q = 2, A = A’ and the symmetry relation 
obeyed only for A E  = 0, for inserting n T  = 0.5 in E, = An; yields 

A = 4E,”, (39) 
whereafter inserting eqn (1 1)  in (12) yields eqn (35) and (34). This completes one 
proof that Marcus’ theory stems from a “ weak symmetry relation ”. 
(b) THORNTON’S MODEL 

Thornton proposed a model for analysing substituent effects according to which 
the energy along the RC is represented by a superposition of an inverted parabola 
and a linear substituent perturbation (fig. 7). This model is here modified in two 
respects : First the ordinate is taken to be n instead of p .  That an inverted parabola 
is a good approximation for E(n) is evident from the case of H3 (fig. 5). Secondly, 
to obtain the location of the TS it is not necessary to add the substituent effect of 
the other normal mode Q : the TS location is determined from nT by Pauling’s relation 
(3). This model is not limited only to atom transfer reactions. For example in 
the case of reactions at electrodes the linear contribution to E(n) may represent the 
overpotential q along the double layer.34 Proposition 2 is now proved : 
Proposition 2. Marcus’ eqn (34) follows from the “ modified Thornton model ” : 

E(n) = EZO[1 -4(n-+)2]+nAE. (40) 
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Remarks : Eqn (40) is demonstrated in fig. 7 where the first term on the r.h.s. is the 
inverted parabola whose maximum at n = 0.5 is E: and the second term is the linear 
perturbation. It is clear why this model may also be termed “ a weak symmetry 
relation ” : when AE = 0, E(n) is a symmetric, inverted parabola. 
Proof: Inserting eqn (40) in 

one finds that NT is given by eqn (35). Inserting (35) in (40) yields (34). 

Ea 

E :  

E 

AE 

0 

FIG. 7.-Demonstration of the (modified) Thornton model : E(n) drawn in a bold line, is a super- 
position of an inverted parabola and a linear “ perturbation ” (broken lines). 

7. CORRELATING KINETICS WITH THERMODYNAMICS 

A key question is whether it is possible to understand kinetics on a thermo- 
dynamic basis, to calculate rate constants from AG plus some spectroscopic constants. 
Although the goal is yet remote, much effort has been devoted to correlating kinetics 
with thermodynamics. Perhaps the first such relation is the Tafel equation,35 relating 
the current density i to the overpotential q 

(where F is Faraday’s const., io is the equilibrium current density for y = 0). Now 
AG = -Fq and i is proportional to the electrochemical rate constant k, so by eqn 
(21) and (22) it is evident that Tafel’s equation may be considered as the electro- 
chemical analogue of the Bronsted relation 36 

and both are related to the Evans-Polanyi relationship 2 3  

where the constant a is known as the “Bronsted exponent ”. All these suggest a 
linear dependence of activation energy on A23 (or AG) for a series of homologous 
chemical reactions, i.e., the change in AG is achieved by varying a substituent, as in 

NaCl+ R -+ Na + RCl (45) 
(where the organic radical R is varied), by varying the solvent mixture or (more 
smoothly) in electrochemistry, by varying the overpotential q .  Therefore, such 

i = io exp (aFqIRT) (42) 

log k = a log K+const. (43) 

Ea = aAE+const. (44) 
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relations are known as “linear free energy relationships” 37 and also as “extra- 
thermodynamic relationships ” because their explanation seems to be outside the 
scope of thermodynamics. The proof (in fact : more a proposition than a proof) 23f 

given by Evans and Polanyi is based on intersecting PE curves [fig. S(a)] and is very 
similar to the model of intersecting parabolas (section 6). 

0 

FIG. 8.-PE along the RC for two reactions (indexes 1 and 2) in a homologous series of reactions. 
(a) Using eqn (11) with q = 2. (6) The linear approximation-for proving the Evans-Polanyi 

relation. 

Proposition 3. For a series of reactions such as (49, eqn (44) follows from the 
symmetry principle (13) in the linear approximation (q = 1) plus the assumption 
that the RT branch of fig. 8(b) does not change by varying the products energy. Then 
also a = 0.5. 
Proof. Denote by 1 and 2 two reactions in a series and let 6E, = Ea2 -Eal. The 
assumption of a constant RT branch implies that T, and T2 are on the same line 
[see fig. 8(b)]. Eqn (13) implies that lines TIPl and T2P2 are parallel, and from the 
geometry of the graph 

which proves eqn (44) with a = 0.5. 
6AE E(P2) -E(P,) = E(TJ -E(Q) = 26E, (46) 

TABLE 3.-PARAMETERS FOR THE BRONSTED PLOTS OF FIG. 9 
reaction no.0 fig. n0.a 40 A‘b,c E$,d EiC.C 

a. XVI 11 1.5 42.0 15.2 17.0 
6. XIX 13 0.5 7.8 5.5 - 6  
C. X 7 0.95 27.5 14.3 14.0 
d. XI 8 0.87 11.3 6.2 6.0 
e. V 3 0.80 19.0 10.9 11.5 
f: VI 4 0.87 15.3 8.4 8.5 

a Numbers refer to Cohen and Marcus.*b b Parameters for LS fit by eqn (16b). C In kcal mol-I 
(Ei  should be Gi for reactions in solution). d From eqn (48). e From tables 1 and 2 in Cohen and 
Marcw8b. 

Although there exist many linear Bronsted plots with a z 0.5, Bronsted and 
Pedersen 36 did take care to mention that these plots could not be linear over a very 
wide range of pK, because the forwards or the reverse reaction would evidently become 
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30 

AE 

- 

AE 

AG AG 
FIG. 9.-Six Bronsted plots fitted by least squares to eqn (166). Data were taken from Cohen and 
Marcus *b and are summarized together with the values obtained for the parameters, in table 3. 
The reactions of panels (a) and (b) are in the gas phase and the other four in solution. Case (a) is the 
only case with q > 1 and we consider this to be an artifact. In case (c) the point for H20 was not 
used for the fit because it has Ga < AG. In cases (d) and (e) not all experimental points appear in 

this figure. 

diffusion controlled. Eigen 38 was the first to observe such nonlinear curves in very 
fast proton transfers to oxygen and nitrogen bases. The theoretical step needed to 
cross the borderline between the linear and nonlinear theories is seemingly small. 
Leffler * has suggested that eqn (44) should be written as 

6E, = asEp+ (1 -a)6E, (47) 
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(Ep and ER are the energies of products and reactants respectively). Replacing a 
by nT according to eqn (36) and raising nT to the power ofp yields the BEBO eqn (31) 
which, similarly to Marcus' eqn (34), describes a non-linear dependence of E, on BE. 
(This nonlinearity is different in origin from that which is caused by d i f f ~ s i o n ) . ~ ~  

F 
1-+t t t I I 

-YO -30 -20 A 0  0 10 20 30 '40 

/ 
/ 

FIG. lo.-& as a function of AE for HZ+X. Plus symbols represent the data given in table 4. 
The line above the X axis is a LS fit to eqn (34) giving E,O = 6.7 kcal mol-'. The other line is a LS 
fit to eqn (16b) using only the values for C1, Brand I. It gave q = 0.73, A = 9.94 kcal mol-' which 

corresponds via eqn (48) to E,O = 6.0 kcal mol-'. 

The symmetry principle discussed in section 3 yields eqn (16) relating E, and AE 
(or G, and AG) on condition that A and q are constants for a reaction series. We 
have chosen six (mostly non-linear) Bronsted plots previously fitted by eqn (34).8b 
The results of our two parameter least square fit is shown in fig. 9, and the data are 
collected in table 3. As seen in section 3 there is a connection between the parameters 
A and q and Marcus' parameter E: given by 

As seen from table 3, E: calculated from eqn (48) is in good agreement with its value 
according to Cohen and Marcus.8b 

A = 2qE,". (48) 

TABLE 4.-ENERGIES OF REACTION AND ACTIVATION 
ENERGIES) IN kcal mol-I FOR THE 

X A E  

F -31.8 
c1 3 .O 
Br 19.1 
I 35.60 

ENERGIES (NOT INCLUDING ZERO POINT 
REACTION SERIES (49) 

Ea ref. no. 

1 . 6  39 
7.9 39 

20.5 39 
35.65 40 

In order to examine the limitations of eqn (16) a plot of E, against AE was drawn 
for the reaction 

H Z + X  + HX+H (49) 
where X is a halogen (fig. lo). The data used for this figure are shown in table 4. 
This case is an ideal nonlinear Bronsted plot over a very large range of AE. The 
range of AE is large enough for the asymptotic properties of the curve to be evident : 
E, + 0 for AE + - co and E, + AE for AE -+ + 00, as suggested in section 6. 
Note also that the data in table 4 are estimated from PES,39* 40 having nothing to do 
with diffusion. In solution the effect of diffusion presumably only exaggerates the 
theoretical dependence of G,  on AG (see the analysis by Murdoch).6 Fig. 10 shows 
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that the simple Marcus theory gives a reasonable fit for the region 1AEI < 4E,", but 
does not possess the correct asymptotic properties. The assumption that A and q 
are constants in eqn (16) is seen to be valid for a smaller range of AE than in Marcus' 
theory : for negative AE one obtains negative activation energies (!). It is, however, 
possible to formulate a simple theory which is valid for all AE and has the correct 
asymptotic behavi0~r . l~  

8. CONCLUSION 

A symmetry relation is proposed from which the BO at the TS is deduced and 
which permits a fit of Bronsted plots over a moderate range of ApK. This symmetry 
principle and some other models and theories are all connected. It may, therefore, 
be possible that they are all approximations of one unified theory. This point will 
be examined in subsequent papers.14 The " extra-thermodynamic ", linear free 
energy relationships are not only non-linear, but perhaps also not extra-thermo- 
dynamic. 

Note added in proofi Similar results [in particular eqn (lo)] have been derived independently by 
A. R. Miller (to be published in J.  Amer. Chem. Soc.). 
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