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An empirical evaluation of the activation energy has been carried out for the radical substitu-

tion reaction involving polyatomic molecules. The potential energy along the reaction path is 

assumed to be expressed for the initial and the final systems by the two Morse functions with the 

coefficient "a'," which is different from the "a" in the usual Morse function of the bond. The

difference between the a'Δr* values in the Morse functions of the initial and the final systems in the

transition state is empirically determined as a function, af'Δrf*-ai'Δri*=βQ, of the reaction heat,

Q. From the Morse function with "a"' and the above relation, the activation energy is calculated 
by using the bond dissociation energies of the initial and the final molecules. The treatment proposed 
is useful for the evaluation of the activation energies of many types of radical substitution reactions.

Quantitative studies aimed at evaluating the 
activation energy of the radical substitution reaction 
in the gaseous phase have been carried out from 
the latter half of the 1930's. Since Polanyi1) and 
Horiuchi2) found that the difference in the activation 
energies in a homologous reaction decreased with 
an increase in the difference in the reaction heats, 
the activation energy has been considered in 
relation to the reaction heat. Bagdasaryan,3) 
Tikhomirova-Voevodskii,4) and Semenov5) have ac-
cumulated a number of the experimental data; they 
have indicated that the activation energies are in

regular correlation with the reaction heats. It has 

also been found6) that, for the homologous reactions 

with a similar reaction heat, the activation energy 

is proportional to the bond dissociation energy of 

the initial bond. 

On the other hand, the theoretical study of the 

evaluation of the activation energy of the radical 

reaction has been started by Eyring7) and followed 

by Evans and Polanyi.1) 

In the reaction involving a polyatomic molecule, 

however, the Evans-Polanyi treatment is so com-

plicated that it is very difficult to evaluate theoreti-
cally each energetic term along the reaction path. 

We have extended the Morse bond-energy func-

tion to a polyatomic molecule, as reported by 

Ogg-Polanyi.8) The potential energy along the 

reaction path has been assumed to be approximately 

expressed by the two functions of the initial and
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the final systems. The coefficient "a"' is different 

from the "a" in the Morse function9) of a bond in 

which the presence of a radical is disregarded.

Moreover, the difference between the a'Δr* values

in the Morse functions of the initial and the final 

systems in the transition state was found to be

proportional to the reaction heat, where Δr* is an

expansion of a bond between the ground state and 

the transition state. 

From the Morse function with the "a"' coefficient,

the af'Δrf*-ai'Δri*=βQ rleation, and the bond

dissociation energies of the initial and the final 

bonds, an equation for the evaluation of the activa-

tion energies of radical substitution reactions is 

derived, and its propriety is discussed in connection 

with the observed values. 

General Considerations 

In the evaluation of the activation energy of the 

radical substitution reaction, we consider such 

reactions of the three-center type as:

(1)

where A, B, and C are reacting atoms or groups. 
As has been proposed by Evans and Polanyi,1) the 
energy changes involved in the reaction can be 
divided into: (i) the repulsion forces between A 
and BC, (ii) the attraction forces of the BC molecule, 
(iii) the repulsion forces between C and AB, (iv) 
the attraction forces of the AB molecule, and (v) 
the perturbation energy between the states. The 
quantitative evaluation of each term in the reaction 
involving a polyatomic molecule is, however, very 
difficult. 

In this paper, the following picture is assumed to 
give an approximate method for evaluating the 
activation energy of the reaction (1):

(2)

where (a) or (b) represents the transition state in 
which the potential energy of the system along the 
reaction path is localized on the initial B-C bond 
or on the final A-B bond. 

Considering the above speculation in connection 
with the reaction process, the reaction (1) can be 
explained by the following three steps. (i) Until 
the transition state, the A radical approaches from 
infinity to the initial BC molecule, the BC molecule 
absorbs the energy of the A radical, and the B-C 
bond is stretched as the A-B distance decreases. 
(ii) In the transition state, the energy localized on 
the B-C bond migrates on the A-B bond. (iii) 
After the transition state, the energy is concentrated 
on the A-B bond, and the AB molecule is formed.

Fig. 1. The potential energy curves of the initial 
and the final systems along the reaction path. 

We may explain the above reaction process with 

Fig. 1. The potential energy along the reaction

path is expressed by the two curves(Ⅰ and Ⅱ)of

the initial and the final systems, while Ⅰ' and Ⅱ'

are the bond-energy curves neglecting the presence

of the A and G radicals, respectively. Then, the

curve Ⅰ can be understood to include not only

the curve Ⅰ', but also the attraction of the final bond,

AB, and the repulsion between A and C. 

In order to evaluate the activation energy on 

the basis of the above scheme, the function of the

potential energy curve (Ⅰ, Ⅱ) along the reaction

path must be determined and the conditions in 
the transition state must be established. 

The Function of the Potential Energy Curve 
along the Reaction Path. As has been described
before, the curve Ⅰ is mainly determined by three

energetic terms of the partial dissociation (the 
attraction) of BC, the partial formation (the attrac-
tion) of AB, and the repulsion between A and C. 
In consideration of these interaction energies, we 
assumed that the potential energy of the system 
along the reaction path is expressed by the two
Morse functions,(3)for the initial system(curve Ⅰ)

and(4)for the final one(curve Ⅱ):

(3) 

(4)

where the subscripts i and f represent the initial 
and the final systems; E, the potential energy along 
the reaction path; r, the distance between the
reacting components, B…C or A…B; D0, the sum

of the zero-point energy and the bond dissociation 
energy; r0, the equilibrium distance of the bond, 
and a', the Morse constant, depending on the 
energetic terms described above. 

Neglecting the zero-point energy in comparison 
with the bond dissociation energy, we can obtain, 
from Eqs. (3) and (4), Eqs. (5) and (6) :9) P. M. Morse, Phys. Rev., 34, 57 (1929).
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(5) 

(6)

where E* is a potential energy in the transition 
state and Ei*=Ef*=E*. Equations (5) and (6) 
show that the activation energy can be evaluated
on the basis of the "a'" coefficient and the Δr*

values. 
In order to evaluate the "a'" values in Eqs. (3) 

and (4), we will consider the reaction (1) as a 
model of the radical substitution reactions. When 
the A radical approaches from infinity to the 
initial BC molecule, the Morse constant, "a'i", of 
the initial system should change from the original 
"ai" value to the new "ai'" value . It is considered 
that this change in the "ai'" value depends on both 
the attraction of AB and the repulsion between A 
and C. Taking into account the fact that these 
energetic terms are expressed as functions of a 
distance between the components, we postulate the 
new "a'" value by the following formulas:

(7) 

(8)

where "a" is a Morse constant in the bond dissocia-

tion neglecting the presence of a radical and where

γ is assumed to be a constant, regardless of the

kind of reaction. The Morse constant,"a", is

equal to 0.1227ω0√ μ/D), where ω0 is the funda-

mental vibrational frequency(cm-1);μ, the reduced

mass, and D, the bond dissociation energy (cm-1), 
depending on both terms of the electronic energy 
and the energy of the repulsion between two nuclei. 

In this study, it is assumed that the dissociation 
energy curve of a bond in a polyatomic molecule 
is essentially expressed by the Morse function as 
well as that in a diatomic molecule. For example, 
in computing the Morse functions of methyl halides, 
the methyl group is treated as a rigid unit with a 
mass of 15. The totally symmetric stretching 
vibrational frequency is used as a fundamental
vibrational frequency, ω0. The Morse constants,

"a" , of a bond in a polyatomic molecule, as cal-
culated with the above characteristic values, are 
summarized in Table 1. 

On the other hand, we can empirically evaluate 
the "a'" value of the exchange reaction of a hydrogen 
atom with a hydrogen molecule. It is known in 
this reaction that the activation energy is 6.7 kcal/ 
mol; the normal distance between hydrogen atoms, 
0.74 A; the distance between hydrogen atoms in the 
transition state, 1.01 A, and the bond dissociation 
energy of the hydrogen molecule, 103.0 kcal/mol. 
By substituting these values into Eq. (5) or (6), 
the new "a'" value along the reaction path is 
obtained as 1.10 A-1, i. e., ai' =af'=a'=1.10 A-1.

TABLE 1. THE "a" CONSTANTS IN 

THE MORSE FUNCTION

t Reported in Ref.8.

†† Reported in Ref.9.

With the use of the above data, i. e.,a=1.85 A-1.

a'=1.10A-1, and r0=0.74 A, the coefficient,γ, is

determined to be 1.19 from Eqs. (7) and (8). 
The Conditions in the Transition State. 

Taking the difference between Eqs. (5) and (6) 
and using the relations (7) and (8), we can derive 
the following equation :

(9) 

(10)

As may be seen from Table 1, the "a" value turns 
out to be approximately constant; thus we may 
put ai=af=am=1.92 A-1 (the average value of "a") . Moreover, since ri0 is nearly equal to rf0 
in many reactions, the average value, rm0=1/2 
(ri0+rf0), is employed for the value of ri0 and 
rf0.

(11)

When the following type of reactions is chosen as

the standard reactions in computing;R+HR'→

RH+R', the value of am(1-e-γ ・rm0)is calculated

to be approximately 1.40 A-1. 
In the transition state, it is considered that the 

expansion of the initial bond is equal to that of the 
final bond in the reaction with the heat Q=0,
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Fig.2. Plot of the differences, af'Δrf*-ai'Δri*,

versus the reaction heats.

○ H+RH→H2+R,○D+RH→HD+R, ●

CH3+RH→CH4+R,●C2H5+RH→C2H6+R,

●n-C3H7+RH→n-C3H8+R, ●i-C3H7+RH→
i-C3H8+R, ●t-C4H9+RH→t-C4H10+R,○

CH3CO+RH→CH3CHO+R,●H+RCl→HCl

+R,△H+HX→H2+X,▽CH3+HX→CH4

+X,▲Br+RH→HBr+R.

that it is smaller in the exothermic reaction Q>0, 
and that it is larger in the endothermic reaction 
Q<0. 

On the basis of these considerations, the right 
side in Eq. (9) is evaluated from the experimental 
data and is plotted against the heat of reaction 
(Fig. 2). The linear relation in Fig. 2 can be 
expressed by the following formula for the standard 
reactions :

(Q: kcal/mol) (12)

Therefore,(Δrf*-Δri*)is equal to 0.0136Q.

The Evaluation of the Activation Energy. 

As has been described above, the potential energies 

along the reaction path are expressed by the two 

following Morse functions:

(13) 

(14)

By substituting the conditions in the transition

state, i. e., Ei*=Ef*=E* and af'Δrf*-ai'Δri*=

0.0190Q, into Eqs. (13) and (14), we can derive 
the formulas expressing the expansions of the bond 
lengths and the potential energy of the bond in 
the transition state:

(15) 

(16)

(17)

where α is equal to exp(0.0190Q). The activation

energy can then be expressed by the following 

equation :

(18)

Equation (18) shows that the activation energy can 
be calculated by using the bond dissociation energies 
of the initial and the final molecules. In the reac-
tion with the heat Q=0, both the denominator and 
the numerator are zero in Eq. (18). Therefore, 
the activation energy of this type of reaction can 
be estimated by interpolating the activation energies
of the reactions with Q≠0.

Results and Discussion

The expansions(Δri*, Δrf*)of the bond lengths

and the activation energies as calculated by Eqs. 

(15)-(18), are listed in Table 2, where they 
are shown in comparison with the observed val-
ues. 5,10,11)

Fig. 3. Comparison of the calculated values with 
the observed values of the activation energies of 
the radical substitution reactions.

○H+RH→H2+R,○D+RH→HD+R,◎

OH+RH→H2O+R, ●CH3+RH→CH4+R,

●C2H5+RH→C2H6+R, ●n-C3H7+RH→n-

C3H8+R, ●i-C3H7+RH→i-C3H8+R, ●t-

C4H9+RH→t-C4H10+R, ●CF3+RH→CF3H

+R,○CH3CO+RH→CH3CHO+R,●H+

RCl→HCl+R, ○ Na+RCl→NaCl+R,○Na

+RBr→NaBr+R,○Na+RI→NaI+I,○ Na

+RF→NaF+R,●H+HX→H2+X,●CH3

+HX→CH4+X, ○ Cl+RH→HCl+R,○Br

+RH→HBr+R.

10) E. W. R. Steacie, "Atomic and Free Radical 
Reactions," Reinhold Co., New York (1946); ibid.,
Second Ed. Vol. Ⅱ(1954).

11) N. N. Tikhomirova and V. V. Voevodskii, Chem. 
Abstr., 45, 9940 (1951).
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TABLE 2. THE ACTIVATION ENERGIES OF VARIOUS RADICAL SUBSTITUTION REACTIONS†
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TABLE 2. Continued

† Calculated by Eq.(18) with β=0.0190

†† An experimental value

††† Evaluated by interpolation

The calculated values of the activation energies 

are in good accordance with the observed values 

for many, though not all, types of reactions within

±2.0 kcal/mol. It should be noted that Eq.(18)

holds not only in the homopolar reactions, but 
also in the reactions with some ionic character.

In the reaction, R+HR'→RH+R', with the

same reaction heat and the same β value(0.0190),

it is also found that the activation energy decreases 
with an increase in the value of Di(or Df). This 
relation may be due to the increase in the expansion,
Δri*, with a decrease in the dissociation energy

of the initial molecule.

On the other hand, in the following reaction, 

in which the hydrogen atom pulls the hydrogen of 

hydrogen halides:

(19)

the values calculated by Eq. (18) with the standard
β value are considerably larger than the observed

values. This disagreement may be explained as 
follows. On the basis of the facts that r0H-X (1.22-
1.47 A) and r0H-H (0.74 A) are not equal to each 
other and both differ from r0R-H (1.09 A), Eqs. 
(11) and (12) do not hold for the reaction (19).
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In our treatment, the difference in the equilibrium

distances results in changes in both the Morse

constant "a'" and the β value. We assume that

the value of (af'Δrf*-ai'Δri*) is expressed by

Eq.(12), which has a new β(β')value which is

different from 0.0190(Fig.2):

(20)

The β' value is calculated with the use of the experi-

mental data, i. e., β'=0.0260 for the reaction(19).

Moreover, in the following reaction, it is well

known that the activation energy generally de-

creases in the order RF>RCl>RBr>RI and

cannot be evaluated by Eq.(18)using the stand-

ard β value:

TABLE 3. THE ACTIVATION ENERGIES OF VARIOUS RADICAL SUBSTITUTION REACTIONS
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(21)

On the basis of the similar considerations described

above, the new β values can be empirically evalu-

ated. The following empirical relation can be

obtained between β'R-X and r0R-X:

(22)

where β'R-F=0.0133 and r0R-F=1.96 A. The

activation energies of the reaction (21), calculated

with the new β value obtained from Eq.(22), are

listed in Table 3. It may also be found in Table 3

that, in the reaction(21)with the same reaction

heat and a different β value, the acitvation energy

decreases with a decrease in the dissociation energy

of the initial bond. If the relation, Δrf*-Δri*=

constant × Q, holds for the reaction(21)as well as

for the standard reaction, a decrease in the dissocia-

tion energy may result in a remarkable decrease in

the slope of the Morse function curve and, con-

sequently, in that of the activation energy. 

These results lead to the following conclusions. 

The activation energy of the radical substitution 

reactions can be evaluated by the method based 

on the Morse function. In reactions of the R+

HR'→RH+R' type, with the same reaction heat,

the activation energy depends on the expansion of

the bond, while in reactions of the Na+XR→

NaX+R type, with the same reaction heat, the 

change in the activation energy depends mostly 

on the difference in the slope of the Morse function 

curve. 

The authors would like to express their gratitude 

to Professor Kenichi Fukui for his valuable sug-

gestions throughout this work and to Mr. 
Keisuke Makino and Mr. Toshihiro Tachi for 

their assistance in computing and in gathering 

of the experimental data.


