
NUMBER 6, 1966 175 

A Semi-empirical Method for Calculating Activation Energies 
By J. N. BRADLEY 

(Department of Chemistry, University of Essex, Wivenhoe Park, Colchester) 

THE major difficulty in estimating rate constants 
for chemical reactions lies in determining the 
appropriate potential-energy surfaces. The earliest 
transition-state calculations1 used the London 
equation to obtain such surfaces from the energy 
curves for the constituent pairs of atoms. This 
necessitated the assignment of an arbitrary value 
to the ratio of the Coulomb and exchange terms 
and many of the resulting discrepancies can be 
attributed to this approximation. Numerous 
improvements2 have been made to the theory, 
with varying degrees of success, the most recent3 
making use of energy curves for both ground and 
excited states of the diatomic species. 

The success of the Huckel theory for calculating 
the properties of aromatic molecules suggests that 
a more profitable approach might be based on 
molecular-orbital theory although the Huckel 
method itself is unsatisfactory because it is based 
on a one-electron Hamiltonian and neglects 
electron interactions. Roothaan4 overcame this 
difficulty by developing an iterative procedure for 
solving the Hartree-Fock self-consistent-field equa- 
tions based on a set of LCAO molecular orbitals. 
This method has been extended to open-shell 
systems (radicals) by Pople and N e ~ b e t . ~  

In the present approach, the integrals involved 
are simplified by making similar approximations 
to Pariser and Pam6 and Pople' so that they can 
be replaced by terms obtained empirically from 

simpler systems. Briefly, the approximations 
made are as follows (xv denotes an atomic orbital 
centred on nucleus p) : 

(i) Overlap integrals SX,~ , ,  dv are not included 
explicitly although the effects of overlap are 
implicit in obtaining empirical values for the 
various integrals as functions of internuclear 
separation. 

(ii) All interactions involving non-adjacent 
nuclei are omitted, i e . ,  electron-nuclear attrac- 
tions, SX,HX,,du, electron-electron repulsions 

1 
repulsions - . 

R P  
(iii) The zero differential overlap approxima- 

tion is assumed in order to simplify the electron 
repulsion terms, i.e., charge distributions xi*( 1) xY( 1) 
are neglected if p # v. 

(iv) The Coulomb penetration integrals 

fx,( 1) (- $)x,( 1) dv are set equal in magnitude 

but opposite in sign to the corresponding electron 

repulsion terms S ~ X , (  1) xJ2) xv( 1) ~ ~ ( 2 )  dv. (9 
(v) Different spatial orbitals are allocated to 

electrons with different spins i.e., the molecular 
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orbitals are represented in LCAO approximation 
by a,$: = &;xp and a,$! = &&xp where c& 

and cFp denote different sets of coefficients. 
I* I.L 

The procedure leaves only four types of integrals 
to be evaluated: the nuclear attraction terms, 
Vp,, and the electron repulsion terms, ,ypN, 
associated with a single centre p, and the corres- 
ponding terms, Ppv and yWv associated with a 
pair of centres p,, v. 

TABLE 

procedure. The computations were carried out 
on the N.I.R.N.S. Atlas Computer. The maxi- 
mum energy along the reaction co-ordinate 
corresponded to a symmetrical transition state 
and the results obtained are shown in the Table. 

Simple graphical interpolation was used in 
obtaining the necessary interaction terms and 
more precise methods would probably lead to 
further improvement, particularly in the inter- 
atomic distance, but these preliminary results are 
adequate to indicate the potentialities of the 

Activation 
energy 

(kcal/mole) 
This work (S.C.F. procedure) .. .. .. 13’ 

Best theoretical estimate (Boys and Shavitt) . . 14.8 
Semi-empirical value (Cashion and Herschbach) . . 8-9 
Experimental value . . .. .. .. .. 8.0b 

This work (Hiickel coeffs.) . . . .  .. .. 39s 

Internuclear 
distance 

0.96 
0.96 - 
0.942 9 
0.963 3 

10 

Reference 
- 

(4 

- 

a Zero-point energy corrections have been made using the values given in ref. 3. 
b The experimental value is expected to lie below the estimated values as the allowance for quantum mechanical 

tunnelling has not been included in the latter. 

The calculations have been carried out for the 
H + H, reaction, assuming that the transition 
state is linear. The electronic energies of the 
ground and excited states of H,+ and H, are known 
for a range of internuclear distancess and, in terms 
of the integrals above, may be written: 

H2+ (lsag) : vpp + pI*v -ypu 

H2+ (2Pou) : J5.Lp -Ppv -ypv 

H2 (‘a : 2 G p  3- 2ppv - &pv + *ypv 

H, PX+) : 2v,, --y,v 

Values for all four terms can thus be obtained for 
each internuclear distance. 

The energy of the H, complex was then evalu- 
ated as a function of internuclear separation using 
both the Huckel coefficients and the self-consistent- 
field coefficients obtained by the usual interation 

method. Comparable results to those of Cashion 
and Herschbach might have been predicted since 
they are based on similar potential-energy curves. 

The H + H, reaction was selected for the 
preliminary analysis because of the fund of material 
available for comparison, although the method 
should prove more profitable for comparing the 
activation energies of a series of related reactions. 
The results show that the molecular-orbital 
approach is a t  least as promising as the valence- 
bond treatment for this type of work. However, 
the present procedure should be more easily 
extended to other systems because the diatomic 
potential-energy curves are reduced to interaction 
terms with a direct physical significance. Further 
details of the methods and the results obtained, 
will be presented later. 
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