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The transition state of a radical reaction may be treated a s  the point of intersection of two undisturbed potential curves, 
each of which characterises the energy of vibration of the atom attacked in either the initial molecule or that formed; a 
series of nonlinear equations of correlation has been derived for the dependence of the activation energy of a free radical 
abstraction reaction on the heat of reaction, the energy of triplet repulsion and the electronegativities of the atoms. 

Analysis of the factors that influence the reactivity of reagents 
and determine the values of rate constants is important in 
chemical kinetics. Evans and Polany suggested a linear depend- 
ence of activation energy on heat of reaction.' Important stages 
in this study include the Marcus equation,' the BEBO method 
of Johnston3 and Bell's analysis of this problem in ~hemis t ry .~ ,~  
This communication presents a study of experimental data on 
the activation energies of free radical reactions using nonlinear 
equations, derived on the basis of a parabolic model of the 
transition state. 

R,. + H-R,-RrH + R, 

In a reaction of this type, the R,-H bond is being broken and 
the R& bond is being formed. According to the theory of 
absolute rates,6 the reaction may be treated as a translation of 
the hydrogen atom along the reaction coordinate from an 
initial position at X = 0 with potential energy Ui(0) = 0 to its 
final position at X =  re and UXr,)=A, H,, where A, H, is the 
reaction enthalpy, with zero energies taken into account, so 
Ai H, = U&,) - U,(O) = Dei - DeF; D,, =D, + 0.5hvi L and 
D,,= D,+O.Shv,L, where D, and D, are the dissociation ener- 
gies of the R;-H and R,-H bonds, vi and v, are their vibration 
Frequencies,' h is ~lanck's  constant and' L is Avogadro's 
number. Let us consider the vibration of atoms along the R,-H 
and RrH bonds to be harmonic, so that Ui'/2=b,x and 
U,'/' = bdr, -X), b, = ~ v , ( 2 p ~ ) ' / ~ ,  b,= ~rvX2pJ'/~, where pi and F, 
are the reduced masses of the atoms. The transition state is 
proposed to be represented by the point of intersection of two 
undisturbed potential curves at X = rf, when E,, = Ui(rf) = 
UXr, - rf) - Ai H,. The activation energy E,, is related to the 
observed E, by the equation E,, =Ei + 0.5(hvi L - RT). 

The important characteristic of the transition state is the 
distance re, which may be estimated in the form b,r, using eqn. 
(l), where a = bi/bf = viv,-' (pi/l"f)1/2. 

bi re = a(Eei - hi H,)'" + (1) 

The activation energy of the thermoneutral reaction in the 
given series may be calculated using eqn. (2), 

where (b,  re), = bi re at A, H, = 0. The parameter bi re allows us to 
calculate E,, for any reaction using eqn. (3). 

Eqn. (3) takes its simplest form when A, H,+ (b,rJ2(l -aZ)-' 
[eqn. (411. 

Experimental data on the activation energies of reactions of 
free radicals and atoms were analysed using this model. 

The parameter bi r, was calculated for 30 reactions of type (5). 

Values of E, were taken from ref. 7 and those of the bond 
dissociation energies from ref. 8; b, r, was found to depend on 
Ai H, [eqn. (611. 

Table 1 

DR-R (b, re)o E,, 
Radical /kJ m01 ' /(kJ mol- ')l/' /kJ mol-l 

Me- 376 17.06 72.8 
Et. 351 16.05 64.4 
Pt". 347 16.26 66.1 
CH2=CHCH,. 257 13.20 43.6 

Identical estimations were made for reactions of other radicals. 
The parameter (b,r,), was found to change from one radical to 
another, in accordance with the R-R dissociation energy 
(Table 1). It can be seen that the lower the R-R bond 
dissociation energy, the lower are (bir,), and E,,. This tendency 
may be explained by triplet repulsion between two electrons 
with parallel spins.' The energy of repulsion U, may be 
expressed as the energy of the R-R bond raised to the power 
n: U,=const D,". The value of n was found to be 6 [eqn. (7)]. 

The general empirical formula for the reaction of any alkyl 
radical with a C-H bond of an organic compound was found 
to be eqn. (8). 

Eqn. (7) was shown to be universal in character. The values 
of b, re calculated from eqn. (7) and estimated from E, using eqn. 
(1) are compared in Table 2. The last two columns show that 
the values of bir, estimated from eqn. (7) are very close to those 
calculated from the experimental data. 

A similar picture is observed for the reaction of molecules 
YH = CH,, NH,, H 2 0  with a hydrogen atom [eqn. (9)J9 

(birJ2 = 38 + 190(DeHY/DeCH4)'.' (9) 
The reactions of hydrogen atoms with HX give evidence of the 
influence of the electronegativity of X. This effect has been 
characterised as the nth power of the difference DCHX- D,, 
where D, = 0.5(DeX2 + DCH>) and U,, = const(DeHX - 6,)". The 
empirical dependence of b, re on the energy of triplet repulsion 
and on the interaction of atoms with different electronegativity 
was found to take the form of eqn. (10). 

Table 2 

Reaction E,,/kJ mol- ' hire (IY b,r, (7)' 

CH, + H2N. 59.3 14.62 14.68 
C2H, + MeO. 45.1 13.28 13.53 
RO,H + R02. 40.5 12.73 12.65 
ArOH + ArO. 33.4 1 1.60 12.60 

" From eqn. (1) .  h From eqn. (7) .  
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Table 3 

Em AEH AET AEEA 
HX /kJ mol- ' /kJ mol- /kJ mol- ' /kJ mol-I 

H2 58.2 0.0 30.0 0.0 
HCI 30.6 -6.1 30.8 - 24.6 
HBr 20.1 - 29.2 25.3 - 8.3 
HI 13.8 -43.7 20.1 -0.06 

This formula enables us to estimate the contribution of each 
physical interaction to the activation energy. The contribution 
of Ai He to Eei may be estimated as AEH = E ,  -E,,, that of triplet 
repulsion as ET= 120(1 + C ~ ) - ~ ( D , ~ ~ / D , ~ ~ ) ' . '  and that of the 
electronegativity of atoms H and X as AEEA = - 21 10(1 +a)-' 
[(DeHX - De)/DeH2I2. The results are given in Table 3. The input 
of Ai H, is greater for a higher value of lAi He[ ,  while that of 
triplet repulsion is considerably greater (35-52%) and the 
contribution of electronegativity is at a maximum in the 
reaction with HCl ( - 40%). 
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