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Abstract
Applying the Density Functional Theory (DFT) method the C-H bond rupture reaction 

path is calculated for benzene and toluene reactions. It is found that, for benzene the molecule 

maintains its (C2v) coplanar property along the reaction path. The values for the activation and 

reaction energies are 169.456 kcal/mol and 118.346 kcal/mol respectively. As for toluene 

different reaction mechanisms are calculated. The reaction proceeds coplanarly for the Hmeta and 

Hpara atoms only. For the ortho-H atom a participation of a CH3 H atom is predicted to yield a H2

molecule in a concerted reaction manner. The reaction for a CH3 bond rupture proceeds in a 

non-coplanar manner yielding the benzyl radical as end product. For all considered reactions the 

geometry and energy of the transition states are obtained. 
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Introduction
C-H and C-C bond rupture reactions are basic for the thermal cracking of 

aromatic hydrocarbons [1]. The study of their kinetic and thermodynamic properties is 

important knowing that 3-4% of the heavy crude oil is composed of the aromatic and 

polyaromatic hydrocarbons. In a former study it was shown that the B3LYP Density- 

Functional Theory (DFT) yields for the C-H bond rupture a reaction path of a peculiar 

shape in which a sudden decline of the total molecular energy is calculated after the 

transition state (TS)[2]. The calculated reaction energy agreed well with the 

experimentally measured values[3]. It was important to reinspect the shape of the 

reaction curve and extend the treatment to toluene and other aromatic hydrocarbons. 

The treatment should show the change in molecular energy along the reaction path 

and the structures of the transition states as well as the reaction products. 

Scheme 1: Numbering of the benzene atoms as applied in the present work. 
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Results and discussion
To inspect the correctness of the sudden decline in energy, following the 

transition state of the reaction, being an artifact of the B3LYP-DFT [4] method or not, 

we carried out the same calculation for the benzene C-H bond applying the (6-31G) ab 

initio, as well as the semiempirical PM3 [5] method. Figure 1 shows the calculated 

shape of the reaction path according to the three different methods. A comparative 

view reveals clearly the shape similarity of all three reaction curves.  

Table 1 shows the DFT calculated energy values for the C-H bond rupture in 

benzene. The origin for the energy scale (0.0 kcal/mol) was taken for the C-H distance 

of 1.100 Ao. The energy values in table 1 are plotted against the corresponding C….H 

distance in figure 1a. 

Figure 1. Calculated reaction paths of benzene C-H bond rupture reaction according

to; a- the B3LYP-DFT(6-31G), b- the ab initio (6-311G) and c- the semi-empirical PM3 

methods. 

Both numerical values in table 1 and the shape of the curve show that; (a) the 

transition state (TS) of the reaction is located at approximately 5.0 Ao, (b)  the energy 

values E, decrease sharply after the transition state and (c) the electronic state 

changes its multiplicity to the triplet on leaving the TS. The calculated activation energy 

Ea = 169.458 kcal/mol and the reaction energy118.346 kcal/mol are to be compared 

with 152.346 kcal/mol; and 116.012 kcal/mol, as calculated previously applying DFT 

(6-311+ G) method [2]. It should be noticed that the present calculated C…H distance 

for the TS (~5.0 Ao) is longer than the distance of reference [2], (~3.7 Ao), where a more 

elaborate Gaussian basis was applied.  
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Table 1: B3LYP-DFT(6-31G) calculated energy values for the C-H bond rupture 

reaction in benzene. 

E  (kcal/mol) E  (kcal/mol) R(C—H)  Ao

3.448 -145701.161 1.000 

0145704.609-       1.100( origin )

22.688 145681.921-1.400 

55.667 145648.941-1.700 

84.398 145620.210-2.000 

107.044 145597.564-2.300 

124.295 145580.313-2.600 

137.282 145567.326-2.900 

147.048 145557.561-3.200 

154.369 145550.239-3.500 

159.777 145544.832-3.800 

162.516 145542.093-4.000 

164.683 145539.925-4.200 

166.376 145538.232-4.400 

167.683 145536.925-4.600 

168.687 145535.921-4.800 

169.458 145535.150-5.000(TS)

118.346 -145586.263 5.100 triplet

118.345 145586.264-5.200triplet 

118.344 145586.265-5.300triplet 

118.343 145586.265-5.400triplet 

118.343 145586.266-5.500triplet 

Throughout the reaction the C6H5 fragment maintains its C2v symmetry, after 

departing the initial D6h structure of benzene (Figure 2). Figure 3 shows the change in 

the C-C bond lengths of the 6-membered ring due to the C-H rupture reaction.   

   
   (a)     (b) 

Figure 2: The calculated structures for (a) the transition state and (b) the reaction 

product for the C-H rupture reaction in benzene. Ao
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     RCH (Ao).

Figure 3: Changes in the C-C bond lengths of the 6-membered ring due to the C-H 

rupture reaction; --- ---(C1- C2), --- —(C2 – C3), --- —(C3 – C4). 

Apparent is the decrease in the bond lengths of the C1-C2 and C1-C6 bonds 

towards the double bond lengths (1.337 Ao) and of C2-C3 towards 1.410 Ao as the 

reaction proceeds. The multiplicity of the reacting molecule changes to the triplet after 

the transition state. Figure 4 shows a comparison of the two ab initio reaction curves a- 

considering the change in multiplicity to the triplet and b- neglecting such change. All 

C-C bond distances get shorter around the TS and increase on leaving that area. 

(a)       (b) 

Figure 4: Comparison of the two ab initio C-H reaction curves (a) considering the 

change in multiplicity to the triplet and (b) neglecting the change in multiplicity.
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C-H Bond Rupture in Toluene 

Scheme1: Adopted IUPAC numbering of the C and H atoms in toluene. 

Unlike benzene different types of C-H bonds exist in toluene molecule  

(Scheme 1). These are; the CH3-C7, the C-Hortho, the C-Hmeta and the C-Hpara.

Consequently different reaction paths are expected for their bond breaking. 

Figure 5 shows the calculated energy curve for the C1-H1 bond rupture. The 

increase in energy of the molecule on increasing the bond distance towards the TS is 

obvious. During the reaction the motion of the H1 atom proceeds in the plane of the 

aromatic ring, approaching the (H7c) atom that belongs to the methyl group. At the 

transition state, the H1….H7c is calculated to be 2.678 Ao. Beyond the transition state 

the two H atoms unite to form H2 molecule (RH—H is 0.749 Ao) leaving the aromatic ring, 

with a  radical structure (Figure 6). 

Figure 5: The calculated energy curve for the C1-H1 bond rupture reaction in toluene. 

R (C1—H1) Ao

Etol
kcal/mol

Ea= 156.612 
kcal/mol 

Er=120.014 
kcal/mol 

Bond rapture 
position 
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(a)

(b)             

Figure 6: Transition state (a) and end product (b) structure of the C1-H1 bond rupture 

reaction in toluene. 

Figure 6 shows that, whereas the transition state is completely planar the final product 

is slightly deformed towards the chair form. The calculated activation energy for the 

reaction is 156.61 kcal/mol and the reaction energy is 120.014 kcal/mol. 

As for C---Hmeta bond rupture the calculated activation energy is 169.50 kcal/mol and 

the reaction energy is 118.215 kcal/mol (Figure 7) The Hmeta reaction proceeds in a 

coplanar manner with no participation from the methyl group. 

Figure 7: The calculated energy curve for the C-Hmeta bond rupture reaction, in toluene 

The coplanarity of the molecule is maintained throughout the reaction. The 

formed - radical shows shorter bond lengths for C1-C2 and C2-C3 than other C-C 

bonds in the ring. 

The coplanarity of the reaction is maintained for the C3-H3 bond rupture too. Its 

calculated activation energy is 167.315 kcal/mol and the reaction energy is 118.694 

R (C2—H2) Ao

Etol.
kcal/m Ea= 169.503 

kcal/mol

Er= 118.215 
kcal/mol

Bond rapture 
position 
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kcal/mol (Figure 8). The formed, -radical shows a Cs symmetry and the C3-C2 and C3-

C4 bonds are shorter than the other four C-C bonds in the ring. Figure 9 shows the 

calculated structures for the transition state and final product of the reaction. 

Figure.8: The calculated energy curve for the C3-H3,para bond rupture reaction of 

toluene. 

(a)            (b) 
Figure 9: Transition state and end product structure of the C3-Hpara bond rupture 

reaction; (a) transition state; (b) end product. 

According to the same calculations, the C7-H7 bond breaking reaction shows the 

smallest activation energy, 132.635kcal/mol and least reaction energy, 94.437kcal/mol. 

The reaction energy value is to be compared with the experimental value 89.700 

kcal/mol [5]. Figure 10 shows the reaction energy curve and figure 11 shows the 

structures for both transition state and reaction final product 

Figure 10: The calculated energy curve for the C7-H7 bond rupture reaction. 

R (C3—H3) Ao

Er= 118.694 
kcal/mol 

Bond rapture 
position 

Ea=167.315 kcal/mol 

R (C7—H7a) Ao

E
kcal/mol
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kcal/mol 

Bond breacking 
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(a)      (b) 

Figure 11: Transition state and end product structure of the C7-H7 bond rupture 

reaction 

For comparison purposes, the results of our calculations of benzene and toluene 

are presented in table 2. 

Table 2: The calculated activation and reaction energies for all C-H ruptures in toluene 

and toluene. 

C-H  E*(kcal/mol) Ereaction(kcal/mol) Ereaction(exp.) 

Benzene  169.458  118.346   113.56 [3] 

To;uene 

C1-H1(ortho) 156.610  120.014 

C2-H2(meta) 169.503  118.215 

C3-H3(para) 167.315  118.694 

C7-H7.(CH3) 132.635   94.437   89.700 [5]  

Conclusion
Studying the energy values of toluene as compared with those of benzene, 

(Table 2) one may conclude the following arguments; 

-  The low activation energy for the ortho hydrogen is due to the participation of the 

neighbored CH3 group leading to the formation of the H2 molecule in a concerted 

manner. 

-  The meta C-H bond shows similar energy values to benzene, due to the non-

conjugation of the formed -radical with the methyl , molecular orbitals.. 

-   The slightly low energies for the para-C-H bond are caused by the -conjugation 

of the formed radical -molecular orbital with the methyl , molecular orbitals. 

-  The lowest energies for the methyl C-H bonds are caused by the formation of the      

conjugated benzyl radical.  

Note. All DFT calculations were carried out applying the G03 program system of Pople 

and coworkers[7].
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