
 1 

Theoretical Study of the C6H7 Energy Surface 

Xavier Lories! ,1, J. Vandooren2, D. Peeters1 

UniversitŽ catholique de Louvain 
1 Laboratoire de Chimie Quantique (CSTR) 

2Laboratoire de Physico-Chimie de La Combustion 
Place Louis Pasteur 1, B-1348, Louvain-La-Neuve, Belgium 

Abstract  
The theoretical determination of rate constants is based on the description of the potential energy surface 

corresponding to the reacting systems under investigation. In this work, the part of the C6H7 potential energy surface 
concerning the addition of acetylene on i-C4H5 is described. The energies were obtained by the G3B3 model 
chemistry.    
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Introduction 
Nowadays, the combustion of hydrocarbons is 

still vastly used in motor vehicles and for heating and 
power generation. Incomplete combustion of those 
hydrocarbons leads to the formation of Polycyclic 
Aromatic Hydrocarbons (PAH) and soot. Those 
compounds are known for causing cancers and lung 
diseases [1-3]. Their mechanisms of formation are 
therefore major concerns in combustion chemistry [4-
6]. It is well admitted that this formation passes 
through that of one of the first aromatic rings. These 

first rings and their precursors have been, and still are 
the subject of numerous studies, both experimental  
[7-9] and theoretical [10-12].  

In this work, we propose an analysis of the C6H7 
energy surface in the regions of acetylene addition on 
i-C4H5. Most of the features are compared with the 
results of Senosiain and Miller on that same surface 
[13], using unrestricted B3LYP 6-311++G(d,p) 
geometries and restricted post-Hartree-Fock single 
point calculations. Comparison are also made with 
the early work of Melius and coworkers [14]. 

 

Figure 1: Energy diagram of the part of the C6H7 surface considered in this work. 
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Specific Objectives 
One of the main diff iculties in combustion 

modeling is to obtain reliable rate constants for the 
reactions included in the reaction mechanism. 

Theoretical determination of kinetic data is based 
the description of the potential energy surface for the 
reactions studied. 

The analysis of such surfaces by quantum 
chemical approaches provides important insight on 
the details of the reaction mechanism as well as 
structural and vibration data concerning the various 
minima (reactants, intermediate (INT) and products) 
and saddle points (TS).  

The aim of this work is to calculate these data for 
the C6H7 energy surface, and therefore to provide the 
necessary information for rate constant calculations. 

Model chemistry 
The energies were obtained using the G3B3 

model chemistry [15]. This method uses density 
functional theory optimized geometries. In this 
particular case, the Becke, three parameters (Lee, 
Yang, Parr) exchange correlation functional (B3LYP) 
is used in combination with the 6-31G(d) basis set. 
Geometries of transition states were identified 
through their number of imaginary frequencies and 
connectivity of those transition states were 
systematically checked through IRC (Intrinsic 
Reaction Coordinates ) calculations [16]. Frequencies 
are obtained at that same level of theory as 
geometries. Those frequencies are then scaled by a 
factor of 0.96 to f it as well as possible theoretical to 
experimental data. 
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Figure 2:  Structures of the minima appearing on the 
surface and nomenclature used throughout this work 

Energy corrections are obtained from single point 
calculations at the B3LYP 6-31G(d) geometry. 

A first calculation is carried out at the Quadratic 
Configuration Interaction level with Single and 
Double excitations and connected Triples [17] 
(QCISD(T, FC)), not including core electrons in the 
excitations (Frozen Core approximation: FC) with the  

6-31G(d) basis set. The correction accounts for 
electron correlation and is obtained through: 

 

! 

"(QCI) = E QCISD(T) /6# 31G(d)[ ]
                # E MP4(FC) /6# 31G(d)[ ]  

 
The second and third corrections are used to 

adjust the energy for the effects of diffuse and 
polarized function in the basis set. This is done 
through Full fourth order M¿ller Plesset calculations 
within the frozen core approximation (MP4SDTQ 
(FC), hereafter noted simply MP4) using extended 
basis sets. The 6-31+G(d) basis set is used to account 
for diffusion functions effects and the 6-31g(2df,p) 
one for polarization. The corrections are obtained 
through: 

!  

" (+) = E MP4(FC) /6# 31+G (d)[ ]
          # E MP4(FC) /6# 31G (d)[ ]  

 

! 

"(2df , p) = E MP4(FC) /6# 31G (2df , p)[ ]
                  # E MP4(FC) /6# 31G (d)[ ]  

 
A correction for larger basis set effects, core 

correlation and for non-additivity caused by the 
assumption of separate basis set extension for diffuse 
and polarization functions is obtained by a second 
order M¿ller Plessset calculation including all  
electrons (MP2 Full (FU)). The basis set used is the 
GTLarge basis set which has been developed for the 
Gaussian series of model chemistries. 
 

!  

" (GTL) = E MP2(FU) /GTLarge[ ]
                # E MP2(FC) /6# 31G (2df , p)[ ]
                # (E MP2(FC) /6# 31+G (p)[ ]
                # E MP2(FC) /6# 31G (p)[ ])  

 
A Higher Level Correction (HLC) is also 

introduced. This is a parameterized empirical  
correction function of the number of "  and # 
electrons. The parameters, A and B,  have been 
optimized to f it as well as possible the data of the 
G2/97 test set. 

 

! 

"(HLC) = #An
$
# B(n

%
# n

$
)
 

 
The total G3B3 energy at 0 K (ZPE excluded) is 

obtained by combining those different energy 
corrections 

 

!  

E(G3B3) = E MP4(FC) /6" 31G(d)[ ] + #(QCI)

                + #(+) + #(2df , p) + #(GTL) + #(HLC)
 

 
The aim of the model is to provide an 

approximation of the QCISD(T) GTLarge level of 
theory.  

All calculations were carried out using the 
Gaussian03 software package [18]. 
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Results and Discussion 
Energies relative to benzene + H for the 

compounds appearing on the surface (Figure 1) are 
given in Table 1.  

Table 1: Relative energies (at 0 K, ZPE excluded) of 
the various compounds appearing on the surface 
(kcal.mol-1) 

Minima Saddle points 
i-C4H5+C2H2 58.13 TS1 67.80 
'i-C4H5+C2H2'

a 56.22 TS2 68.42 
INT1 31.82 TS3 68.46 
INT2 31.56 TS4 30.50 
INT3 29.36 TS5 33.81 
INT4 29.93 TS6 45.85 
INT5 28.46 TS7 15.37 
INT6 -16.16 TS8 20.11 
INT7 -21.33 TS9 8.40 
INT8 1.23 TS10 10.96 
INT9 -7.23 TS11 5.67 
INT10 -25.98 TS12 72.18 
INT11 -22.92 TS13 30.22 
'C6H6 + H' 66.50 TS14 30.23 
C6H6 + H 67.76 TS15 30.25 
'Fulvene + H' a 29.27 TS16 25.51 
Fulvene + H 31.18   
'Benzene + H' a -1.24   

a) Intermolecular complex 

Spin contamination 

The use of unrestricted wave functions inevitably 
leads to questions about the magnitude of the spin 
contamination. In this section, we will briefly discuss 
this issue.  

Figure 5 indicates that the spin contamination is 
globally proportional to the magnitude of ! QCI 
correction.  

Assuming that introduction of correlation has a 
similar effect in each case, we hope that this provides 
a correction for spin contamination that allows us to 
trust the relative G3B3 energies. 

i-C4H5 

The i-C4H5 radical is most often considered as the 
secondary daughter radical of 1,3-butadiene. From 
this point of view, the structure of this radical should 
be planar and the compounds should be stabilized by 
resonance. 

In this work, the geometry obtained is non-planar, 
therefore breaking resonance. This makes the i-C4H5 
radical rather the daughter radical of 1,2-butadiene 
rather than 1,3-butadiene. The planar geometry 
presents 1 imaginary frequency corresponding to the 
rotation of the terminal CH2 group. 

Previous work [19] suggested that multi-reference 
calculations are needed for the planar form to be a 
minimum. In this case the planar form is a very 

shallow well which converts quite fast into the non-
planar form. 

i-C4H5+C2H2 

Due to the important number of conformers in the 
branched C6H7 (b-C6H7) region, several entrance 
transition states were located for the addition step 
(see Figure 3). Those transition structures lead to 
INT1 (TS2), INT2 (TS1) and INT3 (TS3). Barriers 
heights (taken as the energy difference between the 
transition state and the intermolecular complex)  are 
respectively 12.20,  11.58 and 12.24 kcal.mol-1. 
Those value compare quite well with the 11.6 
kcal.mol-1 activation barrier proposed by Senosiain 
and Miller [13]. 

 
Figure 3: Various entrance channel to the b-C6H7 
region 

Branched C6H7 region 

There are many conformers of the branched C6H7 
radical. Examples are INT1 to INT5. Furthermore, 
each radical site may have a trans or cis HCCH 
configuration. All those forms interconvert quite 
rapidly due to the important energy released in the 
addition step. Therefore, only one of the many 
possible paths to the cyclisable INT5 has been 
considered (Figure 4). This latter path probably 
involves the highest energy rotation and hydrogen 
switch reactions in this region. Activation barrier for 
those two steps are 2.14 (rotation) and 2.88 
(hydrogen switch) kcal.mol-1. 
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Figure 4: Path considered through the different b-
C6H7 forms. 

Cyclisation step 

Cyclisation of the b-C6H7 compound  leads to a 
five members ring. This radical can undergo 
hydrogen elimination to produce fulvene.  

TS3 TS2 
 TS1 

   INT2 

INT1  INT3 
Ôi-C4H5Õ+ÕC2H2Õ 

Ôi-C4H5 + C2H2Õ 
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Figure 5: Spin contamination and absolute ! QCI corrections (kcal.mol-1) fro the various C6H7 minima and 
transition states appearing in this work. 

Activation energy for this ring closure is 17.37 
kcal.mol-1, which is 5 kcal.mol-1 higher than the value 
suggested by Senosiain and Miller (12.2 kcal.mol-1). 

The f ive members ring is also an intermediate in 
the hydrogen assisted fulvene isomerisation proposed 
by Melius and coworkers [14]. 

Despite different high-energy hydrogen transfer 
reactions, the formation of cyclohexadienyl from the 
branched C6H7 remains a lower energy path than any 
hydrogen elimination to form fulvene. This would 
probably lead to more benzene in the product 
distribution than previously expected. 

We also observe a good agreement between the 
stability of the four different f ive members rings and 
their respective number of resonance forms (See 
Table 2). This did not appear in the work of Melius 
and coworkers. 

Hydrogen elimination 

Hydrogen elimination has been considered at 
different points of the surface. The elimination from 
branched C6H7 has been considered from INT3 only. 
The C6H6 product of this reaction is an intermediate 
in the benzene fomation mechanism by propargyl 
recombination proposed by Melius and coworkers. 

Hydrogen elimination has also been considered 
from each f ive members rings. All activation barriers 
lie higher in energy than the path to benzene +H. This 
is not surprising as the reaction energy is already 
greater than the energy needed to produce benzene.  

The recombination of hydrogen with fulvene is 
almost a non activated step. The activation barriers 
are similar to the Van der Waals stabilization. Due to 
that very flat transition zone, no transition structure 

could be found for the hydrogen elimination from 
INT7.  

Finally, hydrogen elimination from INT10 has 
been considered. This reaction is the most likely  to 
occur and presents the lowest activation barrier, 
31.65 kcal.mol-1, which is again, almost 5 kcal.mol-1 
superior to the value suggested by Senosiain and 
Miller (27.1 kcal.mol-1). Addition of an hydrogen 
atom on benzene is much more energy demanding 
than the addition on fulvene. The reason is that, in the 
first case, aromaticity is broken, while in the second 
one resonance is created. 

Table 2: Relative energies and resonance forms fot 
the four f ive-memvered rings (kcal.mol-1) 

Resonance forms 
Relative  
energy 
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Conclusions 
The part of the C6H7 energy surface concerning 

the reaction pathway from i-C4H5 + C2H2 to 
benzene+H has been studied using the G3B3 model 
chemistry.  

As this method uses unrestricted wave functions, 
spin contamination issues had to be considered.  The 
magnitude of the spin contamination is related to the 
magnitude of the absolute ! QCI correction included 
in the G3B3 procedure. That latter correction was 
considered to ensure reliability of the relative 
energies. 

Several hydrogen elimination reactions were 
considered. This indicated a very flat transition zone 
for the addition of an hydrogen atom on fulvene. 

Further analysis of the surface indicated that the 
formation of fulvene + H is not the lowest energy 
C6H6 + H exit. Indeed, The hydrogen assisted fulvene 
isomerisation to benzene formation may be 
considered to obtain a lower energy path to benzene 
+ H. This should signif icantly increase the amount of 
benzene produced by the reaction. 

Comparison with the work of Senosiain and 
Miller indicated that our activation barriers tend to be 
superior of about 5 kcal.mol-1. 
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