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Abstract  The free-radical growth mechanisms for the formation of polycyclic arenes (PCAs) were constructed 
based on the block unit of benzene, and were calculated by the quantum chemistry PM3 method. Two kinds of reaction 
paths are proposed and discussed. The calculation results show that the formation of PCAs is only controlled by the 
elimination of H atom from benzene, and the corresponding activation energy is 307.60 kJ·mol 1. H2 is only the ef-
fluent gas in our proposed reaction mechanism, and the calculation results are in accord with the experimental facts. 
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1  INTRODUCTION 

Carbon nanotubes (CNTs) are becoming an in-
creasingly important class of materials, and their 
properties and synthesis routes have been extensively 
studied. It has been indicated that the small arenes 
(such as benzene or naphthalene) are feasible materi-
als for the production of CNTs, because their aromatic 
structures are quite similar to the C C bonding char-
acteristics of the graphene sheet of carbon nanotubes, 
and corresponding growth mechanisms have been 
presented. It was speculated that the small polycyclic 
arenes (PCAs) formed before the building up of the 
CNTs probably played a positive role in the mass 
production of CNTs [1 3]. Therefore, the investigation 
of the formation of PCAs is significant. The formation 
mechanisms of PCAs has been previously proposed: 
Frenklach and co-workers [4, 5] developed a model for 
the formation of PCAs, which involved the successive 
loss of ring hydrogen atoms followed by acetylene 
addition to the ring and subsequent ring closure reac-
tion; the Bittner-Howard mechanism [6] also involved 
acetylene additions, but in this mechanism, the second 
acetylene molecule was added to the first one, which 
then reacted with an existing ring to form an addi-
tional ring; and the third mechanism involved the re-
action of two C5H5 rings followed by a rearrangement 
to form two fused C6 rings [7].  

Recently, well-graphited and quasi-aligned CNTs 
have been produced with benzene [8, 9], and the ther-
mal analysis-mass spectroscopy technique was applied 
to clarify the growth mechanism of CNTs. A surpris-
ing fact was that no possible hydrocarbon species de-
rived from benzene were detected, indicating that the 
C C bond was not broken under the experimental 
conditions. As a result, the six-member-ring growth 

mechanism was reasonably put forward [8]. This 
mechanism suggested that the PCAs were built up 
based on the block unit of benzene. 

With the rapid development of computational 
chemistry in the last few years, it has been used as a 
powerful tool to verify researchers’ guesses from a 
microcosmic point of view, to present clear image of 
many chemical processes, and to reveal the essence of 
various processes and phenomena [10 14]. However, 
few studies on the growth of PCAs according to the 
six-member-ring mechanism have been conducted [15]. 

In terms of the six-number-ring growth mecha-
nism of CNTs proposed by our previous work [8], the 
kinetic models of PCAs formation without 
ring-opening and from benzene precursors were estab-
lished in our investigation, and the growth mechanism 
of the whole process (including dehydrogenation, 
condensation and fused ring) was theoretically studied 
using the quantum chemistry calculation method. 

2  MODEL CONSTRUCTION AND COMPUTA-
TIONAL METHOD 

According to the experimental results [8], two 
competitive reaction paths were designed to describe 
the growth mechanism of PCAs, as shown in Fig. 1. 
Every reaction step of the two constructed paths was 
interpreted in terms of the main microscopic features 
of bond order, Mulliken population, net charge and 
frontier orbital energy, etc. The cycle forming P1 was 
defined as Cycle 1, and the reaction cycle using the 
product of previous cycle as the reactant and follow-
ing the same reaction mode was defined as Cycles 2 6, 
respectively. 

Due to the large molecular structure discussed in 
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this research, theoretical calculations were carried out 
using the semi empirical PM3 method in the MOPAC 
7.0 program [16]. The initial estimates of the geometry 
of all the structures including reactants, products, in-
termediates (IM) and transition states (TS) were ob-
tained by the molecular mechanics program of CS 
ChemOffice Pro [17], followed by full optimization of 
all geometric variables (bond lengths, bond angles and 
dihedral angles). A lot of free-radicals were involved, 
so spin unrestricted was chosen. The keyword “pre-
cise” was selected because of the energy comparison 
of near structures. Vibrational analyses were carried 
out to characterize them as either equilibrium struc-
tures (all real harmonic vibrational frequencies) or 
transition states (one and only one imaginary vibra-
tional mode corresponding to the reaction coordinate). 
Zero point vibrational energies (ZPE) were taken into 
account. All the calculations were carried out on a 
Lenovo personal computer (Lenovo Co., China) with 
a P4 3.2 G CPU and 1 GB internal memory. 

In order to evaluate the reliability of the selected 
method and parameters, the bond dissociation energy 
(BDE) of several molecules were calculated, and the 
comparison of the calculation and experimental results 
was shown in Table 1. As we can see, the calculation 
results are in agreement with experimental structural 
parameters, the largest deviation of BDE is lower than 
2.0 kJ·mol 1. 

Table 1  Comparison of bond dissociation energies 
between the calculation and experimental values 

BDE/kJ·mol 1 Model 
compound Radical X· Hf/kJ·mol 1 

Cal. Exp.[18] 

H H H· 217.995 435.990 436.002 

F F F· 79.036 158.072 156.996 

Cl Cl Cl· 121.294 242.588 242.580 

Note: Hf denotes the heat of formation of different free-radicals. 

Figure 1  The Cycle 1 of reaction mechanism from benzene precursor 
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3  RESULTS AND DISCUSSION 

According to the transition state theory of Eyring 
[10], the activation energies of every step along the 
growth cycles of PCAs, derived from the energy dif-
ference between a transition state and a reactant or an 
intermediate, were calculated. Correspondingly, the 
produced PCAs grew step by step from P1 (C18H12) to 
P6 (C48H22) (shown in Fig. 2), and the growth process 
using benzene as a block unit without ring-opening 
went through six cycles.  

3.1  Formation process of PCAs through Path 1 

Path 1 mainly focuses on the dissociation of the 
C H bond from benzene or PCAs, Steps 2 and 6 are 
the free-radical combination reaction without an en-
ergy barrier, in other words, the reaction activation 
energy is zero. Steps 1, 3, 4 and 5 are homolytic 
cleavage of C H bond, and the activation energies of 
every step in different cycles are listed in Table 2.  

Table 2  The activation energy of every step of 
Path 1 in different cycles 

Activation energy Ea/kJ·mol 1 
Cycle 

Step 1 Step 3 Step 4 Step 5 

1 307.60 270.79 291.97 276.59 

2 307.60 270.79 286.46 268.97 

3 307.60 270.79 255.13 246.74 

4 307.60 270.79 253.22 236.76 

5 307.60 270.79 246.56 233.76 

6 307.60 270.79 245.36 229.46 

Steps 1 and 3 are the common steps for every cy-
cle, and the corresponding activation energies keep at 

constant. With the growth of PCAs, it can be seen 
from Table 2 that the activation energies of Steps 4 
and 5 gradually decrease, which could be explained by 
the average Mulliken population of the C H bond in 
the subsequent discussion. Then, the activation energies 
of Steps 4 and 5 have a decreasing tendency. There-
fore, Step 1 is the rate-determining step in Path 1, and 
the corresponding activation energy is 307.60 kJ·mol 1. 

3.2  Formation process of PCAs through Path 2 

Obtaining specific information for the formation 
process of Path 2 is relatively complicated in contrast 
to Path 1. By searching the transition states of Path 2 
in Cycle 1, it is found that Step 7 is an elementary re-
action via one transition state TS1 leading to IM1; 
however, from IM1 to P1, Step 8 involves three tran-
sition states (TS2, TS3 and TS4) and two intermedi-
ates (IM2 and IM3). The typical geometry structural 
parameters of the transition states and intermediates 
are shown in Fig. 3 and Table 3. The detailed reaction 
process is followed by IM1 TS2 IM2 TS3  
IM3 TS4 P1.  

It can be seen from Table 3 that the C6-C9 dis-
tance in the process of IM1 P1 is shorten from 0.386 
nm to 0.142 nm, and the process has a tendency to 
form a conjugate structure. At the same time, the 
C1 C12 and C2 C5 bond lengths decrease from 
0.147 nm to 0.142 nm, gradually approaching the 
C C bond length in benzene molecule. Moreover, the 
lengths of the C6 H14 and C9 H13 bond are much 
longer than that of the common C H bond, ade-
quately reflecting the process of H-elimination.     

C12 C9 C6 decreases from 151.2° in IM2 to 120.0° 
in P1, suggesting that the reaction takes place towards 
the direction of the conjugate structure. In the IM2 P1 
process, the C12 C1 C2 and C2 C5 C6 
disciplinarily decrease to 120.0° for the formation of 
the conjugate structure. With the reaction going on, 
the dihedral angles of C9 C12 C1 C2 and 

Figure 2  The produced PCAs during the growth process 
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C1 C2 C5 C6 decrease and gradually reduce to 
zero. Interlaced planes of the reactant gradually fuse 
to the conjugated system, and the whole molecule be-
comes a nearly planar structure. 

The energy relation profiles along the Cycle 1 are 
shown in Fig. 4. It can be seen that the maximum en-
ergy barrier correspond to TS3. So IM2 IM3 is the 
rate-determining step, the corresponding activation 

Figure 3  The atomic number of transition states and intermediates in Step 8 

Table 3  The typical geometry structural parameters of transition states and intermediates in Path 2 

Species Bond length/nm Bond angle/(°) Dihedral angle/(°) 

IM1 C6 C9 0.386 C12 C9 H14 119.7 C2 C1 C12 C9 108.5 
 C9 H14 0.110 H13 C6 C5 119.6 C1 C2 C5 C6 61.2  
 C6 H13 0.110 C12 C1 C2 124.4 C12 C1 C2 C5 0.0 
 C1 C12 0.147 C2 C5 C6 123.0 H13 C6 C5 C2 178.7  

TS2 C6 C9 0.343 C9 H14 C6 63.4 C2 C1 C12 C9 98.4 
 C9 H14 0.110 C9 H13 C6 78.4 C1 C2 C5 C6 36.9  
 C6 H13 0.394 C12 C1 C2 123.5 C12 C1 C2 C5 0.9 
 C9 H13 0.110 C2 C5 C6 123.1 H13 C6 C5 C2 96.1  

IM2 C6 C9 0.278 C12 C9 C6 151.2 C2 C1 C12 C9 58.6 
 C9 H13 0.240 H14 C6 C9 131.5 C1 C2 C5 C6 26.7  
 C6 H14 0.233 H13 C9 C6 134.9 C12 C9 C6 H14 66.7 
 C1 C12 0.147 C9 C6 C5 119.9 H13 C9 C6 C7 65.8 

TS3 C6 C9 0.282 C12 C9 C6 146.7 C2 C1 C12 C9 9.8 
 C9 H13 0.440 H14 C6 C9 33.5 C1 C2 C5 C6 9.2  
 C6 H14 0.244 H13 C9 C6 81.0 H13 C9 C6 C7 8.3 
 C1 C12 0.144 C2 C5 C6 122.3 C12 C9 C6 H14 119.4 

IM3 C6 C9 0.172 C12 C9 C6 134.7 C2 C1 C12 C9 5.6 
 C6 H14 0.240 H14 C6 C9 39.9 C1 C2 C5 C6 6.7  
 C1 C12 0.144 C12 C1 C2 121.9 C12 C9 C6 H14 96.7 
 C2 C5 0.143 C9 C6 C5 120.9 C12 C9 C6 C5 6.7  

TS4 C6 C9 0.142 C12 C9 C6 121.7 C2 C1 C12 C9 2.1 
 C6 H14 0.412 C12 C1 C2 121.1 C1 C2 C5 C6 1.7  
 C1 C12 0.142 C9 C6 C5 120.2 C12 C9 C6 C5 0.7  
 C2 C5 0.142 C2 C5 C6 120.6 C12 C9 C6 H14 16.7 

P1 C6 C9 0.142 C12 C9 C6 120.0 C2 C1 C12 C9 1.0 
 C5 C6 0.142 C12 C1 C2 120.0 C1 C2 C5 C6 0.1 
 C1 C12 0.142 C9 C6 C7 120.0 C12 C9 C6 C7 179.6  
 C1 C2 0.142 C2 C5 C6 120.0 C12 C9 C6 C5 0.0 
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energy of this cycle is 377.75 kJ·mol 1. Fig. 4 shows 
that the energy of the reactants (R+C6H5·) is much 
higher than that of the products (P1+H·+H2), indicat-
ing that this reaction is thermodynamically favorable. 
Similarly, Cycle 2 also follows the same growth proc-
ess as Cycle 1, but the activation energy of Cycle 2 is 
320.15 kJ·mol 1.  

However, by searching for the transition state in 
Cycle 3, we found that Step 8 underwent only one 
transition state. The specific kinetic calculations illus-
trated in Fig. 5 show that the energy of the reactants 
(P2+C6H5·) is still higher than that of the products 
(P3+H·+H2), suggesting that this reaction is also ther-
modynamically favorable. So Step 8 is the rate-   
determining step of Cycle 3 in Path 2, the corre-
sponding activation energy is 308.75 kJ·mol 1. Then, 
Cycles 4 6 are calculated and the results show that 
there still exist only one transition state as in Cycle 3. 
Hence, it is inferred that the subsequent formation 
reaction of larger PCAs follows the same growth 
process as Cycle 3.  

Interestingly, it is observed that the activation 
energies of Steps 7 and 8 decreases with the increasing 
of ring numbers of the PCAs (see Table 4). So the re-
action activity of the compounds increase along with 

the condensation process, which could be explained 
by the average C H bond length and Mulliken popu-
lation of the compounds in the next section. Moreover, 
starting from Cycle 4, the energy barrier of Step 8 is 
lower than that of Step 1, Step 1 became the 
rate-determining step in Cycles 4 6 of Path 2, the 
corresponding activation energy is 307.60 kJ·mol 1. 

Table 4  The activation energy of every step in Path 2 with 
different growth cycles 

Activation energy Ea/kJ·mol 1 
Cycle

Step 7 Step 8 Step 8 
IM1 IM2 

Step 8 
IM2 IM3

Step 8 
IM3 P1

1 75.70 96.45 377.75 254.60 

2 74.35  98.52 320.15 232.45 

3 62.16 308.75    

4 61.76 297.96    

5 59.75 243.97    

6 58.69 237.24    

Figure 4  Energy relation profiles along the Cycle 1 in Path 2 (in kJ·mol 1)

Figure 5  Energy relation profiles along the Cycle 3 in Path 2 (in kJ·mol 1)
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3.3  Analysis and determination of the main reac-
tion path 

The activation energies of Cycles 1 6 during the 
growth process of the two paths are presented in Fig. 6. 
The main reaction path was decided by the compari-
son of the reaction activation energies. Because the 
activation energy of the rate-determining Step 3 in 
Path 1 is less than that of the rate-determining Step 8 
in Path 2 before Cycle 4, with the increasing of ring 
number of fused polycyclic arenas, it is concluded that 
Path 1 is the main reaction path before Cycle 4, the 
restriction of the growth rate of PCAs is controlled by 
the H-elimination of benzene (Step 1). Starting from 
Cycle 4, Paths 1 and 2 become two-parallel reaction 
paths with the same rate-determining Step 1 in the 
whole growth process of PCAs. The growth rate of 
PCAs is still controlled by the elimination reaction of 
H atom from benzene in Step 1, and the corresponding 
activation energy is 307.60 kJ·mol 1. It is proposed 
that the formation of other larger PCAs involve 
two-parallel Paths 1 and 2.  

Figure 6  Activation energy profiles of different steps from 
Cycles 1 6 in Paths 1 and 2 

 Step 1;  Step 3;  Step 4;  Step 5;  Step 8 

In addition, taking into account the average C H 
bond length as well as the Mulliken population, we 
found that the average C H bond length increases 
with the increasing of ring numbers of the fused 
polycyclic arenes. Correspondingly, the Mulliken 
population of the C H bond decreases during the 
condensation process, as listed in Table 5. These  
results imply that the growth reaction activity     
increases during the process of growth reaction be-
cause of the weakening intensity of the C H bonds, 
which may be induced by the delocalization of elec-
trons on PCAs plane. 

The calculation results show that the plane orien-
tation of PCAs would be formed gradually along with 
the fusing of the aromatic ring. Some relevant ex-
perimental results [8, 19] validate the trends of the 
PCA’s growth mechanism discussed above. H2 is only 
the effluent gas in reaction mechanism we propose, 
the calculation results act in accord with the experi-
mental facts. 

Table 5  The average Mulliken population of C H bond 
in the growth product of PCAs 

PCA species Molecular formula Mulliken population of C H bond

R C6H6 0.376761 

P1 C18H12 0.376455 

P2 C24H14 0.375745 

P3 C30H16 0.375676 

P4 C36H18 0.375668 

P5 C42H20 0.375424 

P6 C48H22 0.375309 

P7 C54H24 0.375238 

P8 C60H26 0.375083 

P9 C78H32 0.374995 

4  CONCLUSIONS 

The growth mechanisms of polycyclic arenas 
based on the block unit of benzene were brought for-
ward in this study, which explained the experimental 
facts of no hydrocarbon species during the synthesis 
of carbon materials from benzene precursors. The cy-
cle mode of two reaction paths in the growth mecha-
nisms of polycyclic arenas and the main reaction steps 
of every path were confirmed. The microscopic as 
well as thermodynamic descriptions of transition 
states and intermediates in the reaction were given out, 
and the activation energies of every reaction step  
were obtained. 

The growth mechanisms were applied to study 
the reactivity of polycyclic arenas growth; the calcula-
tion results show that the H-elimination of benzene 
leading to phenyl is the key step in the whole growth 
mechanisms of polycyclic arenas. Especially for the 
formation of larger polycyclic arenas, the H-elimination 
of benzene is the rate-determining step in the whole 
reaction process. 
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