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The formation of the first aromatic ring plays an important role in defining the chemical reaction pathways
responsible for polycyclic aromatic hydrocarbon (PAH) and soot formation. In this work, the relative importance
of cyclo-C5 species formation with respect to thecyclo-C6 one from the attack of vinyl radical on 1,3-butadiene
has been investigated through quantum Rice-Ramsperger-Kassel (QRRK) theory and quantum chemistry.
A fast and accurate method, which differs from the standard G2MP2 method in that geometries were optimized
with B3LYP/6-31G(d,p), has also been proposed and validated. Kinetic constants for each elementary process
involved in the reaction mechanism were determined with conventional transition-state theory. It has been
found that the rate of formation of C5H6

c5 is always larger than that of C6H8
c6 in the whole temperature range

investigated (that is, 500-2000 K). All of the results presented in this work lead to the conclusion that the
reaction paths involvingcyclo-C5 species cannot be neglected in the detailed kinetic modeling of combustion
processes when the first aromatic ring formation is involved.

1. Introduction

Nowadays, fossil fuels combustion is the main source of
power for humanity. This will be also true in the near future
because alternative energy sources cannot play a significant role
in the next decades, thus enlarging the problems due to the
atmospheric pollutants emission.1 In particular, over the past
several years attention has been focused on the emission of
harmful airborne species, such as polycyclic aromatic hydro-
carbons (PAH) and soot.2

The emission control of the harmful combustion products calls
for the development of cleaner combustion devices. This will
be possible only on the basis of a better physical and chemical
understanding of the combustion processes. Although many
important details of the PAH and soot formation are not
completely understood, there is a general agreement on the main
feature of the processes involved, and they have been recently
reviewed by Richter and Howard.3 The process starts with the
formation of molecular precursors of soot (most probably heavy
PAHs of molecular weight 500-1000 amu), followed by the
nucleation from heavy PAHs (where mass is converted from
molecules to particles of about 2000 amu molecular mass and
1.5 nm diameter) and by the growth of particles through the
addition of gaseous molecules or the reactive particle-particle
collision. However, the soot formation mechanism strongly
depends on the operating conditions. For instance, it has been
recently proposed that in slightly sooting flame conditions the
soot formation occurs through the rearrangement of a large
amount of transparent (in the visible) particles that are formed
by fast reactions among small PAHs before soot inception.4

In any case, PAH formation proceeds through lighter aromatic
compounds. Therefore, the formation of the first aromatic ring
plays an important role in defining the chemical reaction
pathways responsible for soot formation. Among others, benzene
is an important intermediate.

A possible benzene formation channel involves the attack of
vinyl radical on 1,3-butadiene or the 1,3-butadienyl radical attack
on acetylene, both followed by hydrogen elimination:5-8

1,3-Butadienyl radical can be formed by vinyl radical addition
to acetylene:

A second possible pathway involves the recombination of
propargyl radical:9

while propargyl radical can be formed by CH2 radical addition
to acetylene:

An alternative path to benzene involves ethylene attack to
cyclopentadiene:10

where a route to cyclopentadiene is again from the attack of
vinyl radical on 1,3-butadiene:11

Unfortunately, despite the extensive work on the chemical
reactions leading to the first aromatic ring, there is not yet a* To whom correspondence should be addressed.

C2H3 + 1,3-C4H6 T n-C6H9 T c-C6H9 T

c-C6H8 + H T benzene+ H2 + H (1)

C2H2 + 1,3-C4H5 T n-C6H7 T c-C6H7 T benzene+ H (2)

C2H2 + 1,3-C4H5 T n-C6H7 T benzene+ H (3)

C2H3 + C2H2 T 1,3-C4H5 (4)

2C3H3 T c-C5H4dCH2 T benzene (5)

CH2 + C2H2 T C3H3 (6)

C2H4 + c-C5H6 T benzene+ H + CH3 (7)

C2H3 + 1,3-C4H6 T n-C6H9 T c-C5H6 + CH3 (8)
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general agreement on the dominant benzene formation path-
way.12 In particular, while extensive, but not conclusive, work
has been carried out on the benzene formation from linear
molecule cyclization, until now relatively less effort has been
devoted to investigate the cyclopentadiene production channels
and its successive reactions to benzene.

For instance, Westmoreland et al.12 carried out a systematic
screening of benzene formation pathways using the idea of
chemical activation (chemically activated intermediates can form
aromatics directly from the reactants without producing any
observable intermediate) and the quantum Rice-Ramsperger-
Kassel (QRRK) approach. However, they have not considered
the cyclopentadiene channels, and several reaction rates used
for the QRRK computations have been estimated using ther-
mochemical kinetics or other simplified methods.

In this framework, the main aim of this work has been to
investigate the cyclopentadiene production pathway from vinyl
radical and 1,3-butadiene. Because of the lack of experimental
information and to allow a fair comparison among different
reaction channels, all of the relevant thermodynamic and kinetic
parameters required by the QRRK approach have been estimated
through quantum chemistry methods. Moreover, with the aim
of validating the proposed approach, a comparison with some
experimental results concerning similar reactions has been
carried out and other chemical reactions relevant for cyclo
hydrocarbons with five and six carbon atoms have been also
investigated.

2. Method

The reaction between C2H3 and C4H6 is a complex process
that, depending on the operating conditions, can yield a variety
of products. To investigate the relative importance of the
different reaction paths, as well as to determine the absolute
rate of addition of C2H3 and C4H6, we used quantum Rice-
Ramsperger-Kassel (QRRK) theory, as modified by Dean13 to
extend it to bimolecular reactions. The parameters needed by
QRRK are the rate of intermolecular energy transfer between
excited and nonexcited species, the kinetic constants for each
elementary reaction, and the mean vibrational frequencies for
all of the reacting chemical species. Because many of these
parameters are not known for the reacting species here
considered, they were calculated from first principles. Quantum
chemistry, because of the development of high-accuracy meth-
ods and the increase of computer speed, is in fact being used
more and more to determine reaction pathways and kinetic
constants relevant to PAH and soot formation.14,15 The rate of
intermolecular energy transfer was evaluated as suggested by
Troe16 adopting Lennard-Jones collision rates with collisional
efficiencies,â, calculated as follows:

where∆E is the mean energy transferred per collision, for which
a -980 cal/mol value was adopted. This is consistent with a
N2 collision partner, the species present in the highest concen-
tration when the combustion environment is air.

Forward kinetic constants for all of the elementary reactions
involved in the reaction mechanism were calculated with
quantum chemistry. Backward kinetic constants were determined
from the forward kinetic constants by applying thermodynamic
consistence (i.e., using the equilibrium constant) with calculated
entropy and enthalpy changes. Geometries of reactants, products,
and transition states were optimized adopting density functional

theory, with correlation and exchange energies calculated with
the B3LYP functionals17 and the 6-31G(d,p) basis set. The
stability of all of the optimized structures was characterized
through frequency calculations. A structure was considered
stable only if it was without imaginary frequencies, and
transition states were characterized by a single imaginary
frequency. The energy of each molecule was calculated using
a procedure similar to that adopted in the G2MP2 method.18

The energy of the molecule, the structure of which was
determined with the B3LYP/6-31G(d,p) method, was first
calculated at the QCISD(T)/6-311+G(d,p) level. A correction
for the basis set error was determined by subtracting from the
energy calculated with the MP2 method with the 6-311++G-
(3dp,2f) that calculated with the 6-311+G(d,p) basis set. Then,
energies were corrected for remaining deficiencies (higher-level
correction, HLC) adopting the empirical factors determined by
Curtiss et al.18 for eachR andâ valence electron for the G2MP2
method (4.8 and 0.19 mhartree, respectively). The thermal
contribution (TE) to energy at 300 K, including zero-point
energy (ZPE), calculated with B3LYP/6-31(g,p) was finally
added, resulting in the following expression for the energy:

This method differs from the standard G2MP2 theory in that
the structures were optimized with B3LYP rather than MP2.
This modification is similar to that used in the G3 method19

and increased the accuracy of the calculated energies. Finally,
kinetic constants of each reaction were corrected for the
tunneling effect adopting the Wigner’s perturbation theory
equation.20 All calculations were performed with the Gaussian
98 suite of programs.21 Low vibration frequencies (i.e., smaller
than 100 cm-1) in transition states were explicitly treated as
rotors following the rules suggested by Gilbert et al. for
unimolecular reactions.22

In the following, we distinguish kinetic constants calculated
with QRRK theory, which are the result of a complex reaction
mechanism, from those of elementary reactions, calculated with
transition-state theory (TST), referring to them as QRRK and
TST rate coefficients, respectively.

3. Results and Discussion

3.1. Evaluation of TST Rate Coefficients.The overall
reaction scheme considered is reported in Figure 1. The reaction
is started by the addition of C2H3 to C4H6 to form the linear
hexadienyl radical (C6H9

l). Because the reaction is exothermic,
C6H9

l is in a vibrationally excited state (C6H9
l*). Five different

reactions are then possible. The first is the deactivation due to
the collision with the bath gas resulting in the formation of

â
1 - â0.5

) -∆E
1.15kbT

(9)

Figure 1. Kinetic pathway following the reaction of addition of C2H3

to C4H6.

E ) E(QCISD(T)/6-311G(d,p))+
E(MP2/6-311++G(3dp,2f))- E(MP2/6-311G(3d,p))+

HLC + ZPE+ TE (10)
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C6H9
l. Alternatively, C6H9

l* can cyclize forming two species:
the cyclopentendienyl radical (C6H9

c5) or the cyclohexenyl
radical (C6H9

c6). Finally, C6H9
l* can dissociate into the reactants

or lose a hydrogen atom and form C6H8
l. Both C6H9

c5 and
C6H9

c6, produced by cyclization of C6H9
l*, are in an excited

state, with an energy equal to that of the excited state of C6H9
l*

from which they are produced plus the reaction energy change.
The reactivity of the two excited species is similar to that of
C6H9

l*: they can either dissociate to C5H6
c5 and C6H8

c6 or open
the aromatic ring and form again C6H9

l* or collide with a
molecule of the bath gas and give the corresponding nonexcited
species. The dissociation of C6H9

c5 into C5H6
c5 and CH3

proceeds through the formation of the methylcyclopentenyl
radical (C5H6-CH3). Because the activation energy for C5H6-
CH3 to give back C6H9

c5 is higher than that required to dissociate
into C5H6

c5 and CH3 (48.3 vs 30.0 kcal/mol), we assumed that
the reaction from C6H9

c5 to C5H6
c5 and CH3 occurs in a single

reactive step. The TST rate coefficient was set equal to that of
the conversion of C6H9

c5 into C5H6-CH3. The kinetic constant
of the reaction of addition of C6H8

c6 and H has been experi-
mentally measured23 at 298 K and is in good agreement with
the calculated value (9.0× 1011 vs 3.0× 1011 cm3/(mol s)).

The formulation of QRRK theory that we used is reported
by Dean13 for reactions with two possible excited species. Here,
the equations were modified to account for three parallel reaction
paths. The rate equations can be derived straightforwardly by
applying the steady-state condition to the excited molecules
C6H9

l*, C6H9
c5*, and C6H9

c6*. In this procedure, it is important
to calculate the quantized thermal energy distribution,k(E,T),
from the bottom of the potential well for each excited species.
In particular, the potential well of C6H9

c5* and C6H9
c6* differs

from that of C6H9
l* by a value equal to the difference between

the respective enthalpies of formation. Kinetic constants of all
considered reactions were determined through the conventional
transition-state theory and the calculated preexponential factors
and activation energies are reported in Table 1. The tunneling
correction was significant for the reaction from C6H9

c5 to C5H6-
CH3, for which an imaginary vibrational frequency of 2078 cm-1

was calculated. The transition-state structures for the C2H3 and
C4H6 addition reaction, for the two cyclization reactions, and
for the formation of the C5H6

c5 species are reported in Figure
2. All of the calculated transition states were without low
vibrational frequencies except for the reaction between C2H3

and C4H6.
The rate of the reaction of addition of C2H3 to C4H6 influences

the overall rate of the process. The calculated activation energy
is 2.8 kcal/mol and the preexponential factor, determined
through conventional transition-state theory with vibrational
frequencies and moments of inertia calculated from the opti-
mized structure, is 1.05× 1011 cm3/(mol s). The transition state
of this reaction presents five low vibrational frequencies: 27.4,

55.5, 120.9, 131.7, and 173.4 cm-1. In the harmonic oscillator
approximation, a small vibrational frequency can be indicative
of a small energetic barrier for the relative motion of a part of
the molecule with respect to the other. This suggests that some
of the lowest vibrational degrees of freedom might be best
treated as rotors rather than vibrations. For this reason, the
rotational motions corresponding to each vibration were ana-
lyzed in detail. The first two low vibrational frequencies can
be attributed to the bending of the C2H3 fragment with respect
to the C2H3-C4H6 bond (as sketched in Figure 3, first and
second rocking motion), while the last two correspond to the
bending of C4H6 with respect to the same bond. The 120.9 cm-1

vibrational frequency is the torsional motion around the C2H3-
C4H6 bond, and in the lack of detailed information on the
potential energy surface for this motion, it was treated as a
vibration. It can be observed that, if this motion were treated
as an unhindered rotation, the rotational partition function value
would be 4.8 at 300 K, with respect to the 2.3 value of the
corresponding vibrational partition function. Because 4.8 can
be considered as the upper limit of the partition function of the
torsional motion and even a small energy barrier for the rotation
would rapidly decrease its value to the vibrational limit, it can
be concluded that the error introduced with this approximation
is negligible. For each of the four remaining vibrations, a few
points were taken on the potential energy surface of the
corresponding rotation. It was found that a large energy barrier
prohibits the rocking motion on the C1-C2-C3 plane (see
Figure 3), which corresponds to the 55.5 and 173.4 cm-1

vibrational frequencies, while the other motion is almost
unhindered. The energy barrier preventing the first rocking
motion is probably due to the repulsive interaction of the
hydrogen atom (labeled H1 in Figure 3) of the C2H3 fragment
with C4H6. Accordingly, the first motion was treated as a
vibration, while the second was considered as a free rotor.
Because each internal motion corresponds to two vibrational
frequencies, the TST rate coefficient was calculated considering
two vibrational modes (27.4 and 131.7 cm-1) as internal
rotations. The value so calculated is 4.2× 1013 cm3/(mol s),
thus significantly larger than that calculated with conventional
transition-state theory considering all internal motions as
vibrations (1.05× 1011 cm3/(mol s)).

In Tables 2 and 3, enthalpy changes and activation energies
for the considered reactions determined at different levels of
theory are reported. The modified G2MP2 theory calculates
reaction enthalpies that differ from the available experimental
values by a mean value of 0.9 kcal/mol. The error is larger for
the B3LYP results, with a mean difference between calculated
and experimental data equal to 2.7 kcal/mol. Curtiss et al.18

calculated the mean absolute deviation from experimental values
for the G3X(MP2) theory, which is essentially similar to the
method here adopted, to be 1.19 kcal/mol. With this value, the

TABLE 1: Calculated TST Rate Coefficients,k ) ATr exp(-E/(RT))a

reaction Aforw R Ea,forw Aback R Ea,back

k1 C2H3 + C4H6 f C6H9
l 4.2× 1013 0 2.8 1.0× 1020 -1.0 48.7

kc5 C6H9
l f C6H9

c5 6.4× 1011 0 21.2 8.32× 1012 0 22.2
kc6 C6H9

1 f C6H9
c6 1.1× 1012 0 23.2 8.7× 1013 0 30.1

k2 C6H9
c5 f C5H6-CH3 1.4× 1013 0 30.0 4.1× 1013 0 48.3

k3 C6H9
1 f C6H8

l + H 6.3× 1012 0 40.0 1.8× 1010 1 2.0
k4 C6H9

c6 f C6H8
c6 + H 1.7× 1013 0 32.5 8.8× 109 1 1.3

k5 C5H6-CH3 f C5H6 + CH3 2.0× 1013 0 39.4 2.8× 107 1 6.8

a Geometries were optimized with B3LYP/6-31G(d,p); frequencies were calculated with B3LYP/6-31G(d,p); energies were calculated with G2MP2,
modified as described in the text, on geometries optimized with B3LYP/6-31G(d,p). Preexponential factor and activation energies are reported in
units consistent with kcal, s, mol, and cm. The rate coefficients of the backward reactions were calculated through the thermodynamic consistence
with calculated free energy changes.
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average error at 1000 K for the calculation of TST rate
coefficient in the Arrhenius form is smaller than 2, which is
often within the experimental uncertainties for kinetic constants
measurements. It can be also observed that the modified G2MP2
method offers a substantial improvement over the activation
energies calculated with the B3LYP method. This result is
obtained performing only two single-point energy calculations
(QCISD(T) and MP2/6-311++(3dp,2f)) after optimizing the
reactants and transition-state structures with B3LYP.

3.2. Validation through Comparison with C2H3 + C3H6

Reaction Data.A detailed study of the reaction of addition of

C2H3 and C4H6 would require the complete mapping of the
potential energy surface for the different rotational motions.
Then, the corresponding partition functions should be evaluated,
thus explicitly treating the low vibrational frequencies as rotors
hindered by an energy barrier (e.g., Speybroek et al.24).
Unfortunately, the numerical calculation of the potential energy
surface requires optimizing the transition-state structure at
different rotational angles for a large number of points, which
is extremely computationally demanding at the level of theory
here adopted. Thus, because the error associated with the
simplified treatment of the internal rotational degrees of freedom
is not easily estimated, we used the same approach to determine
the rate constant for the reaction between C2H3 and C3H6. This
process is similar to the one that we are investigating, and it
has been experimentally studied.25 Kinetic constants for the two
major reaction pathways were measured with an uncertainty
factor of 3. The transition state for the reaction of addition of
C2H3 and C3H6, shown in Figure 4, is geometrically similar to
that of the former reaction, and it is characterized by five low
vibrational frequencies: 11, 97, 132, 165, and 217 cm-1. They
correspond to the same rocking and torsional motions found
for the reaction of addition of C2H3 and C4H6 and were therefore
treated as two 1-dimensional free rotors and three vibrations.
The preexponential factor calculated is equal to 9.9× 1011 cm3/
(mol s), while the activation energy is equal to 4.4 kcal/mol.

Figure 2. Transition state structure for the reactions (a) C2H3 + C4H6 f C6H9
1, (b) C6H9

1 f C6H9
c5, (c) C6H9

1 f C6H9
c6, and (d) C5H6

c5 f
C5H6

c5-CH3. Distances are reported in Å and angles in deg.

Figure 3. Rotational motion of the C2H3 radical in the C2H3 + C4H6

reaction.
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The QRRK preexponential coefficient calculated considering
all internal motions as vibrations is 7.3× 1010 cm3/(mol s).
The possible products of the reaction through the reaction paths
shown in Figure 5 are C4H6 and C5H8. TST rate coefficients
for the reactions from C5H9 to C4H6 and C5H8 were calculated
as well and are reported in Table 4.

QRRK theory was used to evaluate the overall reaction rate
for the formation of the reaction products from C2H3 and C3H6.
The mean vibrational frequency of the activated complex
calculated through quantum chemistry was equal to 1051.1
cm-1, while the Lennard-Jones parameters for C5H9 were

calculated adopting the Fuller contribution volumes method26

as 5.9 Å and 178.7 K. The collision partner was N2, and all of
the calculations were performed at atmospheric pressure. The
comparison between calculated and experimental rate coef-
ficients is reported in Figure 6. The experimental values are
overestimated by a factor of 3 at 500 K, are almost equal to the
calculated values at 1000 K, and are underestimated at 1500 K
by a factor of 4, which is similar to the experimental uncertainty.
The decrease of reaction rates at higher temperatures is
determined by the increase of the reaction rate of the backward
reaction, which decreases the concentration of the excited
species C5H9*. This trend, which is not confirmed experimen-

TABLE 2: Comparison among Reaction Enthalpy Changes (kcal/mol) Calculated at 298 K and 1 Atm with Different Quantum
Chemistry Methodsa

B3LYP/
6-31G(d,p)

QCISD(T)/
6-311+G(d,p)

MP2/
6-311+G(3df,2p)

MP2/
6-311+G(d,p) G2MP2* expt30

C2H3 + C4H6 f C6H9
l -45.4 -50.7 -53.9 -53.2 -45.1

C6H9
l f C6H9

c5 1.1 -3.8 -8.8 -12.5 0
C6H9

l f C6H9
c6 -6.2 -8.8 -14.4 -16.3 -6.9

C6H9
c5 f C5H6

c5 + CH3 14.6 17.3 14.2 16.7 14.9
C6H9

l f C6Hg
l + H 40.4 38.6 28.0 28.6 38.0

C6H9
c6 f C6Hg

c6 + H 35.3 31.7 26.1 27.3 30.4
C2H3 + C4H6 f C5H6

c5 + CH3 -31.7 -30.4 -41.7 -42.5 -29.5 -29.0
C2H3 + C4H6 f C6H8

c6 + H -17.8 -20.3 -34.8 -34.8 -20.4 -20.9
C2H3 + C4H6 f C6H8

l + H -7.1 -5.2 -19.0 -17.8 -6.4 -4.8

a G2MP2* is different from the original G2MP2 method in that geometries were optimized with B3LYP/6-31G(d,p). All energies are corrected
for ZPE and thermal energies with frequencies calculated with B3LYP/6-31G(d,p).

TABLE 3: Comparison among Activation Energies Calculated with Different Quantum Chemistry Methodsa

B3LYP/
6-31G(d,p)

QCISD(T)/
6-311+G(d,p)

MP2/
6-311+G(3df,3p)

MP2/
6-311+G(d,p) G2MP2*

C6H3 + C4H6 f C6H9
l 1.3 3.1 15.5 15.7 2.8

C6H9
l f C6H9

c5 17.9 20.7 24.5 23.8 21.3
C6H9

l f C6Hg
c6 22.5 22.6 30.1 29.5 23.2

C6H9
c5 f C5H6

c5 + CH3 30.2 32.6 40.2 39.5 30.1
C6H9

l f C6Hg
l + H 41.3 41.4 32.0 33.2 40.2

C6H9
c6 f C6Hg

c6 + H 36.0 35.1 34.5 37.0 32.6

a The G2MP2* method is different from the original G2MP2 method in that geometries were optimized with B3LYP/6-31G(d,p).

Figure 4. Transition-state structure for the reaction of addition of C2H3

and C3H6.

Figure 5. Kinetic pathway following the reaction of addition of C2H3

and C3H6.

TABLE 4: Calculated TST Rate Coefficients of the
Elementary Processes Involved in the Reaction of Addition
of C2H3 and C3H6

a

reaction Aforw Ea,forw Aback R Ea,back

k1 C2H3 + C3H6 f C5H9 3.4× 1012 4.4 3.2× 1018 -1 44
k2 C5H9 f 2,4-C5H8 + H 2.2× 1012 35.1
k3 C5H9 f C4H6 + CH3 5.5× 1012 32.0

a Geometries were optimized with B3LYP/6-31G(d,p); frequencies
were calculated with B3LYP/6-31G(d,p); energies were calculated with
G2MP2 on geometries optimized with B3LYP/6-31G(d,p). Preexpo-
nential factor and activation energies are reported in units consistent
with kcal, s, mol, and cm.

Figure 6. Comparison between experimental (- - -) and calculated
(s) QRRK rate coefficients at 1 atm for the reaction of formation of
2,4-C5H8 + H and C4H6 + CH3 from C2H3 and C3H6.

Quantum Chemistry Computation of Rate Constants J. Phys. Chem. A, Vol. 106, No. 34, 20027773



tally, might be caused by the simplified treatment of the
vibrational degrees of freedom made by QRRK theory, which
assumes all of the molecular vibrations to be equal to the mean
molecular vibrational frequency. The ratio between the rates of
formation of the two products is also similar to that experi-
mentally determined. These results were obtained assuming that
C5H9 is not formed as a stable product of the reaction. In other
words, when formed from collisional stabilization of C5H9*, it
rapidly reacts with a bath molecule to give back the excited
state.

3.3. Analysis of the C2H3 + C4H6 Reaction. The same
approach successfully used to investigate the addition of C2H3

and C3H6 was then applied to study the more complex reaction
of addition of C2H3 to C4H6. Lennard-Jones parameters for the
collisional stabilization reaction were found in the literature.12

The mean vibrational frequencies of the excited molecules were
evaluated with calculated vibrational frequencies and were 990,
1062, and 1129 cm-1 for C6H9

l*, C6H9
c5*, and C6H9

c6*,
respectively. The QRRK rate coefficients for the reactions of
production of C5H6

c5, C6H8
c6, C6H8

l, and C6H9
l, calculated at 1

atm as a function of temperature, are shown in Figure 7. The
QRRK rate coefficient for the backward reaction, that is, the
reaction from excited C6H9

l* back to C2H3 and C4H6, is also
reported for comparison. As its rate increases, the rates of all
of the overall reactions from the reactants to the various products
correspondingly decrease. The species produced in the largest
amount is C6H9

l, followed by C5H6
c5, C6H8

c6, and C6H8
l
. The

higher rate of production of C5H6
c5 with respect to C6H8

c6 comes
from a kinetic effect. In fact, the C6H9

c5* adduct is thermody-
namically less stable by 6.5 kcal/mol than C6H9

c6*. Therefore,
even if the activation energy for the formation of C6H9

c5* is
smaller than that for the formation of C6H9

c6*, the backward
reaction is faster. This results in a lower concentration of the
C6H9

c5* excited species with respect to C6H9
c6*. The rate of

production of C5H6
c5 is higher anyway because the TST rate

coefficient for its formation from C6H9
c5* is faster than that for

the formation of C6H8
c6 from C6H9

c6*. From the analysis of
the data reported in Figure 7, it appears evident that the
temperature dependence of many of the considered reactions is
markedly non-Arrhenius. This is a consequence of the explicit
consideration of the population of the excited states of the
intermediates, which are formed as a step of the reactive process,
as well as of the complexity of the reaction mechanism.

The products formed through collisional stabilization, C6H9
l,

C6H9
c5, and C6H9

c6, are thermodynamically unstable at high
temperatures and are therefore likely to react rapidly once
formed. In a combustion environment in which N2 is the most
abundant species, it is reasonable to assume that, after being
generated, they get back to their excited state through collisional
excitation. This assumption is reproduced imposing a zero net
production rate for these species. Performing the calculations
under this hypothesis, the results reported in Figure 8 are
obtained. The species produced at the highest rate is now C5H6

c5,
with an increase of the QRRK rate coefficient with respect to
the case when the formation of the stabilized adducts was
considered equal to a factor of 5 at 1000 K. The same effect is
observed for C6H8

c6 formation reactions. The Arrhenius param-
eters of the QRRK rate coefficients for the formation of C5H6

c5,
C6H8

c6, C6H8
l, C6H9

l, C6H9
c5, and C6H9

c6 were fitted through
nonlinear regression both for when the formation of collisional
stabilized adducts was neglected and for when it was not
neglected, and they are reported in Table 5. The QRRK rate
coefficients were interpolated at two different pressures (1 and
0.01 atm). It can be observed that neglecting the collisional
stabilization pathways makes the reactions pressure-independent.
A comparison between the QRRK rate coefficients calculated
with the full kinetic scheme of Figure 1 and without collisional
stabilization is reported in Figure 9 as a function of pressure at
1000 K. As expected, when the pressure is reduced, the QRRK
rate coefficient approaches asymptotically the pressure-inde-

Figure 7. QRRK rate coefficients calculated for the addition of C2H3

to C4H6 at 1 atm. All possible products were considered. Backward
reaction refers to C6H9

l f C2H3 + C4H6.

Figure 8. QRRK rate coefficients calculated for the addition of C2H3

and C4H6 at 1 atm. The net rate of formation of adducts (C6H9
l
, C6H9

c5,
and C6H9

c6) was set equal to 0. Backward reaction refers to C6H9
l f

C2H3 + C4H6.
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pendent value. It is interesting to analyze the relative importance
of the different reaction channels analyzed. If we consider the
C6H9 adducts as stable species, at 1000 K and 1 atm the relative
rate of formation of C5H6

c5, C6H8
l, C6H9

l, C6H9
c5, and C6H9

c6

with respect to C6H8
c6 is 1.6, 0.11, 18.3, 1.2, and 0.3,

respectively. If we neglect the formation of stabilized adducts,
then the relative rate of formation of C5H6

c5, C6H8
l, and C6H8

c6

in the same conditions becomes 1.45, 0.06, and 1.
It is also important to note that the QRRK rate coefficients

for the reaction of addition of C2H3 to C4H6 can account for
the formation of benzene in butadiene flames at low pressure
(2.67 kPa) and a fuel equivalence ratio of 2.4. The rate of
formation of benzene experimentally measured27 ranges from
about 5× 10-8 to 8× 10-7 mol/(cm3 s). In the same conditions,
the rates of formation of C5H6

c5 and C6H8
c6 determined using

the QRRK rate coefficients, the measured concentrations of
C2H3 and C4H6, and the measured temperature range from 2×
10-7 to 9 × 10-7 and from 9× 10-8 to 6 × 10-7 mol/(cm3 s),
respectively.

The same conclusions arise also from the comparison with
the concentrations of C6H8

c6 and C5H6
c5 measured by Brezinsky

et al.29 in butadiene flames at atmospheric pressure and for fuel
equivalence ratios varying between 0.55 and 1.65. According
to the reaction mechanism here proposed, C6H8

c6 and C5H6
c5

are formed at a similar rate, with C5H6
c5 being slightly more

abundant than C6H8
c6. This is in agreement with the experi-

mental results in a wide range of fuel equivalence ratio values.
3.4. Analysis of the C6H8

c6 + H and C5H6
c5 + CH3

Reactions.These reactions, which follow backward the same
reaction pathway previously described, are important because
they can influence the net rate of production ofcyclo-C5 and
-C6 species. The reaction rates previously estimated for the
kinetic scheme reported in Figure 1 allow for a fast computation
of the necessary kinetic parameters.

First, the addition of hydrogen to cyclohexadiene, which
follows the mechanism reported in Figure 10, was investigated.
The reaction proceeds through the formation of the C6H9

c6*
adduct, which can then be stabilized through collision with the
bath gas or can open the cyclic hydrocarbon forming C6H9

l*.
The linear C6 adduct can then decompose into C2H3 and C4H6;
C6H8

l and H, be stabilized through collision with the bath gas
or form the C6H9

c5* adduct. It can be argued that the direct
pathway leading from C6H9

c6* to C6H9
c5* might be faster than

passing from the intermediate C6H9
l* species. This reaction was

investigated, and its transition-state was determined. The
activation energy, calculated at the B3LYP/6-31G(d,p) level,
is equal to 61 kcal/mol, significantly higher than the 23 kcal/
mol necessary to form C6H9

l*. Accordingly, it appeared reason-
able to neglect this reaction pathway. We can see that, apart
from k-4, all of the other kinetic parameters involved in the

TABLE 5: QRRK Rate Coefficients for the Reaction of Addition of C2H3 and C4H6
a

P ) 1 atm P ) 0.01 atm.

reaction log10 A R Ea log10 A R Ea

Products C5H6
c5, C6H8

c6, C6H8
l

C2H3 + C4H6 f C5H6
5 + CH3 30.4 -5.73 6247 30.4 -5.73 6247

C2H3 + C4H6 f C6H8
c6 + H 31.6 -6.19 6036 31.6 -6.19 6036

C2H3 + C4H6 f C6H8
l + H 19.1 -2.42 6053 19.1 -2.42 6053

Products C5H6
c5, C6H8

c6, C6H8
l, C6H9

c6, C6H9
c5

C2H3 + C4H6 f C5H6
5 + CH3 28.4 -5.08 7141 30.5 -5.73 7097

C2H3 + C4H6 f C6H8
c6 + H 32.1 -6.19 8130 33.7 -6.71 7733

C2H3 + C4H6 f C6H8
l + H 17.9 -2.06 6050 18.0 -2.14 5396

C2H3 + C4H6 f C6H9
c6 31.0 -6.54 1835 44.8 -11.22 6903

C2H3 + C4H6 f C6H9
c5 66.7 -16.76 21 037 57.6 -14.90 12 714

Products C5H6
c5, C6H8

c6, C6H8
l, C6H9

c6, C6H9
c5, C6H9

l

C2H3 + C4H6 f C5H6
5 + CH3 33.3 -6.18 16 065 23.6 -3.62 4685

C2H3 + C4H6 f C6H8
c6 + H 35.6 -6.98 16 462 26.7 -4.65 5537

C2H3 + C4H6 f C6H8
l + H 27.8 -4.65 17 116 17.8 -1.99 6810

C2H3 + C4H6 f C6H9
c6 -2.48 3.76 -7894 -32.2 12.16 -24 588

C2H3 + C4H6 f C6H9
c5 46.8 -10.79 15 068 39.4 -9.45 5158

C2H3 + C4H6 f C6H9
l 45.7 -10.16 13 223 40.3 -9.36 5185

a Three cases involving different products were considered. The kinetic constant values were fitted between 500 and 2500 K at 1 and 0.01 atm.
k ) ATR exp(-Ea/(RT)). Preexponential factor and activation energies are reported in units consistent with kcal, s, mol, and cm.

Figure 9. Comparison between the QRRK rate coefficients calculated
for the reaction of addition of C2H3 to C4H6 toward C5H6

c5 and C6H8
c6

at 1000 K both considering and neglecting the formation of stabilized
adducts.

Figure 10. Kinetic pathway considered for the reaction of addition of
C6H8

c6 and H.

Quantum Chemistry Computation of Rate Constants J. Phys. Chem. A, Vol. 106, No. 34, 20027775



reaction scheme have been already estimated in the previous
part of this work. This allows, at the expense of a single reaction
rate estimation, us to compute the kinetic parameters for all of
the paths reported in Figure 10. The results of the calculations
carried out using the parameters reported in Table 1 are shown
in Figure 11. C6H9

c6, followed by C6H9
l and C6H9

c5, is the
principal product of the reaction at low temperatures, while C2H3

and C4H6 are the most rapidly produced species at higher
temperatures. Neglecting the formation of all of the stabilized
adducts, similarly to what was done for the addition of C2H3

and C4H6, determines an increase of the net rate of formation
of C4H6 and C2H3, C5H6

c5 and CH3, and C6H8
l and H. QRRK

rate coefficients for the various reaction channels, interpolated
between 500 and 2500 K, are reported in Table 6 at 1 and 0.01
atm. Three different cases were considered. In the first, all of
the species were explicitly considered as possible products of

the reaction; in the second, the QRRK rate coefficients were
computed assuming that the net rate of production of C6H9

l is
negligible; in the third, the formation of C6H9

c6 and C6H9
c5 was

also neglected.
In a similar way, the reaction between C5H6

c5 and CH3 has
also been investigated. This reaction proceeds in two steps. First,
methyl reacts with C5H6

c5 to give methylcyclopentadiene
(C5H6-CH3). The TST rate coefficient for this reaction is
reported in Table 1. Successively, C5H6-CH3 can get in an
excited state through collisional energy transfer and form the
adduct C6H9

c5*, which can successively react following the
kinetic pathway outlined in Figure 12. Also in this case, the
rate of formation of the products of the reaction were determined
with QRRK theory. The results of the calculations, carried out
using the TST rate coefficients of Table 1, are reported in Figure
13. Butadiene and C2H3 are the most stable species at high
temperatures, while at lower temperatures, where collisional
stabilization dominates, the C6H9

c5 and C6H9
l adducts are the

principal products. The QRRK rate coefficients interpolated
between 300 and 2500 K at 1 and 0.01 atm are reported in Table
7. As in the previous case, three different conditions in which
the adducts are or are not considered as products of the reaction
have been considered. If the formation of the stabilized adducts
is neglected, the rate of conversion of C5H6-CH3 into C6H8

c6

and H increases significantly, thus becoming a viable alternative
route of formation ofcyclo-C6 species.

4. Summary and Conclusions
The formation of the first aromatic ring plays an important

role in defining the chemical reaction pathways responsible for

Figure 11. QRRK rate coefficients calculated for the addition of C6H8
c6

and H at 1 atm. All possible products were considered.

TABLE 6: QRRK Rate Coefficients for the Reactions of Addition of C6H8
c6 and Ha

P ) 1 atm P ) 0.01 atm.

reaction log10 A R Ea log10 A R Ea

Products C2H3 + C4H6, C5H6
c5, C6H8

l

C6H8
c6 + H f C2H3 + C4H6 35.5 -5.75 31 809 35.5 -5.75 31 809

C6H8
c6 + H f C5H6

c5 + CH3 34.6 -6.56 15 905 34.6 -6.56 15 905
C6H8

c6 + H f C6H8
l + H 29.9 -5.15 24 908 29.9 -5.15 24 908

Products C2H3 + C4H6, C5H6
c5, C6H8

l, C6H9
c6, C6H9

c5

C6H8
c6 + H f C2H3 + C4H6 43.66 -7.97 39 556 36.3 -5.98 32 478

C6H8
c6 + H f C5H6

c5 + CH3 55.4 -12.10 37 175 44.2 -9.18 24 021
C6H8

c6 + H f C6H8
l + H 41.2 -8.18 36 001 33.0 -5.98 27 313

C6H8
c6 + H f C6H9

c6 53.5 -12.20 20 055 55.4 -13.49 15 485
C6H8

c6 + H f C6H9
c5 73.1 -17.98 37 638 64.8 -16.46 25 557

Products C2H3 + C4H6, C5H6
c5, C6H8

l, C6H9
c6, C6H9

c5, C6H9
l

C6H8
c6 + H f C2H3 + C4H6 48.7 -9.32 44 550 36.6 -6.08 32 766

C6H8
c6 + H f C5H6

c5 + CH3 61.1 -13.64 43 870 45.6 -9.57 25 262
C6H8

c6 + H f C6H8
l + H 46.8 -9.67 41 952 33.7 -6.18 27 904

C6H8
c6 + H f C6H9

c6 53.5 -12.20 20 039 55.4 -13.49 15 485
C6H8

c6 + H f C6H9
c5 78.3 -19.32 45 021 67.0 -17.05 27 623

C6H8
c6 + H f C6H9

l 74.3 -17.89 40 691 66.7 -16.60 26 896

a Possible products were C2H3 + C4H6, C5H6
c5, C6H8

l, C6H9
c6, C6H9

c5, and C6H9
l. Values were fitted between 500 and 2500 K at 1 and 0.01 atm.

k ) ATR exp(-Ea/(RT)). Preexponential factor and activation energies are reported in units consistent with kcal, s, mol, and cm.

Figure 12. Kinetic pathway considered for the reaction of decomposi-
tion of C5H6-CH3.
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PAH and soot formation. A possible benzene formation channel
involves the ethylene attack to cyclopentadiene, which in turn
can be formed from the attack of vinyl radical on 1,3-butadiene.
This reaction channel has been poorly investigated in the
literature, and consequently, it is often disregarded in the
proposed detailed kinetic schemes.

In this work, the relative importance ofcyclo-C5 species
formation with respect to thecyclo-C6 one has been studied
through quantum Rice-Ramsperger-Kassel (QRRK) theory.
Because of the lack of experimental information and to allow
a fair comparison among different reaction channels, all of the
relevant thermodynamic and kinetic parameters required by the
QRRK approach have been estimated through quantum chem-
istry methods. A new approach, similar to that used in the G3
method to increase the accuracy of the calculated energies, has
been used. It requires the optimization of the geometries of
reactants, products, and transition states using the density

functional theory, with correlation and exchange energies
calculated with the B3LYP functionals and the 6-31G(d,p) basis
set, while the energy of each molecule is calculated using a
procedure similar to that adopted in the G2MP2 method. In other
words, this approach differs from the standard G2MP2 method
in that geometries were optimized with B3LYP/6-31G(d,p).

This allows for a faster yet accurate estimation of the kinetic
parameters. The reliability of this approach for the reactions
involved in this study has been estimated by comparing its
predictions both with the prediction of other methods and, when
available, with some experimental results. It has been found
that its results are always comparable and usually better than
that of B3LYP/6-31G(d,p), QCISD(T)/6-311+G(d,p), MP2/6-
311+G(3df,2p), and MP2/6-311+G(d,p) for what concerns the
prediction of the reaction enthalpy change. Moreover, when
considering a similar reaction (that is, the addition of C2H3 to
C3H6), a good agreement (that is, inside the experimental
uncertainty) has been found between model predictions and
experimental data.

Using this approach, we performed a detailed analysis of the
reaction paths following the addition of C2H3 to C4H6 to form
the hexadienyl radical. The overall reaction rates of the various
reaction patterns leading tocyclo-C5 and -C6 species depend
on the other species considered in the reaction network.
However, it has been always found that the rate of formation
of C5H6

c5 is larger than that of C6H8
c6 in the whole temperature

range investigated (that is, 500-2000 K). Moreover, the kinetic
constant values estimated can account for some experimental
evidences referring to benzene formation rate, as well as the
relative abundance ofcyclo-C5 or -C6 species.

Finally, also the rates of the reactions from thecyclo-C5 or
-C6 species back to other species involved in the reaction
network have been estimated. This gives an idea of the reactivity
of these species once formed. A channel for the conversion of
C5H6

c5 into C6H8
c6, passing through the addition of CH3, was

identified, and QRRK rate coefficients were calculated. This
provides a further route of formation of benzene throughcyclo-
C5 species.

All of these results lead to the conclusion that the reaction
paths involvingcyclo-C5 species cannot be neglected in the
detailed kinetic modeling of combustion processes when the
first aromatic ring formation is involved.

TABLE 7: QRRK Rate Coefficients for the Reaction of Decomposition of C5H6 - CH3 into C2H3 + C4H6, C5H6
c5, C6H8

l,
C6H9

c6, C6H9
c5, and C6H9

l Fitted between 500 and 2500 K at 1 and 0.01 atm,k ) ATr exp(-Ea/(RT))a

P ) 1 atm P ) 0.01 atm.

reaction log10 A R Ea log10 A R Ea

Products C2H3 + C4H6, C6H8
c6, C6H8

l

C5H6-CH3 f C2H3 + C4H6 41.0 -7.30 79 826 41.0 -7.30 79 826
C5H6-CH3 f C6H8

c6 + H 37.1 -7.38 63 305 37.1 -7.38 63 305
C5H6-CH3 f C6H8

l + H 39.7 -7.87 76 030 39.7 -7.87 76 030

Products C2H3 + C4H6, C6H8
c6, C6H8

l, C6H9
c6, C6H9

c5

C5H6-CH3 f C2H3 + C4H6 45.8 -8.62 84 055 41.2 -7.35 79 962
C5H6-CH3 f C6H8

c6 + H 56.8 -12.77 81 000 40.2 -8.24 65 660
C5H6-CH3 f C6H8

l + H 46.5 -9.73 82 237 40.0 -7.97 76 304
C5H6-CH3 f C6H9

c6 77.1 -19.30 82 301 57.4 -14.56 62 950
C5H6-CH3 f C6H9

c5 51.1 -11.50 63 705 43.7 -10.20 53 266

Products C2H3 + C4H6, C6H8
c6, C6H8

l, C6H9
c6, C6H9

c5, C6H9
l

C5H6-CH3 f C2H3 + C4H6 51.85 -10.26 89 848 41.5 -7.43 80 188
C5H6-CH3 f C6H8c6 + H 65.3 -15.03 90 247 42.6 -8.90 67 558
C5H6-CH3 f C6H8

l + H 53.6 -11.60 89 372 40.6 -8.12 76 762
C5H6-CH3 f C6H9

c6 84.0 -21.06 91 751 60.6 -15.42 65 909
C5H6-CH3 f C6H9

c5 51.5 -11.60 64 042 43.7 -10.20 53 262
C5H6-CH3 f C6H9

l 78.1 -18.97 85 534 64.6 -16.11 67 182

a Preexponential factor and activation energies are reported in units consistent with kcal, s, mol, and cm.

Figure 13. QRRK rate coefficients calculated for the decomposition
of C5H6-CH3 at 1 atm. All possible products were considered.
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