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Ab initio density functional theory calculations are presented on some model reactions involved in coke
formation during the thermal cracking of hydrocarbons. The reactions under consideration are different
cyclization pathways for the butylbenzene radical, which can lead to a further growth of the coke layer. This
study enables us to gain more microscopic insight into the mechanistic and kinetic aspects of the reactions.
Special attention is paid to the exact treatment of internal rotations and their impact on the kinetic parameters.
Pre-exponential factors are very sensitive to the accuracy of constructing the microscopic partition functions.
In particular, the relative importance of cyclization toward five and six-membered rings is studied on the
basis of the calculated rate constants and concentration profiles of the reactants. The influence of the size of
the ring and of the relative stability of the primary and secondary butylbenzene radical on the cyclization
reaction is discussed. The activation energy for the formation of six-membered rings is approximately 30
kJ/mol lower than that for five-ring formation. The predicted values for the kinetic parameters enable us to
validate some basic assumptions on coke formation. The calculations as presented here are especially important
for complex reaction schemes, for which experimental data are not always available.

1. Introduction

Thermal cracking of hydrocarbons is one of the main
processes for the production of light olefins such as ethene. In
today’s operation of a plant for thermal cracking, simulation
models play a very important role. These models comprise two
major parts: a mathematical model of the reactor itself and a
kinetic model which describes the changes in the reactor and
the rate at which they occur. The thermal cracking of hydro-
carbons is known to proceed through a free-radical mechanism.
Small radicals are formed via C-C bond breaking and react
further via abstraction and addition reactions. Decomposition
of the formed radicals results in the desired gas-phase olefins.1

During the thermal cracking, a carbonaceous deposit, coke, is
formed on the inner walls of the reactor tubes. Radicals of the
gas phase create radical species on the coke surface at which
olefins can add. Cyclization and dehydrogenation lead to further
growth of the coke layer by incorporation of the carbon atoms.
This coke layer has a negative influence on the efficiency of
the cracking unit.2

The most difficult part of constructing a kinetic model consists
of assigning values to the rate constants of the individual
reactions. For every reaction, this requires a value for the
frequency factor and the activation energy. Taking into account
the fact that the reaction scheme contains some 500 reactions
in which some 30 molecular species and 30 radicals are
involved, it is quite obvious that the determination of some
thousand parameters by means of regression of experimental

product distributions is both practically infeasible and funda-
mentally undesirable. A possible way of dealing with this
problem is to use theoretical methods to predict the kinetic
parameters of the basic reactions occurring in the reaction
scheme. Considerable progress in this respect has been made
by Benson and co-workers.3 These methods allow estimates of
the rate coefficients on a semiempirical basis, from the structure
and energetics of the molecule or radical considered. Another
approach based on transition state theory (TST)4 was used by
Willems and co-workers5 to obtain semiquantitative predictions
for the pre-exponential factor and activation energies of gas-
phase reactions. The structure of the transition state was based
on chemical intuition. As indispensable as these methods are
from the practical viewpoint of modeling, their empirical input
limits their use for quantitative microscopic predictions, and
their relationship with fundamental molecular properties, such
as the potential energy surface, is indirect. To obtain more
insight into the microscopic scale of the reaction, ab initio
calculations can give a valuable contribution. Because of
increasing capabilities of computers and continuous optimization
of available numerical methods, theoretical calculations with
high accuracy on industrial important processes become within
the frame of applicability. Recently, ab initio calculations have
been carried out to calculate energies and frequency factors
within the framework of TST for the addition ofn-alkyl radicals
to ethene.6-8 Also, Richter and co-workers9 performed detailed
kinetic studies on the growth of small polycyclic aromatic
hydrocarbons.

In a previous paper of the authors,10 the addition reaction of
the ethylbenzene radical to ethene, the gas-phase analogue for
one of the main reactions of the coke formation network,11 has
been studied on a high ab initio level. Accurate predictions of
the Arrhenius parameters were obtained by means of TST. All
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necessary microscopic quantities like geometries, ground-state
energies, and frequencies for the evaluation of molecular
partition functions were obtained by performing a detailed
conformational and frequency analysis of reactants, products,
and activated complexes. One of the main difficulties in the
rigorous analysis of long chain hydrocarbons is the presence of
one or more internal rotors.12 These torsional motions are
generally opposed by a potential barrier depending on the
structural features inhibiting the rotation. At low temperatures,
the internal rotors can lead to good approximations in terms of
a harmonic oscillator model. At elevated temperatures encoun-
tered in the thermal cracking unit, the average energy of the
molecule largely exceeds that of the barrier, and the torsional
motion can to a good extent be modeled by a free rotor. The
intermediate case between the two extreme regimes is the one
of a hindered internal rotor. In our study on the addition reaction
of the ethylbenzene radical to ethene,10 it was found that an
explicit treatment of internal rotations on a quantum mechanical
basis may alter in a considerable way the theoretically predicted
values of the Arrhenius parameters and especially the value of
the frequency factor. The activation energy is mainly determined
by the difference in ground-state energies between the activated
complex and the reactants. This feature is not surprising because
in the internal rotation approximation the number of states in
which the molecule can reside due to thermal agitation is much
larger than that of the harmonic oscillator approach.10

In this paper, standard ab initio density functional theory
(DFT)13 calculations are performed to analyze in detail different
cyclization pathways for the butylbenzene radical. Two possible
pathways are studied as schematically depicted in Figure 1b,c.
These reactions are gas-phase analogues for basic reactions of
the coke formation, which can lead to a further growth of the
coke layer. It is a well-known feature of chemistry14 that the
stability of radicals is increased in the order of primary,
secondary, and tertiary radicals. Therefore, primary radicals can
rearrange themselves to the more stable secondary or even better
tertiary radical through the hydrogen shift. The isomerization
of the primary to the secondary radical can also occur via
successive hydrogen abstractions. In this way, the primary
butylbenzene radical, which is formed as a direct product of
the radical addition reaction (Figure 1a), can rearrange toward
the secondary butylbenzene radical. Both primary and secondary
radicals can undergo a ring closure reaction to form either a
five-membered or six-membered ring. In this study, we inves-
tigate the radical cyclization preference by calculating kinetic
parameters for the competitive pathways by means of TST. In
complete analogy with the study performed on the addition
reaction,10 we also perform a detailed conformational analysis
of the secondary butylbenzene radical. Special attention is paid

to the exact quantum-mechanical treatment of internal rotations.
The associated potential barriers for these internal motions are
obtained by high-level ab initio calculations. Furthermore,
accurate geometries and frequencies are calculated for the
different transition states and products. These quantities serve
as an input for the microscopic partition functions that can be
related to the interesting macroscopic parameters such as the
frequency factor and the activation energy. On the basis of the
theoretical predicted kinetic values, some basic assumptions of
the kinetic model describing coke formation can be established.

2. Computational Details

Transition state theory4 is an adequate method for the
evaluation of macroscopic kinetic quantities of chemical reac-
tions. It has proven its success in many studies for the
quantitative prediction of kinetic parameters.6-8,10,15In TST, the
rate coefficient for the reaction Af B is given by

wherekB represents the Boltzman’s constant,T is the temper-
ature,h is Planck’s constant,∆E0 (for further reference called
the critical energy) represents the molecular energy difference
at the absolute zero between the activated complex and the
reactant (with inclusion of the zero-point vibrational energies),
and q‡ and qA are the molecular partition functions of the
transition state and reactant, respectively. The molecular proper-
ties, such as geometries (moments of inertia), ground-state
energies, and frequencies, required for the evaluation of the
partition functions and the critical energy∆E0 are obtained by
ab initio molecular calculations.

All ab initio calculations were carried out with the GAUSS-
IAN 98 software package16 within the DFT framework13 by
using the Becke’s three parameter hybrid B3LYP functional.17

The molecular orbitals are expanded in the triple-ú 6-311G basis
augmented with single first d and p polarization functions.18

Several studies19-21 have indicated that B3LYP and even
Hartree-Fock (HF) methods are sufficiently accurate for the
estimation of the relative stabilities of different conformers and
for the calculation of the potential energy profile for internal
rotation, especially when large basis sets including polarization
functions are used. According to specific studies on similar
radical reactions,8 the B3LYP method gives a reliable and
quantitatively good description of geometries, frequencies,
reaction barriers, and pre-exponential factors. In this case where
the system of interest is quite large, B3LYP provides a viable
alternative for more computational-intensive methods like
CBS,22 G2,23 or CBS-RAD24 procedures. Energy minima were
located by full geometry optimizations with the Berny algo-
rithm.25,26 The transition structures were located according to
the following procedure: at the first stage, all variables but the
reaction coordinate are optimized while the reaction coordinate
was varied stepwise. The maximum of this linear transit served
as the starting structure of a transition state optimization using
the transit-guided quasi-Newton (STQN) method.25,26

The vibrational frequencies of the optimized structures are
also calculated at the same level of theory. It is well-known
that the B3LYP harmonic vibrational frequencies are systemati-
cally larger than the observed experimental frequencies. The
overestimation, however, is found to be relatively uniform, and
as a result, generic frequency scaling factors are often applied.
A scaling factor of 0.9614 is applied to the frequencies in the

Figure 1. (a) Addition of the ethylbenzene radical. (b, c) Cyclization
pathways for the butylbenzene radical.

k(T) )
kBT
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evaluation of the partition functions,27 while the zero-point
vibrational energies are scaled with 0.9806.27

By analyzing the vibrational spectrum of the molecule and
in particular the low vibrational modes, it is possible to identify
some motions that correspond to internal rotations. In this paper,
all internal rotations are treated in an exact quantum-mechanical
way but uncoupled. The rotational energy levels of all internal
motions are calculated by solving the appropriate one-
dimensional Schro¨dinger equation using the same numerical
algorithm as that outlined in ref 10:

whereψkm represents the rotational wave function andεk(m)
are the rotational energy levels for the internal rotationmdefined
by the dihedral angleφm. Im stands for the reduced moment of
inertia for the rotation of themth top. The rotational potential
V(φ1, φ2, ..., φM) is in principle not separable into the various
torsional angles. We apply the following approximative scheme
to reduce the dimensionality of the potential: through the
stationary points along the rotational potentialscorresponding
to fully optimized conformerssa kmax-Fourier expansion is fit:

We always have more than one harmonic, and hence, the
standard solution procedure available for one harmonic cannot
be used.28 We apply a computational procedure based on solving
the Schro¨dinger equation on a discretized angular grid, as
outlined in ref 10. Once the energy levelsεk(m) are evaluated
for each internal rotationm, the partition functionsqrot,int can
be constructed by the product over theM individual internal
rotation partition functions

with gk(m) being the degeneracy of the rotational energy level
εk(m) for the mth top andσint the symmetry number of the
internal rotation. The number of eigenstates chosen is high
enough to get sufficient convergence of the rotational partition
function.

In this way, we achieve one of the main goals of this reaction
study: we have established a microscopic description of the rate
constant versus temperature according to eq 1. Following the
Arrhenius rate law, the reaction rate constant is given by

with R being the universal gas constant,A the pre-exponential
factor or frequency factor, andEa the activation energy, which
are assumed to be temperature-independent. On the other hand,
in TST, the kinetic parametersA and Ea are in principle
temperature-dependent due to their construction (by means of
partition functions). We found (section 3.3) that for the reaction
under study in the considered temperature range, the Arrhenius
rate law models very good the temperature dependence of the
rate constant. Using eq 1, we calculate the rate coefficients at
different temperatures. The two kinetic parameters are then

computed by a least-squares fit from a set of rate coefficients
at different temperatures determined through eq 1. The results
are discussed in section 3.

3. Results and Discussion

3.1. Cyclization of the Primary Butylbenzene Radical.
3.1.1. Reactants.The reactant for this ring closure reaction is
the primary butylbenzene radical. The conformational analysis
of this radical has been studied in great detail in ref 10. In this
paper, we only note those results which are needed for the
transparency of the present work. For the primary butylbenzene
radical, four internal rotations were identified, corresponding
to variations of the dihedral anglesφ1, φ2, φ3, and φ4, as
indicated in Figure 2. The butylbenzene radical has five main
local minima on the potential energy surface, which are mainly
generated by varying the two rotational anglesφ2 andφ3. Details
about the geometries and energies of the different conformers
can be found in ref 10. All internal rotations are treated
according to the scheme explained in section 2. The rotational
potential is obtained by a Fourier fitting procedure through all
stationary pointssdetermined by full geometry optimizationss
in terms of the different torsional angles. The results are given
in ref 10.

3.1.2. Transition State. Geometries. To locate the transition
structure, we followed the procedure as outlined in section 2.
The reaction coordinate was approximated by the distance C6-
C10 of the forming bond starting from the BB5 conformer (the
folded conformation as defined in ref 10). Figure 2 shows the
structure of the optimized transition structure, which will be
called the TSC6 conformer for later reference. The forming
C-C bond reaches a distance of 2.180 Å in the activated
complex. In addition, the transition structure for cyclization
predicts a nonplanarity of the benzene ring of 7.6°, given by
the dihedral angle C1C6C5C4 at the center C6 where the
butylchain attacks. In order for the reaction to take place, the
aromaticity of the benzene ring must be broken, and the C6

center transforms from a trigonal to a tetrahedral carbon center.
Also, the deviation from planarity at the ending radical carbon
center C10 increases with respect to the similar property in the
BB5 conformer: the improper torsion angle C9C10H11H12 reaches
values of-142.534° and -174.0°, respectively, in the TSC6
and BB5 conformers. This is an indication for the transformation
of C10 carbon center from an sp2 hybridization in the reactant
to an sp3 hybridization in the product state. The dihedral angles
φ1, φ2, φ3, and φ4 reach values of-101.074°, -56.533°,
-61.137°, and-166.495° respectively.

Vibrational Analysis.The transition state has one imaginary
frequency (-491.36 cm-1), which can be associated with a
translational or loose vibrational motion along the reaction
coordinate. A set of low-lying vibrational frequencies are located
atνp1 ) 105.18,νp2 ) 129.959,νp3 ) 271.714, andνsk ) 105.18

- p2

2Im

∂
2ψkm(φ1,φ2,...,φM)

∂φm
2

+ V(φ1,φ2,...,φM)ψkm(φ1,φ2, ...,φM)

) εk(m)ψkm(φ1,φ2,...,φM)

for m ) 1, ...,M (2)

Vm(φm) ) ∑
k)1

kmax 1

2
Vmk(1 - cos(kφm)) (3)

qrot,int,m )
1

σint
∑

k

gk(m) exp(-
εk (m)

kBT ) (4)

k(T) ) Ae-Ea/(RT) (5)

Figure 2. Transition state for cyclization of the primary butylbenzene
radical.
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cm-1. Inspecting the associated motions forνp1, νp2, and νp3

teaches that they correspond to small variations of the torsional
angles φ1, φ2, and φ3. However, these motions cannot be
regarded as pure internal rotations about a single bond but feel
an additional steric hindrance by the forming CC distance that
remains almost constant. Such motions are often called ring-
puckering vibrations or pseudorotations.28 The associated po-
tential barriers can be expected to be relatively high due to the
large steric hindrance caused by the nearby aromatic ring.
Therefore, a treatment of these motions in the harmonic
oscillator approximation is justified. The methylene rotation
which was also present in the BB5 conformer does not appear
here due to the presence of the forming CC bond. The other
low-lying frequencyνsk is a skeletal vibration. These type of
motions arise in large structures, and their frequency is often
on the same order of magnitude as those of the internal rotations.
The higher the mass of the cluster involved in the skeletal
motion is, the lower the corresponding frequencyνsk will be.
Because of their complexity, we will treat them in the harmonic
oscillator approximation.

3.1.3. Product State. Geometries.The optimized structure for
the product state is shown in Figure 3. This structure will be
referred as the PR6 conformer for later reference. The product
of the cyclization reaction is a fused-ring system where the
original butylchain and two carbon atoms originating from the
former aromatic ring join to form a six-membered ring. The
new formed ring structure can be compared with a cyclohexane
ring in a chair form apart from the radical center at C1. The C6

center exhibits in the new structure after cyclization to sp3

hybridization. This feature is reflected in enlarged bond lengths
of the connecting carbon-carbon bonds (C5-C6 ) 1.501 Å,
C6-C1 ) 1.511 Å) compared with the bond lengths of a single
benzene ring (1.397 Å).29 The value of the C6-C10 bond (1.561
Å) is in very good agreement with analogous values for single
carbon-carbon bonds (propane, 1.541 Å; ethane, 1.538 Å;
propene, 1.520 Å29). The planarity of the former aromatic ring
is almost recovered in the PR6 conformation (C1C6C5C4 ) 0.8°),
although the aromaticity can only be reestablished by abstraction
of an hydrogen atom at the C6 center or by emission of an
hydrogen atom under the influence of the neighboring radical
center.

The C1 carbon center exhibits an sp2 hybridization, and the
connecting bonds C1-C2 (1.366 Å) and C1-C7 (1.503 Å) turn
out to be shorter than those in an aromatic bond and a single
carbon-carbon bond, respectively. Also, this center shows small
deviations from planarity (C2C1C6C7 ) 178.0°).

The CC bond lengths in the new formed ring reach typically
values of single CC carbon bonds (C7-C8 ) 1.543 Å, C8-C9

) 1.535 Å, C9-C10 ) 1.534 Å), and the bond angles of the
carbon atoms of the former butylchain all reach values of
approximately 110°.

Vibrational Analysis.The lowest frequency in the PR6
conformer reaches a value ofνb ) 96.26 cm-1 and corresponds
to a bending motion of the two fused rings toward each other.
The other low-lying frequencies originate either from skeletal

vibrations, which are typically present in large structures such
as the ones considered here, or to pseudorotation in the newly
formed ring structure. Because of the complexity of these
modes, we will treat them in the harmonic oscillator approxima-
tion.

3.2. Cyclization of the Secondary Butylbenzene Radical.
Another possible cyclization pathway for the butylbenzene
radical is the one where a secondary radical forms a five-
membered ring during a ring-closure reaction (as displayed in
Figure 1c). The secondary radical can be directly formed from
the primary radical by a hydrogen shift, although a theoretical
study by Viskolcz et al.30 shows that such hydrogen shift
reactions are usually highly activated. The isomerization of the
primary to the secondary radical can also occur via successive
hydrogen abstractions. Organic radicals are usually more stable
in the order of primary, secondary, and tertiary radicals. The
stability of organic radicals is usually measured through the
readiness of their formation by a hydrogen abstraction reaction.31

For example, the reactivity of primary, secondary, and tertiary
positions in aliphatic hydrocarbons toward hydrogen abstraction
by the methyl radical is 1:4.3:46.32

3.2.1. Reactant. Geometries.The reactant in this case is the
secondary butylbenzene radical. A strong conformational anal-
ogy can be expected between the primary and secondary
butylbenzene radical. Five stable minima are located on the
potential energy surface. Geometrical parameters and binding
energies are listed in Table 1. For each, the angle between the
butylchain and the benzene plane is approximately 90°, and the
combination of gauche and anti orientations of the remaining
CCCC torsions in the butylchain generate five stable minima.
They are displayed in Figure 4. We define the torsional angles
φ1, φ2, φ3, and φ4 as indicated in Figure 5. The geometrical

Figure 3. Product state of the cyclization of the primary butylbenzene
radical.

TABLE 1: Geometrical Parameters for the Stable
Conformers of the Secondary Butylbenzene Radicala

φ1 φ2 φ3 φ4 E0
rel

BBsec1 -89.0 179.5 166.6 -45.7 0.0
BBsec2 -75.4 -64.3 -160.9 -167.1 2.24
BBsec3 -88.5 180.0 -83.0 78.7 0.95
BBsec4 -83.3 -66.2 -84.1 -41.9 3.61
BBsec5 -84.3 -65.4 109.1 47.8 3.44

a φ1, φ2, φ3, andφ4 are the torsional angles as defined in Figure 2.
E0

rel is the total binding energy (kJ/mol) relative to the BBsec1
conformer (-388.94224 au) with the exclusion of ZPE.

Figure 4. Stable conformers of the secondary butylbenzene radical.
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values for these four dihedral angles, together with the total
binding energies relative to the BBsec1 conformer, are given
in Table 1.

The lowest-energy conformer is the BBsec1 conformer, which
is characterized by an anti orientation about both the C7-C8

and C8-C9 bonds. This conformer no longer exhibitsCs

symmetry, which was found for the primary butylbenzene
radical. This is due to the presence of the radical center at C9.
The only symmetry operation which is present for all conformers
of both primary and secondary butylbenzene radicals is the
double switch operation

All other conformers show a strong analogy with the primary
radical: BBsec3 is also an anti conformer for the orientation
of the side chain about the C7-C8 bond but has a gauche
orientation about the C8-C9 bond. BBsec2, BBsec4, and BBsec5
are gauche conformers about the C7-C8 bond and are further
split up by anti and two possible staggered orientations of the
ending CH3CH group around the C8-C9 bond.

Since the C9 carbon center has an sp2 hybridization, the
deviations from exact gauche and anti orientations are larger
than those of the primary butylbenzene radical. Another
remarkable difference with respect to the primary radical is that
the BBsec5 radical is slightly stabilized over the BBsec4
conformer. The radical center probably has a positive overlap
with the π-conjugated system of the aromatic ring.

Vibrational Analysis.The identification of all internal rota-
tions requires a vibrational analysis of all structures and in
particular of the low vibrational modes. Table 2 lists the lowest
vibrational frequencies for all optimized structures. The vibra-
tions of the most stable conformer BBsec1 are studied in more
detail.ν1, ν2, ν3, andν4 can be associated with internal motions
resulting from variations of the dihedral anglesφ1, φ2, φ3, and
φ4. ν1 corresponds to a rotation of the butylchain about the
aromatic ring, while the frequenciesν2, ν3, andν4 are associated
with the rotations about the C7-C8, C8-C9, and C9-C10 bond,
respectively. The frequencyνsk corresponds to a skeletal
vibration, more precisely, a bending mode of the butylchain
toward the aromatic ring.

Torsional Potentials.The rotational potentials for each of the
internal rotations present in the secondary butylbenzene radical

are determined by fitting a Fourier expansion through the
stationary pointssdetermined by full geometry optimizationss
as explained in section 2. The resulting torsional potentials for
the four internal rotations are displayed in Figure 6.

The rotation about the C1-C7 bond has two stationary points
in a period ofπ. The minimum-energy configuration corre-
sponds with the BBsec1 conformer that is characterized by an
orthogonal orientation of the butylchain toward the aromatic
ring. The maximum-energy configuration corresponds to a
geometry in which the butylchain has an almost planar orienta-
tion toward the aromatic ring. Unlike the situation for the
primary butylbenzene radical, this conformation does not exhibit
the Cs symmetry, due to the presence of the radical center at
C9 that slightly deviates from exact planarity. The reduced
moment of inertia for this motion amounts to 123.61 au. The
rotational energy levels are displayed in Figure 6a. In this
particular case, the energy levels are doubly degenerate because
of the periodicity ofπ combined with the high inertial moment
(p2/(2Im) ) 0.0058 kJ/mol) compared with the potential barrier
(5.59 kJ/mol). The symmetry number for this specific rotation
is 2 (σint ) 2) since for every conformation a symmetrically
equivalent structure can be found by applying a rotation of 180°
of the butylchain.

For the rotation about the C7-C8 bond, the rotational potential
is very similar to the well-known CCCC rotational profile found
in n-butane. The minima correspond to anti and gauche
orientations of the rotating groups, whereas the maxima are
associated with eclipsed conformations. The reduced moment
of inertia for this rotation amounts to 185.08 au.

The rotation about the C8-C9 bond actually corresponds to
a rotation-inversion process since the C9 carbon center has an
sp2 hybridization. The Newman projections for this internal
motion are displayed in Figure 7. Because of the nonplanarity
of the radical center, we need two torsional anglesφ3 )
C7C8C9C10 and φ′3 ) C7C8C9H12 in order to determine
unambiguously the combined rotation-inversion process. How-
ever, the mechanism is better described by introducing a new
parameterθ3 related toφ3 andφ′3 by the relationθ3 ) (φ3 +
φ′3)/2. The BBsec1 conformer is the energetically most favored
structure. Inversion at the radical center generates a sym-
metrically equivalent geometry with the same energy. The
maximum-energy conformation lying between these two energy
minima is the BBsec1-BBsec1 conformer and has a planar
radical center. The next stable minimum is the BBsec3
conformer. For this structure, no additional minimum appears
by inversion at the radical center due to large steric hindrance.
The resulting potential in function ofθ3 is displayed in Figure
6c. It has only four minima in a period of 2π, while one could
normally expect six minima for a center with sp2 hybridization.
The missing minima are prevented by large steric hindrance of
the methyl group attached at the C9 carbon atom, and the
potential energy differences are dominated by the variation of
the angleφ3. Because of the specific behavior of the potential,
we extend the three-term Fourier expansion (conform eq 3) with
a single sin(12θ) which only contributes in the range from-7.5°
and 7.5° to simulate the behavior aroundθ ) 0°. This additional
contribution has a very small effect on the generated potential
and the corresponding rotational energy levels.

The rotational potential for the rotation about the C9-C10

bond has a period ofπ/3. This could be expected since the
ending methyl group is a symmetric top with 3-fold symmetry.
The associated symmetry number to be used in the evaluation
of the partition function is 3 (σint ) 3).

Figure 5. Definition of torsional angles in the secondary butylbenzene
radical.

TABLE 2: Lowest Vibrational Frequencies (in cm-1) for the
Secondary Butylbenzene Radical

BBsec1 BBsec2 BBsec3 BBsec4 BBsec5

ν1 33.8 37.0 30.6 33.6 25.9
ν2 69.9 67.7 67.0 135.3 92.4
ν3 57.1 59.2 50.7 96.5 44.3
ν4 115.3 118.5 89.9 37.9 58.5
νsk 78.5 156.7 113.3 62.0 130.7

V̂V(φ2, φ3) ) V(-φ2,-φ3) (6)
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The results of Fourier fitting procedure are summarized in
Table 3.

3.2.2. Transition State. Geometries.The transition state for
cyclization of the secondary butylbenzene radical is shown in
Figure 8. The structure was located by gradually decreasing the
C6C9 distance. The maximum of this linear transit served as an
initial guess for a full geometry optimization of the transition
state. For later reference, this state will be referred to as the
TSC5 conformer. The distance of the forming carbon-carbon
bond amounts to 2.1135 Å. The former aromatic ring deviates
from its planar structure (C5C6C1C2 ) -3.978°, C1C2C3C4 )
-1.617°, C2C3C4C5 ) 1.775°), since the C6 carbon atom
transforms from an sp2 toward an sp3 center during the
cyclization reaction. The other carbon atom participating in the
forming CC bond, namely, the former radical center C9, evolves
from a trigonal toward a tetrahedral center during the cyclization
reaction. This is characterized by the deviation from planarity
of the carbon center C9 (the improper torsion angle C8C9C10H12

) 140.237°) and the bond angles with its neighboring atoms
(C10C9H12 ) 114.394°, H12C9C8 ) 114.92°, C10C9C8 )
118.236°).

Vibrational Analysis.The TSC5 conformer is characterized
by one imaginary frequency (-531.89 cm-1), corresponding to
a loose vibrational motion along the forming CC bond. Also,
some other low vibrational frequencies are present namelyνp1

) 57.4,νp2 ) 113.3,νp3 ) 197.6, andν4 ) 204.3 cm-1. The
motions corresponding toνp1, νp2, andνp3 can be identified as
either skeletal motions or ring-puckering vibrations of the
forming ring. The only vibration that can be identified as a pure
internal rotation is the rotation of the methyl group about the
C9C10 bond. For the calculation of the associated partition
function, this internal motion will be treated as a hindered
internal rotor. All other low vibrational motions will be treated
in the harmonic oscillator approximation.

Torsional Potentials.The torsional potential for the methyl
rotation in the TSC5 conformer has a period ofπ/3. The strong
repulsive interaction between the hydrogens of the methyl group
and the phenylπ cloud gives rise to relatively large rotational
barriers. The symmetry number in this case is 3 (σint ) 3). The
results of the Fourier fitting procedure are listed in Table 3.

3.2.3. Product State. Geometries.The optimized structure for
the product state is shown in Figure 9 and will be referred as

Figure 6. Rotational potentials for the torsional motions in the secondary butylbenzene radical. The energies are relative to that of the BBsec1
conformer. The torsional angles are relative to the equilibrium geometry of the BBsec1 conformer.

Figure 7. Newman projections of the rotation inversion about the C8-C9 bond in the BBsec1 conformer.
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the PR5 conformer. This is a fused ring system of a five- and
six-membered ring. The aromaticity of the former benzene ring
is broken an accordingly the six-membered ring deviates from
planarity (C2C1C6C5 ) 10.874°, C6C5C4C3 ) 4.353°, C5C4C3C2

) 4.416°, C4C3C2C1 ) -5.048°, C3C2C1C6 ) -3.060°). The
conjugatedπ-system can only be re-established after hydrogen
abstraction at the center C6. Additionally, the carbon C1
transforms from a tetrahedral center toward a radical center
during the cyclization reaction. Therefore, it evolves to an almost
planar sp2 center (improper torsion angle C6C1C2C7 )
-172.227°).

Vibrational Analysis.The PR5 conformer has a set of low
vibrational frequencies:νb ) 74.0,νsk1 ) 131.7,νsk2 ) 186.4
andν4 ) 230.2 cm-1. Theνb frequency can be identified with
a bending motion of the two fused ring systems toward each

other.νsk1 andνsk2 are skeletal motions. Onlyν4 corresponds
to a pure internal rotation of the methyl group about the C9C10

bond and will be treated as a hindered internal rotor.
Torsional Potentials.The rotational potential for the methyl

rotation in the PR5 conformer has a period ofπ/3 and a
symmetry number ofσint ) 3 is taken into account for the
evaluation of the partition function. The results of the Fourier
fitting procedure are listed in Table 3, and the rotational potential
is shown in Figure 10b.

3.3. Activation Energies and Rate Constants.The ab initio
calculations on the different cyclization pathways for the
butylbenzene radical are able to yield reliable predictions for
the kinetic parameters. Total binding energies and zero-point
vibrational energies of all reactants, transition states, and
products are taken up in Table 4. The microscopically deter-
mined partition functions serve as a bridge to the macroscopic
kinetic parameters. They are calculated for all species at
temperatures ranging from 100 to 1000 K. By means of the
rate equation (eq 1) of TST, we are able to construct Arrhenius
plots for the reactions under study. They are displayed in Figure
11. A and Ea are now determined by fitting a linear function
through the data points by means of a least-squares method.
The slope of this best-fit line gives the activation energy while
the intercept leads to the pre-exponential factor. The results are
listed in Table 4.

3.3.1. Influence of Internal Rotations on the Reaction Rates.
The activation energy is largely determined by the molecular
energy difference at the absolute zero between activated complex
and reactant. The influence on the activation energies by a
correct treatment of internal rotations is rather small in this case.
The shift amounts to 0.14 kJ/mol for the cyclization of the BB1
conformer and to-0.696 kJ/mol and-0.03 kJ/mol for the
forward and reverse cyclization reaction of the secondary
butylbenzene radical. Two main effects are responsible for these
shifts:
(i) In the internal rotor approach, the molecular energy difference
∆E0 has to be corrected with the ZPE’s of those vibrations which
stand for the internal rotations. These ZPE’s may differ
substantially from the ZPE’s of the internal rotations (given by
the deepest bound rotational levels). If this happens, it may affect
the activation energy in a considerable way.
(ii) The level density of the rotational potential may increase
in most of the cases. This has a direct impact on the rotational
partition functions. For the reaction BB1f PR6, the effect of
the partition functions on the activation energy is-1.4 kJ/mol
in the harmonic oscillator (HO) approach versus-2.96 kJ/mol
in the internal rotor (IR) approach. However, the global effect
on Ea is small since both previous mentioned effects nearly
cancel each other.

The impact of internal rotations on the pre-exponential factor
is large. The ratioAHO/AIR amounts to 9.3 and 6.4 for the

TABLE 3: Geometrical Parameters and Rotational
Potentials for the Internal Rotationsa

Fourier fit results

ab inito calculations E rel
0 Im Vi

Internal Rotations in the Secondary Butylbenzene Radical
φ1 rotation about the C1-C7 bond φ1

f

BBsec1 0.0 0.0 123.61 V2 5.959 0.0
86.52 5.94 90.0
φ2 rotation about the C7-C8 bond φ2

f

BBsec1 0.0 0.0 185.08 V1 6.928 0.0
TSBBsec1-BBsec2 59.5 13.27 V2 -3.595 61.4
BBsec2 116.2 2.24 V3 14.231 115.9
TSBBsec2-BBsec2 179.5 21.16 180.0

φ3 rotation about the C8-C9 bond φ3
f

BBsec1-BBsec1 0.0 0.26 85.46 V1 4.485
BBsec1 6.9 0.0 V2 -2.502
BBsec1-BBsec3 52.0 1.61 V3 2.403 66.0
BBsec3 89.7 0.95 117.7
BBsec3-BBsec3 180.0 6.89

φ4 rotation about the C9-C10 bond φ4
f

BBsec1 0.0 0.0 11.04 V3 2.031 0.0
75.1 1.73 60.0

Internal Rotations in the Transition State

methyl rotation
φ4 φ4

f

TSC5 0.0 0.0 11.17 V3 8.913 0.0
66.354 8.669 60.0

Internal Rotations in the Product State

methyl rotation
PR5 0.0 0.0 11.17 V3 12.211 0.0

60.474 12.21 60.0

a E0
rel is the relative energy (kJ/mol) with respect to that of the

reference conformers for the secondary butylbenzene radical BBsec1,
the transition state TSC5, and the product state PR5.Vi is expressed in
kJ/mol. The angles are relative to the equilibrium values of the reference
conformers.φ1

f , φ2
f , θ3

f , and φ4
f are the angles as obtained from the

Fourier fitting procedure.Im is the reduced moments of inertial (au)
for each individual rotation.

Figure 8. Transition state for cyclization of the secondary butylbenzene
radical.

Figure 9. Product state for cyclization of the secondary butylbenzene
radical.
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reactions BB1f PR6 and BBsec1f PR5, respectively. This
can entirely be attributed to the role of the partition functions.
For this particular reaction, the frequency factor decreases by
implementing internal rotations, whereas for the addition
reaction (see Figure 1a and ref 10), we found an increase. This
can be understood by studying the explicit form of the rate
constant (eq 1). In the addition reaction, the partition function
of the species which is most drastically affected (this is the
transition state) figures in the nominator, while in the cyclization
reaction, the partition function of the butylbenzene radical, which
in turn is most affected by IR’s, figures in the denominator as
reactant.

The level density is largely increased when going from the
HO to the IR toward the free-rotor case. This can lead to a
serious enhancement of the partition functions. The relative
increase depends on the strength of the potential compared with

the inertial moments of the rotating groups (p2/(2Im)). For the
reverse reaction PR5f BBsec1, the influence is rather small
due the large rotational barriers of the methyl rotation (Figure
10). Moreover, the methyl rotations in both the TSC5 and PR5
conformer compensate each other in the evaluation of the rate
constant. For both forward cyclization reactions, the effect is
large. By treating the internal rotations as vibrations, one gets
stuck in the potential well of the reference conformer due to
the infinite walls of an HO potential. In our case, the BB1 (the
most symmetrical conformer as defined in ref 10) and BBsec1
are taken as reference conformers, and as a result, all other stable
structures on the potential energy surface (BB1, BB2, BB3, BB4,
BBsec2, BBsec3, BBsec4, and BBsec5) cannot be reached in
this picture. In the IR approach, all conformers are accessible,
and the number of states in which the molecule can reside due
to thermal agitation is much larger, leading to a serious increase
of the partition functions. In principle, one should consider
coupled internal rotations to take into account conformers like
BBsec4 and BBsec5 properly, since these structures can only
be reached by a path through a two-dimensional rotational
surface. For this extension, we refer to ref 34.

3.3.2. RelatiVe Importance of FiVe- and Six-Membered Ring
Formation.In this subsection, we want to link our microscopic
results for the cyclization pathways with macroscopic aspects
of coke formation in an industrial cracking unit. Figure 12 shows
the kinetic network for the cyclization reaction and the following
steps that ultimately lead to a further growth of the coke layer.
The isomerization of the primary to the secondary butylbenzene
radical occurs via successive hydrogen abstractions. The cy-
clization is assumed to be the rate-determining step since the
subsequent dehydrogenation reaction which eventually results
in a new aromatic ring is much faster than the reverse ring
opening reaction. On the basis of these assumptions, the relative
rate of formation of a six-membered to a five-membered ring
can be written as

To validate the importance of six-membered and five-membered
ring formation, we must take both the thermodynamic and
kinetic aspects into consideration. For the thermodynamic part,
we refer to Figure 13, where the energy diagram for the
cyclization reactions is given. When comparing the ground-
state energies of the BB1 and BBsec1 radical, it follows that
the secondary radical is stabilized by 16.6 kJ/mol over the
primary one, as expected. If the two radicals were in equilibrium,
this would mean that the secondary radical would be present in
much higher concentrations than the primary one, especially at
low temperatures. The ratio of the two radical concentrations
converges to a small value at high temperatures (approximately

Figure 10. Rotational potentials for the torsional motions in the TSC5 and PR5 conformer. The energies are relative with respect to those of the
TSC5 and PR5 conformers. The torsional angles are relative with respect to the equilibrium geometry of the TSC5 and PR5 conformers.

TABLE 4: Energies and Kinetic Characteristicsa

Cyclization of the Primary Butylbenzene Radical

BB1 TSC6 PR6

E0 (au) -388.935907 -388.917564 -388.949337
ZPE (au) 0.193232 0.193691 0.196281

forward reaction reverse reaction

∆E0 (kJ/mol) 49.36 76.53
∆E′0 (kJ/mol) 51.06

Ea
HO (kJ/mol) 47.96 78.74

AHO 4.3× 1010 3.3× 1013

Ea
ir (kJ/mol) 48.10

Air 4.6× 109

Cyclization of the Secondary Butylbenzene Radical

BBsec1 TSC5 PR5

E0 (au) -388.942237 -388.913069625 -388.939245
ZPE (au) 0.193735 0.194807 0.196571

forward reaction reverse reaction

∆E0 (kJ/mol) 79.39 64.09
∆E′0 (kJ/mol) 79.82 64.25

Ea
HO (kJ/mol) 77.85 66.17

AHO 4.3× 1010 2.7× 1013

Ea
ir (kJ/mol) 77.15 66.14

Air 6.7× 109 2.8× 1013

a E0 is the total binding energy of the groundstate configuration, zero-
point vibration energies ZPE are scaled with 0.9806,27 and∆E0 is the
molecular energy difference (ab initio DFT) between the transition state
and the reactants with the inclusion of ZPE.∆E′0 represents∆E0 with
the ZPE of those vibrations which stand for internal rotations subtracted.
Ea

HO andAHO are the activation energy and the preexponential factor
calculated with all vibrational motions treated within harmonic oscillator
approximation, whileEa

IR andAIR are equivalent quantities calculated
with explicit consideration of internal rotations and corrected for the
corresponding ZPE. A is expressed in units of s-1.

R6-ring

R5-ring
)

k1

k2

CBB1

CBBsec1
(7)
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5 at 1000 K). When comparing the ground-state energies of
the PR5 and PR6 conformer, it follows that the fused ring system
of two six-membered rings is stabilized by 26.5 kJ/mol. Since
both radicals are tertiary radicals, this effect can be traced back
to the additional ring strain present in a five ring. Benson3 gives
a value of 26.4 kJ/mol for the ring strain in a five-membered
ring, in excellent agreement with our value.

To have an idea about the relative concentrations of primary
and secondary radical in an industrial cracking unit, we
performed a simulation of the concentration profiles inside the
coils of a typical industrial nafta cracking unit with a simulation
program, based on a detailed network of elementary reactions,
developed at the Laboratorium voor Petrochemische Techniek.1,2

At the beginning of the reactor, primary radicals dominate since
they are preferably formed byâ-scission reactions of higher-
molecular-weight nonbranched alkyl radicals or from branched

radicals, where the radical position is at the branching position.
The consecutive reactions responsible for formation of secondary
radicals are not fast enough to establish equilibrium between
the two radicals. It is only at the end of the reactor at very high
temperatures (1000-1200 K) that the ratio of secondary to
primary radicals increases to values between 1 and 1.5, i.e.,
still below the equilibrium ratio. At the high temperatures
encountered at the end of the reactor, the favoring thermody-
namic aspects of the secondary radicals are still of minor
importance. Hence, the ratio of the rate coefficients determines
the relative importance of five- and six-membered ring formation
for coke formation in a thermal cracking unit.

The ratio of the rate of six-membered to five-membered ring
formation is dependent on the ratio of the rate coefficients for
cyclization (eq 7). From Table 4, it can be seen that the
preexponential factors are very similar; however, the activation
energy for the six-membered ring formation is 30 kJ/mol lower

Figure 11. Arrhenius plots of lnk vs 1/T for the different cyclization reactions.

Figure 12. Kinetic network for the cyclization of the butylbenzene
radical.

Figure 13. Energy diagram for the cyclization reactions. All energies
are relative to the ground-state energy of the PR6 conformer
(-388.949337 au). The energy differences do not include ZPE.
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than that for the five-membered ring formation. At 300 K, the
ratio of the rate coefficients is 80 000, and at 1000 K, it is still
23. From this, it is reasonable to state that formation of six-
membered rings is preferred over formation of five-membered
rings under typical steam cracking conditions.

Recently Jursic35 and Olivella et al.36 studied the cyclization
pathways for the hexenyl radical toward five- and six-membered
rings. They found that there can only be a kinetic preference
for five-membered rings over six-membered ones if there
is an additional stabilizing effect for the transition state such
as π-bond participation that is properly positioned in the
molecule.37-39,40-42 This feature would be present in the
cyclization reaction of the 2-(3-butenyl)phenyl radical, as
displayed in Figure 14a. In this case, preferable interactions
occur between the p-molecular orbitals of the butenyl chain and
the singly occupied phenyl radical orbital. Because of this
additional stabilizing effect, it is reasonable to expect that the
activation energy for this cyclization reaction should be very
low. Experimentally, a value of 15.06 kJ/mol was estimated
for this reaction,33 and theoretical values at the B3LYP/6-31G-
(d) level predict an activation energy of 12.13 kJ/mol.35

However, the reactant radical, as displayed in Figure 14a, is
not likely to be an important intermediate in the formation of
coke. Cyclization at the coke surface occurs rather from radicals
positioned in the alkylchain attached to the already formed coke
layer.

3.3.3. Validation with Experimental Results.For the reactions
under study, no experimental results are available, and hence,
a direct comparative study of theoretical predicted values forA
andEa is excluded. As an alternative, we can compare our results
with similar radical cyclization reactions. For the formation of
six-membered rings, we can compare with the cyclization
reaction of the hexenyl radical toward the cyclohexyl radical,
as schematically displayed in Figure 14b. Values of 34.995 kJ/
mol for the activation energy and 1×1010s-1 for the preexpo-
nential factor are reported by Handford et al.43 For five-
membered ring formation, we compare with the cyclization
reaction of the pentenyl radical toward the cyclopentyl radical
(Figure 14c). Gierczak et al.44 report values of 67.779 kJ/mol
for the activation energy and 1.41×1011 for the frequency factor.

The experimental values confirm the preference for six-
membered ring formation over five-membered one in the case
where additionalπ-bond participation is not present. The
activation energy for the cyclization of the hexenyl radical is
approximately 33 kJ/mol lower than the corresponding reaction
for the pentenyl radical. This difference in activation is in close
agreement with our theoretical predicted values and is an
indication for the relative importance of both pathways.

For both reactions, the theoretical predicted activation energies
are higher than the experimental ones. This can probably be
traced back to the extra steric hindrance due to the presence of
the aromatic ring in the considered reactions. Our values are

probably good estimates for the real experimental values since
the relative stabilization of five and six-membered rings is in
close agreement with each other.

The theoretical estimates for the frequency factor are on the
same order of magnitude as the experimental values, confirming
the assumption that the B3LYP/6-311G** predictions provide
reasonable values for the kinetic parameters.

4. Conclusions

In this paper, we have studied some main reactions of the
coke formation network, namely, different cyclization pathways
for the butylbenzene radical. These reactions can lead to a further
growth of the coke layer. Both primary and secondary butyl-
benzene radicals can be expected to be present. They can
undergo cyclization toward either a five- or six-membered ring.
The relative importance of both pathways is studied by
calculating theoretical values for the relevant kinetic parameters.

In the first part, a detailed conformational analyses is
performed on the DFT/B3LYP/6-311G** level of all products,
reactants, and transition states. This method is known to give
reliable predictions of geometries, frequencies, and energies for
radical reactions.19,8All stable conformers of reactants, products,
and transition states have been located by full geometry
optimizations. This was followed by a detailed vibrational
analyses of all species. Some low-vibrational modes were
identified as internal rotations. They were treated in an exact
quantum-mechanical way by solving the appropriate one-
dimensional Schro¨dinger equation with a rotational potential
determined from our ab initio calculations. The obtained
rotational energy eigenvalues serve as an input for the micro-
scopic partition functions.

In the second part, the molecular partition functions, deter-
mined in a microscopic way, serve as a bridge for macroscopic
kinetic quantities such as the preexponential factor and activation
energy. The influence of internal rotations on these Arrhenius
parameters has been studied in detail. It is found that the
influence on the activation energy by treating internal rotations
properly is rather small. This quantity is mainly determined by
the molecular energy difference at the absolute zero between
the activated complex and reactant. The frequency factor on
the other hand is largely affected by the method of constructing
the partition functions. For both forward cyclization reactions,
the pure effect of internal rotations decreases the preexponential
factor by a factor of 9 and 6. This could be expected since the
level density of the eigenstates is substantially increased in the
IR versus the HO approach. As a result, the molecule can reside
in more stable conformers due to thermal agitation.

In addition, the kinetic parameters predict an activation energy
that is approximately 30 kJ/mol lower for the formation of six-
membered rings with respect to five-membered rings. Moreover,
the product formed from the primary butylbenzene radical is
largely stabilized over the fused ring system with a five-
membered ring. Studies of concentration profiles of secondary
and primary radicals in an industrial cracking unit teach that
the relative importance of five- and six-membered ring formation
is primarily determined by the rate coefficients of both cycliza-
tion pathways. The kinetic aspects support the assumption that
the formation of six-membered rings is preferred over the
formation of five-membered rings under typical steam cracking
conditions.

Finally, our kinetic parameters are compared with experi-
mental values. Since, however, there are no direct data available
for the reactions under consideration, comparison is made with
similar cyclization reactions of the hexenyl and pentenyl

Figure 14. Schematic representation of some radical reactions.
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radicals. The difference in experimentally determined activation
energies for the formation of five- and six-membered rings is
in very good agreement with the corresponding to theoretical
value. Also, the frequency factors are within the same order of
magnitude. Therefore, it can be expected that our theoretical
estimates for the kinetic parameters determined at the B3LYP/
6-311G** level of theory are in good agreement with experi-
ment.

The calculations as presented here are especially important
for gaining insight into elementary reactions of the thermal
cracking and coke formation network, since in this case it is
very difficult to obtain experimental information on individual
reactions. Ab initio calculations can enable us to validate im-
portant assumptions of the kinetic model of the coke formation.
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