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Ab Initio Study of Radical Reactions: Cyclization Pathways for the Butylbenzene Radical
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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 product distributions is both practically infeasible and funda-
Thermal cracking of hydrocarbons is one of the main mentally _undeswable. A possmle way of deall_ng W|th_th|§
processes for the production of light olefins such as ethene. InProblem is to use theoretical methods to predict the kinetic
today’s operation of a plant for thermal cracking, simulation Parameters of the basic reactions occurring in the reaction

models play a very important role. These models comprise two scheme. Considerable progress in this respect has_ been made
major parts: a mathematical model of the reactor itself and a PY Benson and co-workefsThese methods allow estimates of

kinetic model which describes the changes in the reactor angthe rate coefficients ona semiempiricall basis, frqm the structure
the rate at which they occur. The thermal cracking of hydro- and energetics of the mo!epule or radical considered. Another
carbons is known to proceed through a free-radical mechanism.2PProach based on transition state theory (TS#@s used by
Small radicals are formed via-C bond breaking and react Willems and co-workc_anto obtain sem|q_uant|tat|ve pr(_adlctlons
further via abstraction and addition reactions. Decomposition fOr the pre-exponential factor and activation energies of gas-
of the formed radicals results in the desired gas-phase ofefins. Phase reactions. The structure of the transition state was based
During the thermal cracking, a carbonaceous deposit, coke, isO" chemical intuition. As indispensable as these methods are
formed on the inner walls of the reactor tubes. Radicals of the from the practical viewpoint of modeling, their empirical input
gas phase create radical species on the coke surface at which',ts thellr use for.quantltatlve microscopic predlcthns, and
olefins can add. Cyclization and dehydrogenation lead to further tNeir refationship with fundamental molecular properties, such
growth of the coke layer by incorporation of the carbon atoms. @S the potential energy surface, is indirect. To obtain more

This coke layer has a negative influence on the efficiency of INSight into the microscopic scale of the reaction, ab initio
the cracking unit calculations can give a valuable contribution. Because of

The most difficult part of constructing a kinetic model consists increas_ing capabiliti_es of computers and cpntinuous optimizat_ion
of assigning values to the rate constants of the individual of available numerical methods, theoretical calculations with

reactions. For every reaction, this requires a value for the high accuracy on industrial important processes become within

frequency factor and the activation energy. Taking into account the frame of applicability. Recently, ab initio calculations have

the fact that the reaction scheme contains some 500 reaction¥€€n carried out to calculate energies and frequency factors
in which some 30 molecular species and 30 radicals are within the framework of TST for the addition ofalkyl radicals

_8 - .
involved, it is quite obvious that the determination of some t© ethen€® Also, Richter and co-worke?performed detailed
thousand parameters by means of regression of experimentafinetic studies on the growth of small polycyclic aromatic

hydrocarbons.
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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,
(a) accurate geometries and frequencies are calculated for the
different transition states and products. These quantities serve
@\/\/ — CO as an input for the microscopic partition functions that can be
4 : related to the interesting macroscopic parameters such as the
(b) 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.
@\/\/ -
Y (C ) . 2. Computational Details

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

Transition state theofyis an adequate method for the
evaluation of macroscopic kinetic quantities of chemical reac-
tions. It has proven its success in many studies for the
necessary microscopic quantities like geometries, ground-statequantitative prediction of kinetic parametérs:10151n TST, the
energies, and frequencies for the evaluation of molecular rate coefficient for the reaction A~ B is given by
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 k(T) =
rigorous analysis of long chain hydrocarbons is the presence of
one or more internal rotofg. These torsional motions are )
generally opposed by a potential barrier depending on the WherekE.; represents the Boltzman’s constahtis the temper-
structural features inhibiting the rotation. At low temperatures, ature;his Planck’s constantAE, (for further reference called
the internal rotors can lead to good approximations in terms of the critical energy) represents the molecular energy difference
a harmonic oscillator model. At elevated temperatures encoun-at the absolute zero between the activated complex and the
tered in the thermal cracking unit, the average energy of the reactant (with inclusion of the zero-p0|r_1t_V|brat|on_aI energies),
molecule largely exceeds that of the barrier, and the torsional @d G: and ga are the molecular partition functions of the
motion can to a good extent be modeled by a free rotor. The transmon state and reagtant, respectively. '_I'he molecular proper-
intermediate case between the two extreme regimes is the ondi€S, Such as geometries (moments of inertia), ground-state
of a hindered internal rotor. In our study on the addition reaction energies, and frequencies, required for the evaluation of the
of the ethylbenzene radical to ethéffdt was found that an  Partition functions and the critical energyE, are obtained by
explicit treatment of internal rotations on a quantum mechanical @b initio molecular calculations.
basis may alter in a considerable way the theoretically predicted All ab initio calculations were carried out with the GAUSS-
values of the Arrhenius parameters and especially the value of /AN 98 software packadé within the DFT framework® by
the frequency factor. The activation energy is mainly determined using the Becke’s three parameter hybrid B3LYP functiéhal.
by the difference in ground-state energies between the activatedl he molecular orbitals are expanded in the trip@-311G basis
complex and the reactants. This feature is not surprising becauséugmented with single first d and p polarization functiéhs.
in the internal rotation approximation the number of states in Several studié82! have indicated that B3LYP and even
which the molecule can reside due to thermal agitation is much Hartree-Fock (HF) methods are sufficiently accurate for the
larger than that of the harmonic oscillator appro&th. estimation of the relative stabilities of different conformers and

In this paper, standard ab initio density functional theory for the calculation of the potential energy profile for internal
(DFT)3 calculations are performed to analyze in detail different rotation, especially when large basis sets including polarization
cyclization pathways for the butylbenzene radical. Two possible functions are used. According to specific studies on similar
pathways are studied as schematically depicted in Figure 1b,c.radical reaction8,the B3LYP method gives a reliable and
These reactions are gas-phase analogues for basic reactions ¢fuantitatively good description of geometries, frequencies,
the coke formation, which can lead to a further growth of the reaction barriers, and pre-exponential factors. In this case where
coke layer. It is a well-known feature of chemisttyhat the ~ the system of interest is quite large, B3LYP provides a viable
stability of radicals is increased in the order of primary, alternative for more computational-intensive methods like
secondary, and tertiary radicals. Therefore, primary radicals canCBS?? G2 or CBS-RAD? procedures. Energy minima were
rearrange themselves to the more stable secondary or even bettdecated by full geometry optimizations with the Berny algo-
tertiary radical through the hydrogen shift. The isomerization rithm.2>2¢ The transition structures were located according to
of the primary to the secondary radical can also occur via the following procedure: at the first stage, all variables but the
successive hydrogen abstractions. In this way, the primary reaction coordinate are optimized while the reaction coordinate
butylbenzene radical, which is formed as a direct product of was varied stepwise. The maximum of this linear transit served
the radical addition reaction (Figure 1a), can rearrange toward as the starting structure of a transition state optimization using
the secondary butylbenzene radical. Both primary and secondarythe transit-guided quasi-Newton (STQN) metti&é®
radicals can undergo a ring closure reaction to form either a  The vibrational frequencies of the optimized structures are
five-membered or six-membered ring. In this study, we inves- also calculated at the same level of theory. It is well-known
tigate the radical cyclization preference by calculating kinetic that the B3LYP harmonic vibrational frequencies are systemati-
parameters for the competitive pathways by means of TST. In cally larger than the observed experimental frequencies. The
complete analogy with the study performed on the addition overestimation, however, is found to be relatively uniform, and
reaction'® we also perform a detailed conformational analysis as a result, generic frequency scaling factors are often applied.
of the secondary butylbenzene radical. Special attention is paidA scaling factor of 0.9614 is applied to the frequencies in the
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Cyclization for the Butylbenzene Radical (I1)

evaluation of the partition functior?$, while the zero-point
vibrational energies are scaled with 0.9806.

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 Schdinger equation using the same numerical
algorithm as that outlined in ref 10:

B2 PPl D1 i)
2 o

T V(@102 O Vil P1:P2r - D)

= MYy 1.2, )
form=1,...,.M

2)
where ym represents the rotational wave function as(im)

are the rotational energy levels for the internal rotatiotefined

by the dihedral anglén. | stands for the reduced moment of
inertia for the rotation of thenth top. The rotational potential
V(¢1, ¢2, ..., ¢m) 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 potentiabrresponding

to fully optimized conformers-a kmaxFourier expansion is fit:

kmax 1

Vm((pm) = kZE ml&:L - COS(((Pm)) ©))
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Figure 2. Transition state for cyclization of the primary butylbenzene
radical.

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. ReactantsThe 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 angleg, ¢z, ¢3, and ¢4, 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 angfesnde¢s. Details
about the geometries and energies of the different conformers

We always have more than one harmonic, and hence, thecan be found in ref 10. All internal rotations are treated
standard solution procedure available for one harmonic cannotaccording to the scheme explained in section 2. The rotational
be used® We apply a computational procedure based on solving potential is obtained by a Fourier fitting procedure through all
the Schrdinger equation on a discretized angular grid, as stationary points-determined by full geometry optimizations
outlined in ref 10. Once the energy levelgm) are evaluated in terms of the different torsional angles. The results are given
for each internal rotatiom, the partition functionSy.tint Can in ref 10.

be constructed by the product over thkindividual internal 3.1.2. Transition State. Geometri€ko locate the transition
rotation partition functions structure, we followed the procedure as outlined in section 2.
The reaction coordinate was approximated by the distagee C
Cyo 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 A in the activated
h complex. In addition, the transition structure for cyclization
predicts a nonplanarity of the benzene ring of°7 given by

the dihedral angle {CsCsC4 at the center € where the
butylchain attacks. In order for the reaction to take place, the
aromaticity of the benzene ring must be broken, and the C
center transforms from a trigonal to a tetrahedral carbon center.
Also, the deviation from planarity at the ending radical carbon
center Go increases with respect to the similar property in the
BB5 conformer: the improper torsion angle@oH11H1, reaches
values of—142.534 and —174.0, respectively, in the TSC6
with R being the universal gas constaAtthe pre-exponential ~ and BB5 conformers. This is an indication for the transformation
factor or frequency factor, ar the activation energy, which ~ of Cio carbon center from an 3hybridization in the reactant
are assumed to be temperature-independent. On the other handp an sg hybridization in the product state. The dihedral angles
in TST, the kinetic parameterd and E, are in principle #1, ¢2, ¢3, and ¢4 reach values of-101.074, —56.533,
temperature-dependent due to their construction (by means of—61.137, and—166.495 respectively.

partition functions). We found (section 3.3) that for the reaction  Vibrational AnalysisThe transition state has one imaginary
under study in the considered temperature range, the Arrheniusfrequency ¢491.36 cml), which can be associated with a
rate law models very good the temperature dependence of thetranslational or loose vibrational motion along the reaction
rate constant. Using eq 1, we calculate the rate coefficients atcoordinate. A set of low-lying vibrational frequencies are located
different temperatures. The two kinetic parameters are thenatwvp; = 105.18,vp, = 129.959y,3 = 271.714, ands = 105.18

€ (M)

ks T

1
rotintm — m) exg — 4
ot int, o ng( ) 4)

int

with gi(m) being the degeneracy of the rotational energy level
ex(m) for the mth top andoin; the symmetry number of the
internal rotation. The number of eigenstates chosen is hig
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

K(T) = Ae”=/RD (5)
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TABLE 1: Geometrical Parameters for the Stable
Conformers of the Secondary Butylbenzene Radical

1 ¢2 ¢s ¢ Eg
BBsecl  —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
Figure 3. Product state of the cyclization of the primary butylbenzene BBsecd —84.3 —65.4 109.1 47.8 3.44
radical. a o1, ¢2, 3, and ¢, are the torsional angles as defined in Figure 2.

cmL. Inspecting the associated motions g, vy, andvpg
teaches that they correspond to small variations of the torsional
angles ¢1, ¢2, and ¢3. 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 pseudorotatiotisThe 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 frequencyvg 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 frequengy will be.
Because of their complexity, we will treat them in the harmonic
oscillator approximation.

3.1.3. Product State. Geometridhe optimized structure for

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

BBsec2

BBsec4 BBsecS

the product state is shown in Figure 3. This structure will be Figure 4. Stable conformers of the secondary butylbenzene radical.
referred as the PR6 conformer for later reference. The product

of the cyclization reaction is a fused-ring system where the vibrations, which are typically present in large structures such
original butylchain and two carbon atoms originating from the as the ones considered here, or to pseudorotation in the newly
former aromatic ring join to form a six-membered ring. The formed ring structure. Because of the complexity of these
new formed ring structure can be compared with a cyclohexane modes, we will treat them in the harmonic oscillator approxima-

ring in a chair form apart from the radical center at The G
center exhibits in the new structure after cyclization t8 sp
hybridization. This feature is reflected in enlarged bond lengths
of the connecting carbercarbon bonds (€-Cs = 1.501 A,
Cs—C; = 1.511 A) compared with the bond lengths of a single
benzene ring (1.397 AP The value of the g Cyobond (1.561
A) is in very good agreement with analogous values for single
carbon-carbon bonds (propane, 1.541 A; ethane, 1.538 A;
propene, 1.520 &). The planarity of the former aromatic ring
is almost recovered in the PR6 conformation@gCsC, = 0.8°),
although the aromaticity can only be reestablished by abstraction
of an hydrogen atom at theg@enter or by emission of an
hydrogen atom under the influence of the neighboring radical
center.

The G carbon center exhibits an %pybridization, and the
connecting bonds £-C; (1.366 A) and G—C; (1.503 A) turn
out to be shorter than those in an aromatic bond and a single
carbor-carbon bond, respectively. Also, this center shows small
deviations from planarity (8,CsC7; = 178.0).

The CC bond lengths in the new formed ring reach typically
values of single CC carbon bonds{6Cs = 1.543 A, G—Cq
= 1.535 A, G—Cyp = 1.534 A), 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 valuewmf= 96.26 cnt! and corresponds
to a bending motion of the two fused rings toward each other.
The other low-lying frequencies originate either from skeletal

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 af® 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 reagtion.
For example, the reactivity of primary, secondary, and tertiary
positions in aliphatic hydrocarbons toward hydrogen abstraction
by the methyl radical is 1:4.3:48.

3.2.1. Reactant. GeometriéBhe 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 approximatefy &0d 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
¢1, @2, ¢3, and ¢4 as indicated in Figure 5. The geometrical
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Figure 5. Definition of torsional angles in the secondary butylbenzene
radical.

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

BBsecl BBsec?2 BBsec3 BBsec4 BBsec5
2 33.8 37.0 30.6 33.6 25.9
V2 69.9 67.7 67.0 135.3 92.4
V3 57.1 59.2 50.7 96.5 44.3
V4 115.3 118.5 89.9 37.9 58.5
Vsk 78.5 156.7 113.3 62.0 130.7

values for these four dihedral angles, together with the total
binding energies relative to the BBsecl conformer, are given
in Table 1.

The lowest-energy conformer is the BBsecl conformer, which
is characterized by an anti orientation about both the G
and G—Cg bonds. This conformer no longer exhibitss
symmetry, which was found for the primary butylbenzene
radical. This is due to the presence of the radical centeg.at C
The only symmetry operation which is present for all conformers

J. Phys. Chem. A, Vol. 105, No. 32, 2002717

are determined by fitting a Fourier expansion through the
stationary points-determined by full geometry optimizatioris

as explained in section 2. The resulting torsional potentials for
the four internal rotations are displayed in Figure 6.

The rotation about the £ C7 bond has two stationary points
in a period ofzz. The minimum-energy configuration corre-
sponds with the BBsecl 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
Cy 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 ofr combined with the high inertial moment
(A2/(21,) = 0.0058 kJ/mol) compared with the potential barrier
(5.59 kd/mol). The symmetry number for this specific rotation
is 2 (oint = 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;€ Cg 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 ¢ Co bond actually corresponds to

of both primary and secondary butylbenzene radicals is the a rotation-inversion process since thedarbon center has an

double switch operation
W(ga ¢3) = V(—p—03) ®)

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;€Cg bond but has a gauche
orientation about the & Co bond. BBsec2, BBsec4, and BBsecbh
are gauche conformers about the-Cg bond and are further

split up by anti and two possible staggered orientations of the

ending CHCH group around the &-Cy bond.
Since the @ carbon center has an %Spybridization, 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 -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 BBsecl are studied in more

detail.vy, v, v3, andv4 can be associated with internal motions
resulting from variations of the dihedral anglgs ¢», ¢3, and
¢4. v1 corresponds to a rotation of the butylchain about the
aromatic ring, while the frequencies, v3, andv, are associated
with the rotations about the£Cg, Cs—Cy, and G—C;0 bond,
respectively. The frequencysk corresponds to a skeletal
vibration, more precisely, a bending mode of the butylchain
toward the aromatic ring.

Torsional PotentialsThe rotational potentials for each of the

sp? 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 anges=
C7CsCoCy1o and ¢'s = C;CgCoHi12 in order to determine
unambiguously the combined rotation-inversion process. How-
ever, the mechanism is better described by introducing a new
parameteif; related togs and¢'s by the relationf; = (¢3 +
¢'3)/2. The BBsecl 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 BBsectBBsecl 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 d@f; is displayed in Figure

6c. It has only four minima in a period of2 while one could
normally expect six minima for a center with?dpybridization.

The missing minima are prevented by large steric hindrance of
the methyl group attached at they €arbon atom, and the
potential energy differences are dominated by the variation of

the angleps. Because of the specific behavior of the potential,
we extend the three-term Fourier expansion (conform eq 3) with

a single sin(18) which only contributes in the range from7.5°

and 7.5 to simulate the behavior arouid= 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—Cio
bond has a period ofi/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

internal rotations present in the secondary butylbenzene radicalof the partition function is 3dn; = 3).



7718 J. Phys. Chem. A, Vol. 105, No. 32, 2001 Speybroeck et al.
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Figure 6. Rotational potentials for the torsional motions in the secondary butylbenzene radical. The energies are relative to that of the BBsecl
conformer. The torsional angles are relative to the equilibrium geometry of the BBsecl conformer.
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Figure 7. Newman projections of the rotation inversion about the-Cs bond in the BBsec1 conformer.

The results of Fourier fitting procedure are summarized in  Vibrational AnalysisThe TSC5 conformer is characterized
Table 3. by one imaginary frequency-631.89 cntl), corresponding to

3.2.2. Transition State. Geometriékhe transition state for @ loose vibrational motion along the forming CC bond. Also,
cyclization of the secondary butylbenzene radical is shown in some other low vibrational frequencies are present namgly
Figure 8. The structure was located by gradually decreasing the= 57.4,vp2 = 113.3,vp3 = 197.6, andvs = 204.3 cmi™. The
CsCsy distance. The maximum of this linear transit served as an motions corresponding tay, vp2, andvyz can be identified as
initial guess for a full geometry optimization of the transition €ither skeletal motions or ring-puckering vibrations of the
state. For later reference, this state will be referred to as the forming ring. The only vibration that can be identified as a pure

TSC5 conformer. The distance of the forming carbearbon internal rotation is the rotation of the methyl group about the
bond amounts to 2.1135 A. The former aromatic ring deviates CoC10 bond. For the calculation of the associated partition
from its planar structure (CeCiCo = —3.978, C,CoCsC4 = function, this internal motion will be treated as a hindered
—1.617, CyCsCsCs = 1.775), since the @ carbon atom internal rotor. All other low vibrational motions will be treated

transforms from an $ptoward an sp center during the  in the harmonic oscillator approximation.

cyclization reaction. The other carbon atom participating inthe  Torsional PotentialsThe torsional potential for the methyl
forming CC bond, namely, the former radical centgré&volves rotation in the TSC5 conformer has a periodw8. The strong
from a trigonal toward a tetrahedral center during the cyclization repulsive interaction between the hydrogens of the methyl group
reaction. This is characterized by the deviation from planarity and the phenyt cloud gives rise to relatively large rotational

of the carbon centerdgthe improper torsion anglegCoCioH12 barriers. The symmetry number in this case igig & 3). The
= 140.237) and the bond angles with its neighboring atoms results of the Fourier fitting procedure are listed in Table 3.
(C10CoH12 = 114.394, H10CoCg = 114.92, C1oCoCg = 3.2.3. Product State. Geometridhe optimized structure for

118.236). the product state is shown in Figure 9 and will be referred as
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TABLE 3: Geometrical Parameters and Rotational
Potentials for the Internal Rotations?

Fourier fit results
0
Erel Im Vi
Internal Rotations in the Secondary Butylbenzene Radical

ab inito calculations

J. Phys. Chem. A, Vol. 105, No. 32, 2002719

¢1 rotation about the &-C7 bond ¢f1
BBsecl 00 0.0 123.61 V» 5.959 0.0
86.52  5.94 90.0
b2 rotation about the £-Cg bond ¢f2
BBsecl 00 00 185.08 V; 6.928 0.0
TSBBsectBBsec2 59.5 13.27 V, —3.595 614 _
$gge8(;2ec}BBsecz i%gé ziig Ve 14231 1%2090 Figure 9. Product state for cyclization of the secondary butylbenzene
@3 rotation about the &-Cq bond ¢g radical.
ggzgngBseCl g:g 8:(2)6 85.46 x; _g:ggg other.vg1 andvgy, are skeletal motions. Only, corresponds
BBsecl-BBsec3 52.0 1.61 (A 2.403 66.0 to a pure internal rotation of the methyl group about th€{g
BBsec3 89.7 0.95 117.7 bond and will be treated as a hindered internal rotor.
BBsec3-BBsec3  180.0  6.89 Torsional PotentialsThe rotational potential for the methyl
P rotation about the &-Crobond 4 rotation in the PR5 conformer has a period =f3 and a
BBsecl 750'10 10'703 11.04 Vs 2.031 6%% symmetry number obi,, = 3 is taken into account for the
o o ' evaluation of the partition function. The results of the Fourier
Internal Rotations in the Transition State fitting procedure are listed in Table 3, and the rotational potential
methy! rotation is shown in Figure 10b.
¢a ¢ 3.3. Activation Energies and Rate ConstantsThe ab initio
TSCS 62‘354 2:269 1117V 8.913 gd(.)o calculations on the different cyclization pathways for the
o butylbenzene radical are able to yield reliable predictions for
Internal Rotations in the Product State the kinetic parameters. Total binding energies and zero-point
methy| rotation vibrational energies of all reactants, transition states, and
PRS 68‘274 13:21 11.17 Vs 12.211 e?d?o products are taken up in Table 4. The microscopically deter-

aEf is the relative energy (kJ/mol) with respect to that of the

mined partition functions serve as a bridge to the macroscopic
kinetic parameters. They are calculated for all species at

reference conformers for the secondary butylbenzene radical BBseC:L'temperatureS ranging from 100 to 1000 K. By means of the

the transition state TSC5, and the product state RiRS.expressed in

kJ/mol. The angles are relative to the equilibrium values of the reference

conformers.¢, ¢5, 65, and ¢, are the angles as obtained from the
Fourier fitting procedureln, is the reduced moments of inertial (au)
for each individual rotation.

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

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 andE, 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

the PR5 conformer. This is a fused ring system of a five- and AEg has to be corrected with the ZPE’s of those vibrations which
six-membered ring. The aromaticity of the former benzene ring stand for the internal rotations. These ZPE's may differ
is broken an accordingly the six-membered ring deviates from substantially from the ZPE’s of the internal rotations (given by

planarity (CQC;LCGC5 = 10.87¢, C6C504C3 = 4.353, C5C4C3C2
= 4.416, C,C3C,Cy = —5.048, C3C,C,1Cs = —3.060). The

the deepest bound rotational levels). If this happens, it may affect
the activation energy in a considerable way.

conjugatedr-system can only be re-established after hydrogen (ii) The level density of the rotational potential may increase

abstraction at the centeresCAdditionally, the carbon €

in most of the cases. This has a direct impact on the rotational

transforms from a tetrahedral center toward a radical center partition functions. For the reaction BB* PR®6, the effect of
during the cyclization reaction. Therefore, it evolves to an almost the partition functions on the activation energy-i%.4 kJ/mol

planar sp center (improper torsion angle CiC,C; =
—172.227).

Vibrational Analysis.The PR5 conformer has a set of low
vibrational frequenciesy, = 74.0,vgq = 131.7,v5 = 186.4
andv, = 230.2 cml. Thew, frequency can be identified with

in the harmonic oscillator (HO) approach verst.96 kJ/mol
in the internal rotor (IR) approach. However, the global effect
on E, is small since both previous mentioned effects nearly
cancel each other.

The impact of internal rotations on the pre-exponential factor

a bending motion of the two fused ring systems toward each is large. The ratioAH/AR amounts to 9.3 and 6.4 for the
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Figure 10. Rotational potentials for the torsional motions in the TSC5 and PR5 conformer. The energies are relative with respect to those of the
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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 Characteristics?
Cyclization of the Primary Butylbenzene Radical

BB1 TSC6 PR6
Eo (au) —388.935907 —388.917564  —388.949337
ZPE (au) 0.193232 0.193691 0.196281
forward reaction reverse reaction
AE (kd/mol) 49.36 76.53
AEj (kd/mol) 51.06
E:O (kJ/mol) 47.96 78.74
Ao 4.3x 101 3.3x 1013
E. (kJ/mol) 48.10
A 46x 10°

Cyclization of the Secondary Butylbenzene Radical

BBsecl TSC5 PR5

Eo (au) —388.942237 —388.913069625 —388.939245

ZPE (au) 0.193735 0.194807 0.196571
forward reaction reverse reaction

AE, (kd/mol) 79.39 64.09

AEj (kd/mol) 79.82 64.25

EZ° (k/mol) 77.85 66.17

Ao 4.3 x 101 2.7x 101

Ex (kJ/mol) 77.15 66.14

A 6.7 x 10° 2.8x 101

aE, is the total binding energy of the groundstate configuration, zero-
point vibration energies ZPE are scaled with 0.980&nd AE, is the
molecular energy difference (ab initio DFT) between the transition state
and the reactants with the inclusion of ZREE', representaEq with
the ZPE of those vibrations which stand for internal rotations subtracted.
Eg'o and A© are the activation energy and the preexponential factor
calculated with all vibrational motions treated within harmonic oscillator
approximation, whileE\R and AR are equivalent quantities calculated
with explicit consideration of internal rotations and corrected for the
corresponding ZPE. A is expressed in units of. s

reactions BB1— PR6 and BBsec1> 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

the inertial moments of the rotating grouge/(21 ). For the
reverse reaction PR5 BBsecl, 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 BBsecl
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. Relatie Importance of Rie- 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

R6—ring _ kl CBBl

R57ring

()

kZCB Bsecl

reaction (see Figure 1a and ref 10), we found an increase. ThisTo validate the importance of six-membered and five-membered

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

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 BBsecl 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 presentin

HO to the IR toward the free-rotor case. This can lead to a much higher concentrations than the primary one, especially at
serious enhancement of the partition functions. The relative low temperatures. The ratio of the two radical concentrations
increase depends on the strength of the potential compared withconverges to a small value at high temperatures (approximately
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Figure 11. Arrhenius plots of Ink vs 1/T for the different cyclization reactions.
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Figure 13. Energy diagram for the cyclization reactions. All energies
are relative to the ground-state energy of the PR6 conformer

) o o (—388.949337 au). The energy differences do not include ZPE.
Figure 12. Kinetic network for the cyclization of the butylbenzene

radical. radicals, where the radical position is at the branching position.
5 at 1000 K). When comparing the ground-state energies of The consecutive reactions responsible for formation of secondary
the PR5 and PR6 conformer, it follows that the fused ring system radicals are not fast enough to establish equilibrium between
of two six-membered rings is stabilized by 26.5 kJ/mol. Since the two radicals. It is only at the end of the reactor at very high

both radicals are tertiary radicals, this effect can be traced backtemperatures (10001200 K) that the ratio of secondary to

to the additional ring strain present in a five ring. Berfsgines primary radicals increases to values between 1 and 1.5, i.e.,
a value of 26.4 kJ/mol for the ring strain in a five-membered still below the equilibrium ratio. At the high temperatures
ring, in excellent agreement with our value. encountered at the end of the reactor, the favoring thermody-

To have an idea about the relative concentrations of primary namic aspects of the secondary radicals are still of minor
and secondary radical in an industrial cracking unit, we importance. Hence, the ratio of the rate coefficients determines
performed a simulation of the concentration profiles inside the the relative importance of five- and six-membered ring formation
coils of a typical industrial nafta cracking unit with a simulation for coke formation in a thermal cracking unit.
program, based on a detailed network of elementary reactions, The ratio of the rate of six-membered to five-membered ring
developed at the Laboratorium voor Petrochemische Techfiek. formation is dependent on the ratio of the rate coefficients for
At the beginning of the reactor, primary radicals dominate since cyclization (eq 7). From Table 4, it can be seen that the
they are preferably formed b§-scission reactions of higher-  preexponential factors are very similar; however, the activation
molecular-weight nonbranched alkyl radicals or from branched energy for the six-membered ring formation is 30 kJ/mol lower
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probably good estimates for the real experimental values since
m —- the relative stabilization of five and six-membered rings is in
(a) ) close agreement with each other.
N . The theoretical estimates for the frequency factor are on the
o : —»> O same order of magnitude as the experimental values, confirming
b the assumption that the B3LYP/6-311G** predictions provide
(b) reasonable values for the kinetic parameters.
- O 4. Conclusions
(c) In this paper, we have studied some main reactions of the
Figure 14. Schematic representation of some radical reactions. coke formation network, namely, different cyclization pathways

for the butylbenzene radical. These reactions can lead to a further

than that for the five-membered ring formation. At 300 K, the 9growth of the coke layer. Both primary and secondary butyl-
ratio of the rate coefficients is 80 000, and at 1000 K, it is still Penzene radicals can be expected to be present. They can
23. From this, it is reasonable to state that formation of six- Undergo cyclization toward either a five- or six-membered ring.
membered rings is preferred over formation of five-membered The relative importance of both pathways is studied by
rings under typical steam cracking conditions. calculating theoretical values for the relevant kinetic parameters.

Recently Jursi® and Olivella et aP® studied the cyclization In the first part, a detailed conformational analyses is
pathways for the hexenyl radical toward five- and six-membered Performed on the DFT/B3LYP/6-311G** level of all products,
rings. They found that there can only be a kinetic preference reactants, and transition states. This method is known to give
for five-membered rings over six-membered ones if there reliable predictions of geometries, frequencies, and energies for
is an additional stabilizing effect for the transition state such radical reaction$?®All stable conformers of reactants, products,

as z-bond participation that is properly positioned in the and transition states have been located by full geometry
molecule3’-39:40-42 This feature would be present in the Optimizations. This was followed by a detailed vibrational
cyclization reaction of the 2-(3-butenyl)phenyl radical, as analyses of all species. Some low-vibrational modes were
displayed in Figure 14a. In this case, preferable interactions identified as internal rotations. They were treated in an exact
occur between the p-molecular orbitals of the butenyl chain and quantum-mechanical way by solving the appropriate one-
the singly occupied phenyl radical orbital. Because of this dimensional Sclidinger equation with a rotational potential
additional stabilizing effect, it is reasonable to expect that the determined from our ab initio calculations. The obtained
activation energy for this cyclization reaction should be very rotational energy eigenvalues serve as an input for the micro-
low. Experimentally, a value of 15.06 kJ/mol was estimated Scopic partition functions.

for this reactior?3 and theoretical values at the B3LYP/6-31G- In the second part, the molecular partition functions, deter-
(d) level predict an activation energy of 12.13 kJ/ffol.  mined in a microscopic way, serve as a bridge for macroscopic
However, the reactant radical, as displayed in Figure 14a, is kinetic quantities such as the preexponential factor and activation
not likely to be an important intermediate in the formation of energy. The influence of internal rotations on these Arrhenius
coke. Cyclization at the coke surface occurs rather from radicals parameters has been studied in detail. It is found that the
positioned in the alkylchain attached to the already formed coke influence on the activation energy by treating internal rotations
layer. properly is rather small. This quantity is mainly determined by

3.3.3. Validation with Experimental Resulr the reactions ~ the molecular energy difference at the absolute zero between
under study, no experimental results are available, and hencefhe activated complex and reactant. The frequency factor on
a direct comparative study of theoretical predicted valueéfor the other hand is largely affected by the method of constructing
andE,is excluded. As an alternative, we can compare our results the partition functions. For both forward cyclization reactions,
with similar radical cyclization reactions. For the formation of the pure effect of internal rotations decreases the preexponential
six-membered rings, we can compare with the cyclization factor by a factor of 9 and 6. This could be expected since the
reaction of the hexenyl radical toward the cyclohexyl radical, level density of the eigenstates is substantially increased in the
as schematically displayed in Figure 14b. Values of 34.995 kJ/ IR versus the HO approach. As a result, the molecule can reside
mol for the activation energy andx1.0*%~ for the preexpo- in more stable conformers due to thermal agitation.
nential factor are reported by Handford et*&lFor five- In addition, the kinetic parameters predict an activation energy
membered ring formation, we compare with the cyclization that is approximately 30 kJ/mol lower for the formation of six-
reaction of the pentenyl radical toward the cyclopentyl radical membered rings with respect to five-membered rings. Moreover,
(Figure 14c). Gierczak et &t.report values of 67.779 kJ/mol  the product formed from the primary butylbenzene radical is
for the activation energy and 1.410 for the frequency factor. largely stabilized over the fused ring system with a five-

The experimental values confirm the preference for six- membered ring. Studies of concentration profiles of secondary
membered ring formation over five-membered one in the case and primary radicals in an industrial cracking unit teach that
where additionalz-bond participation is not present. The the relative importance of five- and six-membered ring formation
activation energy for the cyclization of the hexenyl radical is is primarily determined by the rate coefficients of both cycliza-
approximately 33 kJ/mol lower than the corresponding reaction tion pathways. The kinetic aspects support the assumption that
for the pentenyl radical. This difference in activation is in close the formation of six-membered rings is preferred over the
agreement with our theoretical predicted values and is an formation of five-membered rings under typical steam cracking
indication for the relative importance of both pathways. conditions.

For both reactions, the theoretical predicted activation energies Finally, our kinetic parameters are compared with experi-
are higher than the experimental ones. This can probably bemental values. Since, however, there are no direct data available
traced back to the extra steric hindrance due to the presence ofor the reactions under consideration, comparison is made with
the aromatic ring in the considered reactions. Our values aresimilar cyclization reactions of the hexenyl and pentenyl
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radicals. The difference in experimentally determined activation _ (13) For an example of a reference work, see: Parr, R. G.; Yang, W.
energies for the formation of five- and six-membered rings is Bree”SSS'Fyg;fgigoggggheory of Atoms and Molecyl@xford University
in very good agreement with the correqundmg to theoretical ** (14) Fessenden, R. J.; Fessenden, @r§anic ChemistryBrooks/Cole
value. Also, the frequency factors are within the same order of Publishing Company: Pacific Grove, CA, 1990.
magnitude. Therefore, it can be expected that our theoreticalA rélgh;/rin ggggmﬁfekd X)r Ill;/luet)rltitél’:lét/i6;nWaroquler, M.; Schacht, El.
estimates for the kinetic parameters determined at .the BSLYP/ (ie) Frisch, M. J.: Trucks, G. W.: Schlégel, H. B.: Scuseria, G. E.: Robb,
6-311G** level of theory are in good agreement with experi- M. A;; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratmann,
ment. R. E., Jr.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
; ; : .N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
The.c.alcu.latl.ons .as presented here a“:f especially mportanl‘é_; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
for gaining insight into el_ementary reactions of t_he thermql Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
cracking and coke formation network, since in this case it is Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J.
very difficult to obtain experimental information on individual V- Baboul, A. G.; Stefanov, B. B.; Liu, G; Liashenko, A.; Piskorz, P.;
ry . . P . . . Komaromi, |.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
reactions. Ab initio calculations can enable us to validate im- ;" a - Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.: Gil
portant assumptions of the kinetic model of the coke formation. p. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez,
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