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Quantum Chemistry Investigation of Key Reactions Involved in the Formation of
Naphthalene and Indene

1. Introduction

Nowadays it is well accepted that air pollution is related to
lung cancer and cardiopulmonary diseasé least some of the
health hazards of atmospheric pollution can be related to
polycyclic aromatic hydrocarbons (PAHSs), some of which have
been found to be mutagerfi@nd soot, which represents a major
fraction of atmospheric aerosols. Consequently, in the last few
years a large amount of attention has been paid to the emission
of PAHs and soot from fossil fuel combustiémhich will still

S. Fascella, C. Cavallotti,* R. Rota,* and S. Carra

Politecnico di Milano, Dip. Chimica, Materiali e Ingegneria Chimica “G. Natta”/CIIRCO,
Via Mancinelli 7, 20131 Milano, Italy

Receied: Nawember 18, 2003; In Final Form: February 12, 2004

Quantum chemistry was used to investigate the kinetics of the reactions ofjHs3ad 1,3-butadien-1-yl

with phenyl and benzene, respectively, with the aim of elucidating mechanisms that might lead to the formation
of naphthalene and indene. Kinetic constants for each elementary reaction involved in the reactive processes
were calculated with density functional theory and a modified G2MP2 method. Small vibrational frequencies,
when necessary, were treated as hindered rotors to calculate their rotational potential energies quantum
mechanically and the corresponding partition functions. Global rate constants for the formation of the different
products were determined with QRRK theory. The main result of this study is that if Hg-#hd 1,3-
butadien-1-yl are formed in significant amounts then they can contribute significantly to the formation of
naphthalene in a flame. It was also found that activation energies and reaction enthalpy changes can be
influenced significantly by the level of theory adopted in the calculations, with B3LYP differing from the
more accurate G2MP2 calculations by up to 7 kcal/mol. This was attributed to the known problems of DFT
in describing radicals having multiple resonance structures. The calculated rates of formation of indene for
the investigated reaction channels were all too slow to compete with alternative mechanisms proposed in the
literature.

In any case, it is clear that small-PAH formation comes from
soot inception and proceeds through reaction paths involving
lighter cyclic hydrocarbons. Therefore, kinetic information
concerning the formation of small cyclic hydrocarbons (that is,
species involving one or two aromatic rings) plays an important
role in defining the chemical reaction pathways responsible for
PAH and soot formation. In this framework, the importance of
;undamental studies aimed at elucidating the relative rates of
different reaction channels leading to small PAH is clear. This

represent, at least for the next few decades, the main source ofNOUId in fact allow us to confirm or rule out some reaction

power for humanity.

The minimization of the formation of PAHs and soot in
combustion requires the control of chemical processes respon-
sible for their formation and growth. This will be possible only
on the basis of a correct physical and chemical understanding
of the combustion process. Although many important details
about PAHs and soot formation and growth are not yet
completely understood, there is general agreement on the main
features of the molecular mechanisms involved, as recently
reviewed by Ritcher and Howatdnd summarized in Figure
1. The process starts with the formation of the molecular
precursors of soot (that is, heavy PAHs of molecular weight
500-1000 amu) from smaller molecules, followed by the
nucleation of heavy PAHs and by the growth of particles either
through the successive addition of gaseous molecules or througH
reactive particle-particle collisions. A slightly different view
that was recently proposed suggests that the formation of high-
molecular-mass compourtdsroceeds through the polymeriza-
tion of small PAHs rather than through the growth of light PAHs
by the continuous addition of small molecules.

patterns.

Following previous work concerning the formation of the first
aromatic ring, with particular reference to the competition
between six- and five-membered ring speéi#is work focuses
on the formation of the second aromatic ring as a result of the
reaction between 1,348 and 1,3-butadien-1-yl with benzene
and phenyl. Being still interested in the rate of production of
cyclic species, we paid particular attention to the formation of
naphthalene and indene.

In the literature, several tentative formation pathways leading
to these species have been proposed, and they have recently
been reviewed by Lindstedt et aNaphthalene can be formed
either by HACA-type sequencésyhich consist of acetylene
addition to aromatic radicals followed by a radical abstraction
eaction, or by vinylacetylene addition to a phenyl radfcal,
propargyl radical addition to phenyl and methylphenyl radiéals,
and cyclopentadienyl radicals recombinatié#! Indene is
supposed to be formed by allene and propargyl radicals’ addition
to phenyl radical® and acetylene addition to phenyl and
methylphenyl radical8.

Unfortunately, despite the extensive work carried out on the
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Figure 1. Scheme of soot growth from elementary chemical species (0.5 nm) to large particles (50 nm).

agreement on the dominant formation pathways in a combustionsolution of the quantum mechanical equation for a 1D rotor in
environment: This is true in general and even more for the a potential field. Finally, calculated global kinetic constants were
reaction paths involving C4 species that are often neglected incritically compared, whenever possible, with reaction rates of
building detailed kinetic schemes. One of the few exception is alternative reaction mechanisms proposed in the literature.
represented by a recently proposed pathway leading to naph-

thalene via the addition of 1,3-butadien-1-yl to benzEne. 2. Method and Theoretical Background

In this framework, we focused this study on some reactions g reactions here investigated are complex processes that
between C4 species and six-membered ring species leading tq,qve several elementary reactions. Possible products are
the production of naphthalene and indene through cyclization hhihalene and indene, generated through a cyclization process,
reactions: or pheny! butadiene. To describe the overall reacting system,
we used quantum RieeRamspergerKassel (QRRK) theory,
as modified by Dear for bimolecular reactions. The extension
of QRRK theory to a system containing three excited complexes
can be obtained by applying the pseudo-steady stationary
approximation (PSSA) to the concentration of every excited
complex (denoted in the following text by the * superscript)

. . . - . that is formed as an intermediate step of the global reaction
All of the reaction channels investigated in this work involve o hanism. With reference to the global scheme and nomen-

the formation of a resonantly stabilized radical as a reaction ¢4t re reported in Figure 2, it results in the following set of
intermediate. Because such radicals are relatively stable as %quations:

result of the delocalization of the unpaired electron, they can
be formed and react rapidly in the combustion environment.

Because of the lack of experimental information and to allow
a fair comparison among different reaction pathways, all of the
relevant thermodynamic and kinetic parameters were estimated
through quantum chemistry methods. In particular, the geometry
of reactants, products, and transition states was optimized bYdClOHff* -
adopting density functional theory (DFT). To investigate the —at 0=Kkg(E) - C;Hy; —
relative importance of the different reaction paths as well as to
determine the absolute rate of the overall reactions, we used
guantum Rice-RamspergerKassel (QRRK) theory, as modi-
fied by Dea”* to extend it to bimolecular reactions.

Energies were calculated with the G2MP2 théoign
geometries optimized at the B3LYP/6-31G(d,p) level. This
approach combines the good accuracy of the G2MP2 theory
with the lower CPU time requirement of DFT calculations. (3)
Moreover, special attention was paid to the investigation of low
vibrational frequencies, which are indicative of a small energetic wherek; are the kinetic constants of the elementary reactions
barrier for the relative motion of a part of the molecule with andZM is the rate of the collisional stabilization reactiah.
respect to the other. It was found that several internal motions is the collisional frequency calculated through the kinetic theory
should be treated as hindered rotors. Accordingly, their rotational of gasesM is the concentration of the bath gas, ghds the
partition functions were determined, using rotational potentials efficiency factor for the transmission of energy that was
calculated at the B3LYP/6-31G(d,p) level, through the direct calculated as suggested by Ttoaising the mean energy

1,3-GHg + CeHs

— I —
1,3-C4H5+C6H6} CroH

|

C,HSS + H — naphthalener H,
indene+ CH,

ce*
0 '11

dt =0=kyE) - C10H|1*1 -

(K_ce(E) + Ky(E') + BZM) - CioHST (1)

(K c(E") + k(E") + BZM) - C, HS: (2)

dC1OHI1*1
dt
(K_1(E) + ky(E) + keo(E) + kes(E) + ZM) - C,HY, +

K c(E) * CooHTy + K co(E")  CyoHiT

=0=Kk(E) - CeHs * C,Hs —



Key Reactions in Naphthalene and Indene Formation

J. Phys. Chem. A, Vol. 108, No. 17, 2003831

BZM

————> C,oH;®
C10H11C5(EH)* 1 1" I
L R®)s cong cmy BEL con + o,
kes(B) | | kes(E)
BZM
ki(E) | —> ClOHll1
C4Hg+CsHs %ﬁ CioHu (E)* k()
k4(E) "> CH'+H
ke.o(E") kes(E)
/M
B% CioH
CioHy °(EY* —
% CioH1o® + H
H BZM
H CH H = I CH, @y
H p H zH A/V & | C10H11
C—H H H H k(EH
X C H 2 cn K EH!
H H H H CigHi®™ H a .
chs_CH3
kes(E) | | kes(E™)
—
H BZM Ce
H HoH k(E)
_ —
H H H H (E) H k3(E) —
" C,oHy ™ — >
CeHs C,Hg o CioHyd
keo(E") kes(E)
BZM =
] Mo H ] b |
~ | — C10H11'36
H X Ny H k4(E @
H H
C10H11CS*

Figure 2. Kinetic pathway following the reaction of the addition of 1,3Hg to GsHs.

transferred per collision of 980 cal/mol. This is consistent with excited species, arf{E) is the chemical activation distribution
considering N to be a collision partner, which is a reasonable function. The energies of the excited compleke&!, andE"
assumption because it is the most abundant species in-a fuel for CloHll, CloH(ﬁ, and CloHll, respectively (see Figure 2),

air combustion environment. The kinetic constant of each are related to each other by the enthalpy changes of the
reactioni involving the kth excited complex, @Hn, can be cyclization reactions aE' = E — AH® andE"" = E — AH®S,
calculated from QRRK theory as The parameters required by QRRK are the rate of intermolecular
energy transfer between excited and nonexcited species, the
kinetic constants (preexponential factor and activation energy)
for each elementary reaction, and the mean vibrational frequen-
cies for every chemical species involved in the global kinetic
whereE;; is the activation energy for the considered reaction, scheme. Few of these parameters are known experimentally and
measured from the bottom of the potential energy well for each were thus calculated using ab initio methods. For each elemen-

KX = S (E) - C,HY, - f(E 4
‘ E;rnlﬂ() 10H11 " f(E) 4
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tary reaction, forward kinetic constants were evaluated with rule, we calculated the potential energy as a function of the
guantum chemistry and transition-state theory, and backwardrotational angle for internal motions corresponding to vibrational
kinetic constants were determined by applying thermodynamic frequencies smaller than 150 ciat the B3LYP/6-31G(d,p)
consistency (i.e., from the equilibrium constant) with calculated level, and the calculated potential energy was interpolated using
enthalpy and entropy changes. All calculations were performed cubic splines. As suggested by Van Speybroeck &t ale used
using the Gaussian 98 suite of prografrat different levels of the calculated potential energy(e), to solve the rotational 1D
theory. Geometries were optimized using density functional Schrainger equation:

theory (DFT), with exchange and correlation energies calculated -

with Becke’s three parameters and the t&@ng—Parr func- h® oW _

tionals (B3LYP}7 using the 6-31G(d,p) basis set. Frequency - maT)z T V@) (@) = - W(e) ™
calculations were performed at the same level of theory both to

calculate the vibrational frequencies of each adduct, required whereh is the ratio between the Planck constant andiﬁ(“m

as input to QRRK, and to verify the stability of reactants, js the reduced moment of inertia of a part of the molecule with
products, and transition states. In particular, calculated transition-respect to the other one calculated eithé? as
state (TS) structures were characterized by the presence of a

single imaginary frequency, and stable chemical species were u%i
characterized by the absence of imaginary frequencies. Suc- l,=1, 1— ; -
cessively, to improve the level of description of the system, i=%vz |

the energy of every molecule was calculated using an approach

similar to G2MP2, to which we refer in the following text as  wherel, is the moment of inertia of theth top andiy, is the
G2MP2*18 G2MP2 theory is based on a combination of direction cosine between the axis of tith top and the principal
perturbation and configuration interaction methods, and it was axis of the whole molecule, or #s

developed with the goal of evaluating bond energies, heats of

formation, and electron affinities of atoms and molecules with | = I -1y 9
chemical accuracy (i.e., within-2 kcal/mol from the experi- mT L+, ©)
mental value}® The energy of the molecule is first calculated

at the QCISD(T)/6-311G(d,p) level and corrected for basis wherel; andl, are the moments of inertia of the two rotating
set error by subtracting the energy calculated at the MP2/6- moieties. Equation 9 was used when the two rotating parts of

311+G(d,p) level from that calculated at the MP2/6-  the molecule had similar moments of inertia, and eq 8 was used
311+G(3df,2p) level. The difference between G2MP2 and in the other cases. In eq Z represents the energy levels

G2MP2* is that G2MP2 structures are calculated at the MP2/ associated with each vibrational frequency, apdis the

6-31G(d,p) level and vibrational frequencies are calculated at rotational angle. The Schiinger equation (eq 7) was numeri-
the HF/6-31G(d,p) level, whereas in G2MP2* we optimized cally solved using the finite difference method fprvalues
structures and calculated vibrational frequencies at the B3LYP/ petween 0 and:2 At each calculated eigenvaleg there is a
6-31G(d,p) level, which for the type of molecules here corresponding accessible rotational energy level. The internal
considered should be more accurate. G2MP2* increases therotation partition function was then calculated as

accuracy of the calculated energies with respect to DFT at the

(8)

expanse of a significant increase in computational time. Sum- 1 €
marizing, the molecular energy was calculated as Qrot,int = —ng cexpg— g_ (20)
Oint
E = E(QCISD(T)/6-3119(d,p))+
E(MP2/6-311g(3df,2p))— E(MP2/6-311-g(d,p))+ wheregy is the degeneracy of rotational energy lesighndoine

ZPE+ T.E.+ HLC (5) is the symmetry number of the internal rotation.

where HLC is the higher-level correction term proposed for the 3. Results and Discussion

original G2MP2 theory® Kinetic constants of elementary 3.1. Activation Energies and Enthalpy Changes for 1,3-
reactions were calculated using conventional transition-state ¢, + Cg4Hs. The global scheme for the reaction of the
theory® as addition of 1,3-GHg to CsHs is shown in Figure 2. 1,3-Els
T A= and GHs first react to form the linear decadienyl radical
_ferT Q7 - | is reaction | : <
k=——-=--k (6) C,oH;.. Because this reaction is exothermic, the adduct is in a
hQ vibrationally excited state (@H};). Then GgHj,; can follow

five different reaction pathways. It can either lose its excitation
energy by collision with the bath gas to give nonexcited
C,Hi,. Alternatively, it can cyclize to form the cyclopentadi-
enyl radical (GoHS;) or the cyclohexenyl radical (@HS).
Particular attention was paid to the calculation of vibrational Finally, it can dissociate into the reactants o g|ve| back 1,3-
frequencies. In fact, a low vibrational frequency is indicative CaHe an?59H5 or Iosiae? hydrogen atom, formlpg&alo. Both
of a small energy barrier for the relative motion of a part of the € GoHi; and GoHy; adducts are in an excited state due to
molecule with respect to the other one. Because every internalthe exothermicity of their foltmatlon reqctlons, with an excitation
rotation in a molecule occurs in the presence of a potential €nergy equal to that of {gH,, from which they are produced,
energy barrier, we analyzed the possibility that low vibrational Plus the reaction-energy change. Their reactivity is similar to
frequencies might degenerate in torsional rotors or bendings.that of GoHy,. They can either collide with the bath gas to
This analysis was carried out for reactants, products, and give the nonexcited GH; and GoHS; species or open the ring
transition states with quantum chemistry. Thus, as a generalto give back QOH'Il or dissociate. In particular, 1@'@* can

wherekg is the Boltzman constanit is the Planck constant,

is the reference temperature (300 K)represents the products
of the partition functions of transition states)(and reactants
(R), andk™ is the Wigner correction for tunnelirdg.
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Figure 3. Transition-state structures for reactions (a) 18+ CeHs — CaoHiy, (b) CioHi; — CigHSS, () CioHi; — CioHS, (d) CaoHSy —
CoHg_CH;, (€) QOH‘ﬁ—> CloHig + H, and (f) GHg_CHs; — CoHg® + CHa. Distances are reported in angstroms, and angles are reported in degrees.

dissociate directly to give gHS5 and H, whereas the dissocia-  of theory used. In this framework, G2MP2* calculations can
tion of CigHS; involves at first the formation of the methyl-  be considered to be the most accurate of those here performed,
cyclopentenyl (GHg CHs) radical followed by the loss of as discussed elsewhéretiowever, it is also known that
methyl to form indene (§H§5). Transition-state structures calculations performed at the B3LYP/6-31G(d,p) level are often
calculated at the B3LYP/6-31G(d,p) level for some key reactions in good agreement with experimental dafhus, the relatively
of this kinetic scheme are shown in Figure 3, where some large differences between values calculated for some reactions
important geometrical parameters of these structures are als@t the B3LYP/6-31G(d,p) and G2MP2* levels and reported in
reported. Table 1 were unexpected and deserve some discussion. First, it
Enthalpy changes calculated at different levels of theory are must be pointed out that the overall qualitative reaction trends
reported in Table 1. It can be observed that the computed predicted by the two methods are the same. For instance, the
reaction enthalpies can differ significantly depending on the level formation of the 1,4,9-trihydronaphthyl radical ](ﬁiﬁ) is
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TABLE 1: Comparison between Reaction Enthalpy Changes (kcal/mol) Calculated at 298 K and 1 atm with Different
Quantum Chemistry Theoriest

B3LYP QCISD(T) MP2 MP2
6-31 g(d,p) 6-311g(d,p) 6-311+g(3df,2p) 6-311+g(d,p) G2MP2*
1,3-GHg + CeHs — CyoH', —45.8 —50.8 —71.5 —71.0 —49.4
CaoHl; — CioHSS 23.8 16.3 26.7 25.3 18.1
CaoHb, — CioHES 8.03 11 13.9 12.8 2.9
ClOHii" chgf’ + CHs —-8.9 —-0.6 —19.2 —17.6 —5.6
cmH'u—» (:lOH'10 +H 43.2 45.3 34.3 35.6 39.2
C1oHSE — CHE + H 22.8 26.8 2.0 37 20.5
1,3-GHs + CeHs — CoHS® + CH; —-30.9 -35.1 —64.0 —63.3 -36.9
1,3-GHg + CgHs — C1oHSS + H —14.97 —22.9 —55.6 —54.5 —26.0
1,3-GiHs + CoHs — CygH o + H -2.6 -55 —-37.2 -35.4 -10.2

aG2MP2* differs from G2MP2 in that geometries were optimized at the B3LYP/6-31 g(d,p) level. All energies are corrected for ZPE and
thermal energies with frequencies calculated at the B3L¥B#6g(d,p) level.

TABLE 2: Calculated Activation Energies (kcal/mol) for CeHs + GHs
Forward and Backward Reactions
reaction Ea forw Ea,back Cighg + H
4
ke 1,3-GHg + CoHs — CagHl, 0. 48.9 45 \_ChiT
kes CyoHy; — CroHS 45.0 25.9 39
11 11 | Cidhi, 18
kes CmH'u“ ClOH(]:_?_ 24.5 20.7 ) Cid _ oy
ke C1oHS; — CoHS® Chs 24.9 51.7 L
| |
ks CioHy; — CroHyp+H 46.8 8.8 Figure 4. Enthalpy changes and activation energies for the kinetic
ks CioH — CioHS + H 31.9 8.9 pathway following the reaction of the addition of 1,3+G to CsHs
ks CoHE® CHs — CoHE® + CH; 315 12.1 (kcal/mol). Values were calculated with the G2MP2* theory.

a Geometries were optimized with B3LYP/6-31g(d,p), frequencies P T :
calculated with B3LYP/6-31g(d,p), and energies were calculated with has an activation energy equal to 48.9 kcal/mol, which implies

G2MP2*. that CloH'l*l dissociation into the reactants is a slow process.
Moreover, once gHg CHs is produced, it is more likely to

predicted to be more favored than that of the 3-methyl indenyl dissociate into gHg* and CH rather than give back GH;
radical (GoHS3) both by DFT calculations (8.03 vs 23.8 kcal/ becau§e the activation energy necessary to fogity CHs from

mol) and G2MP2* (2.9 vs 18.1 kcal/mol). Similarly, for both C10H11 is much higher than that required to decompose into
DFT and G2MP2* calculations, among the possible products CsHs® and CH; (51.7 vs 31.5 keal/mol). Therefore, in all of the

of the addiction reaction of 1,348 to CsHs, namely, GHS’, following calculations, we assumed that the reactions leading
CioHSS, and GoH},, the most exothermlc reaction pathway is rom CiHS; to CsHg®® can be summarized in a single reaction
that leading to the formation ofdBIS". The different results in ~ Step with an overall rate equal to that of the conversion of
terms of absolute values of the two calculation methods can CiH5; to CoHg_CHs. Activation energies and enthalpy
probably be ascribed to well-known difficulties of DFT in changes calculated for the investigated reaction scheme are
treating molecules with different resonance structé?és. reported schematically in Figure 4.

It is also interesting to compare the reaction enthalpies 3.2. Treatment of Low Vibrational Frequencies.As previ-
calculated at the G2MP2* level with those determined in our ©usly mentioned, dedicated work has been carried out to analyze
previous work for the reaction between 1,3Hg and GH3.6 the structural dynamics of a few molecules and transition
This reaction is similar to the one here investigated in that it States possessing low vibrational frequencies. The investigated
involves the formation of the first aromatic ring, whereas in molecules were the transition state for the reaction of the
the present work we have investigated the formation of the addition of 1,3-GHs to CeHs, the transition state for the
second aromatic ring through the addition of the same reactantdissociation reaction of lg_CHs, the transition state for the
(namely 1,3-GHg) to CeHs. In particular, we found that the  dissociation reaction of fgH}; to CiHid and H, and the &
reaction GHs + 1,3-GHs — CioH}, is exothermic by 49.4  Hi; molecule.
kcal/mol; that is, it is 4.3 kcal/mol higher than the enthalpy  The transition state of the reaction between 1,8kCand
change calculated for the;83 + 1,3-GHg — CeHgd' reaction. CsHs presents five low vibrational frequencies, namely, 22.4,
The higher energy of the 8ls—CeHs bond with respect to the  34.8, 40.2, 82.3, and 120.1 cfn For each frequency, an
C4He—CoH3 bond can be explained in terms of an effect of analysis of the potential energy corresponding to the internal
hyperconjugation of the phenyl aromatic ring with butadiene, rotation was performed. It was found that the 22.4-¢m
as proposed by Carret al?” The activation energies for the  frequency corresponds to the torsional motion around fhiz-€
dissociation of GHz CsHe and GHs_C4Hs are similar (48.9 CgHs bond. Because the maximum of the energy barrier of this
vs 48.7), which we ascribed to the fact that the hyperconjugation internal rotation is very low (about 0.6 kcal/mol), as shown in
effect decreases significantly as the distance between the twoFigure 5a, it was considered to be a hindered internal rotor.
separating moieties increases. Calculated activation energies (aThe associated partition function significantly changes when
the G2MP2* level) for the considered reactions are reported in calculating it as a rotor (26.5) rather than as a vibration (9.81).
Table 2. It can be observed that the activation energy for the The two higher frequencies (i.e., 82.3 and 120.1 §nshow a
formation of QOH'Il is zero, whereas the backward reaction similar behavior. They can be attributed to the rocking motion
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Figure 5. Rotational potential energy for the internal bendings of the transition state for the reactiogHs,3-CsHs — CloH'll.

of the GHe fragment with respect to the ,8¢—CsHs bond. rotational partition functions calculated through the solution of
The analysis of the rotational potential energy has shown thateq 7 are equal to 17.46 and 13.44, which are again significantly
these rotations are significantly hindered so that the rotational different from the values of their vibrational partition functions
domain is smaller than 380The calculated values were 220  (3.06 and 2.28, respectively). Finally, the 34.8- and 40.1%m
for the first bending and 240for the second one. The related vibrational frequencies can be attributed to the rocking motion
energy barriers are shown in Figure 5b and c. The correspondingof the GHs fragment with respect to the 8s—CsHs bond.
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Figure 7. Rotational potential energy for the active internal rotations of the transition state forlaﬁéle CioH10 + H reaction.

Because of the very high energy barriers calculated when TABLE 3: Comparison between Vibrational (Qui) and

; ; ; ; ; ; Internal Rotational (Hindered and Free) Partition Functions
studying the internal motions corresponding to these vibrational for Significant Low Vibrational Frequencies?

frequencies, we concluded that they can be considered to be

vibrations. viem™ Qub Qo™ Quof™®
The same analysis was carried out for th@"('i*l adduct. In TST1 internal rotor (Figure 5a) 224 9.81 26.51 38.24
Figure 6 is reported, together with the computed energy barrier, TST1 I° bending (Figure 5b) 82.3 3.06 17.46 66.02
one of the two internal motions of the)ds fragment that were TST1 2 bending (Figure 5c) 120.1 2.28 13.44 62.78
treated as hindered rotors. The rotation corresponds to theC;H', butadiene rotation (Figure 6) 25.7 8.62 11.90 38.75
motion of GHs and GHg around the butadiergohenyl bond. (:wH'11 propargyle rotation 51 461 13.35 30.91
A comparison with the same motion in the transition state of TST2 methyl rotation 102.7 257 895 9.77

the 1,3-GHg + CgHs — CloH'11 reaction shows that the  TST3 butadiene rotation (Figure 7) 40.6 5.65 14.75 39.43

maximum of the energy barrier is larger (1.9 vs 0.6 kcal/mol),  a1gT1, TST2, and TST3 are the transition-state structures for 1,3-

probably because of increased steric hindrance. (See Figure 6.x,14 1 ciHg — CyHl,, CoHa CHs — CoHE + CHs, and GoHS® —

The second motion corresponds to the rotation of the propargylec, (<6 1  reactions, respectively.

group in the butadienic tail. Also, in this case, the hindered

rotational partition functions (11.90 and 13.35) are higher than in Figure 7. Also, in this case, the motion can be treated as a

the vibrational ones (8.62 and 4.61). Another small vibrational hindered rotation, resulting in a partition function equal to 8.95

frequency that was treated as a torsional rotor was the rotation(ys 2.57 if calculated as a vibration). The comparison between

of the methyl group in the transition state of theHg CH; — vibrational and rotational partition functions for the structures

chgS + CHjs reaction, whose partition function triples its here studied is summarized in Table 3.

value on passing from vibrational (2.57) to rotational (8.95).  Using these values, preexponential factors of the investigated
Finally, the internal motion of the butadienic tail in the reactions were calculated through conventional transition-state

transition state of the {gH),; — CioHj, + H reaction was  theory and are reported in Table 4. The importance of the

analyzed. The calculated rotational potential energy is shown aforementioned treatment of low frequencies should be stressed.
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TABLE 4: Calculated TST Kinetic Constants (k = A - T®

J. Phys. Chem. A, Vol. 108, No. 17, 2003837

- exp(—E/RT))2

reaction Avorw a Eaforw Aback 08 Ea,back
ki 1,3-GHs + CeHs — CioH},; 1.5x 10 0. 0. 8.3x 10V —-1. 48.9
Kes CuoH, — CiHS 3.1x 10 0. 45.0 1.5x 102 0. 25.9
kes CioH, — CaH® 4.6x 10 0. 245 1.7x 102 0. 20.7
ko ClOHi?_—’ CoHg_CHs 4.0 x 1012 0. 24.9 1.6x 10%2 0. 51.7
ks CloHln—' cmH'10 +H 2.4 x 102 0. 46.8 5.2x 102 0. 8.8
Ka CaoHE® — CyoH + H 7.8 x 10%? 0. 31.9 3.5x 10%? 0. 8.9
ks CoHg CH; — C9H§5 + CHs, 5.0x 103 0. 315 2.0x 101 0. 12.1

aKinetic parameters are reported in units consistent with kcal, s, mol, and cm and were determined by treating low vibrational frequencies as
reactions were evaluated through thermodynamic consistence wlith calculate

internal rotors, when necessary. The rate coefficients of the backward
free-energy changes.
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Figure 8. QRRK rate constants calculated for the addition gfiCto
1,3-CHe at 1 atm. All possible products were considered. Backward

reaction refers to GH}; — CeHs + 1,3-GH.

For instance, the rate of formation ofl(;EI'l*1 increases by 1
order of magnitude with respect to the value that would be
determined using vibrational partition functions. Analogously,
the preexponential factor for the reaction of the formation of
CioHS) decreases from 1.8 10* to 3.1 x 10, and that of
the reaction of formation of GHS®" decreases from 1.9 10!
to 4.6 x 10%,

3.3. QRRK Calculation of Rate Parameters for 1,3-GHg
+ CeHs. QRRK theory was used to estimate the overall reaction
rate for the formation of the products of the reaction between
1,3-GHe and GHs. The mean vibrational frequencies for
activated adducts 1gH;;, C1oHSS, and GoHSS were deter-
mined, using vibrational frequencies evaluated with quantum
chemistry, to be 977.2, 1107.4, and 1070.9 émespectively.
The QRRK rate coefficients for the reaction of the production
of CigH}o, CagHSS, and GHS®, calculated at 1 atm as a function
of temperature, are shown in Figure 8. The rate coefficient of
the backward reaction from exciteddgl}, is also reported for
comparison. As its rate increases, the rate of all of the other
reactions correspondingly decreases. The species produced i
the largest amount is,gH},, followed by GoHSo, CioH},, and
CoHS. The higher rate of production of;gH55 with respect to
that of cz,Hgs is determined by a combined thermodynamic and
kinetic effect: the formation of GHSS is thermodynamically
more stable by 15 kcal/mol than the formation ofgldS],
whereas the activation energy for the formation Q§H; is
about 20 kcal/mol smaller than that for the formation of

12.5 T p”
CmH ©

Backward Reaction

Log,ok [em’/ mol s]

12 14 16 18
1000/T [K]

Figure 9. QRRK rate constants calculated for the reaction gfl{
with 1,3-CGHg at 1 atm. The net rate of formation of the adducts
(CaoH},, C1oHSS, and GoHSS) was set equal to zero. Backward reaction
refers to GoHy, — CeHs + 1,3-CGHe.

? n
06 08

C,HSY. Finally, the rate of production of GHSS is higher
than that of GHS® because its rate of formation fromdi$S” is
faster than that for the formation ofoB5> from CyoHS: .

The products formed through collisional stabilization,
C,HYy, CioHSS, and GoHSS, are thermodynamically unstable at
high temperatures and are therefore likely to react rapidly. So
in a situation where plis the most abundant species, we can
assume that, once generated, they get back to their excited states
through collisional excitation and react through the mechanism
reported in Figure 2. This assumption is reproduced, imposing
a zero net production rate for these species. The results of the
QRRK calculations performed under this hypothesis are shown
in Figure 9. The species produced at the highest rate is now
CioHSS with an increase in the QRRK rate coefficient, with
respect to the previous case, of 3 orders of magnitude at 1000
K. A similar effect is observed for the rate of formation of C
HS>. The kinetic parameters of the QRRK rates for the
formation of all of the considered species were fit through

Monlinear regression both for the case in which the formation

of the stabilized adduct was neglected and for the case in which
it was not. The results, interpolated at two different pressures
(1 and 0.01 atm), are reported in Table 5.

It is now interesting to analyze the relative contributions of
the different reaction channels considered in the overall kinetic
scheme. If we consider the g1, adducts to be stable species,
then at 1000 K and 1 atm the relative logarithmic rates of
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TABLE 5: QRRK Rate Coefficients for the Reaction between GHs and 1,3-CH¢?

Products: GHS, C1oHSS, CigHY,

P=1atm P =0.01 atm
reaction logoA o Ea logi0A o Ea
CeHs + 1,3-GHs — CoHS® + CH; 13.2 —1.35 5167. 13.2 -1.35 5167.
— CiHS + H 23.7 —4.01 1178. 23.7 —4.01 1178.
— CyHy+ H 14.0 —1.00 6685. 14.0 —1.00 6685.

Products: GHS®, C1oHSS, CioH}g, C1oHS, CroHSS

P=1atm P =0.01 atm
reaction logoA o Ea logi0A o Ea
CoHs + 1,3-GHg — CoHS® + CHs 33.0 —6.65 25593. 221 —3.79 12 530.
— CloHig +H 40.3 —8.43 19 138. 32.0 —6.29 8400.
— CloHIJ_O +H 22.3 -3.23 14 736. 18.9 —2.36 10 740.
— CyoHS 50.8 —12.57 24 826. 39.1 —10.07 11 378.
— CyoH® 63.3 —15.78 19 641. 56.1 —14.52 9870.

Products: 25, CloH(l:g, C]_oHllo, C10H§?_, CmHii, CloHlll

P=1atm P =10.01 atm
reaction logoA o Ea l0g10A o Ea
CgHs + 1,3-CHg — chgs + CHs 225 —3.33 30 556. 36.8 -7.71 28 365.
— CloHig +H 35.7 —-6.79 29 018. 45.7 —9.89 25181.
— c:mH'10 +H 20.4 —-2.32 25529. 34.9 —6.64 27 320.
— CloHi? 43.1 —10.04 32 286. 52.1 —13.47 27 644.
— CloHﬁ 52.8 —12.46 27 208. 65.0 —16.72 25 269.
— (:mH'11 46.7 —-10.2 16 508. 67.6 —16.85 23 305.

a2 Three cases involving different products were considered. The kinetic constant values were fitted between 500 and 2500 K at 1 and 0.01 atm.
k= A-T*: exp(—E4JRT). Preexponential factors and activation energies are reported in units consistent with cal, s, mol, and cm.

formation of GoHS5, CioH} CioH}; , CioHSS, and GoHSS with the HACA and GHs mechanisms can be compared to the value
respect to GHS® are 1.6, 1.33, 2.29, 1.01, and 1.72, respec- here calculated (2.6 10** cm¥(mol-s) at 1000 K), remember-
tively. If we neglect the formation of stabilized adducts, then ing that the rate of the process is proportional to the product of

the relative logarithmic rates of formation ofi<S, CyoH,,, the kinetic constant and the concentration of the reactants.

and GH® under the same conditions become 1.57, 1.23, and Because in the framework of this workif; can be consid-
1, respectively. Finally, we can observe from Figure 9 that when ered to be a precursor of naphthalene, it appears that the reaction
the temperature increases the formation rategbfgéincreases pathr:’;’r?ﬁ here grrtl).pﬁseg) Acl_?n atﬁ:ount for 'Ejhed :rc])rrtnatlog of
correspondingly, whereas that oidﬂig decreases, though the haphthalene and higher ¥ in a flame, provided that 13
formation of GoHS% is kinetically preferred over that of &5’ Is present in a concentration comparable to thatbf0r CsHs,

in the investioated ran f temperatur as is the case for butadiene flames.
€ Investigated range of temperatures. Among the different mechanisms proposed for indene forma-

reaction m|ght have on the rate of formation of naphthalene n to be fast enough to explaln the expenmental results:

a flame without inserting it into a detailed kinetic mechanism

and performing simulations. However, a direct comparison with Cy “

two of the mechanisms most used to explain the formation of @ + CH,— EjA - ©j> -

PAH in a flame, namely, the HACA mechani&mand the 7 ¢
cyclopentadienyl pathway,is possible under certain assump-

tions. In fact, a necessary step of the HACA mechanism is the +H
addition of GH, to phenyl, whose rate is equal to 1.5810

cm?/(mol-s) at 1000 K2 whereas according to the cyclo- ) . ) . .

pentadienyl pathway naphthalene is generated as a product of The first reaction of this mechanism is considered to be the

the reaction between two cvclopentadienyl radit®s rate-determining step of the process, with a kinetic constant
yelop y value of 1x 10 cm®/(mol-s) at 1000 K. Following the above-

. reported discussion on the formation of naphthalene, this value
@ +( ) — + H +H can be compared with 1.& 10° cm®/(mol-s), which is the
formation rate of indene that we calculated at 1000 K when the
formation of stabilized adducts was neglected. Because it is
At 1000 K, the rate of this reaction is equal to 3.5710" unlikely that 1,3-GHg is present in a flame in a high enough
cm?/(mol s)1! Because the concentration ofHG is often of concentration to compensate for a difference of 5 orders of

the same order of magnitude as that ofHg3C the kinetic magnitude between the two kinetic constants, we concluded that
constants of the reaction of formation of naphthalene through this reaction is not a viable route to the formation of indene.
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Figure 10. Kinetic pathway following the reaction of the addition of 1,3-butadien-1-yl ¢bl{C

Finally, it is interesting to compare the QRRK rate of
formation of 1,3-dihydronaphthalene with that of 1,3-exadiene
from CH3z and 1,3-GHe discussed in our previous wofkn

3.4. Kinetics of the 1,3-Butadien-1-yl+ C¢Hg Reaction.
Experimental data show that the 1,3-butadien-1-yl radical can
be easily formed in butadiene flam&sTherefore, to investigate

the investigated range of temperature, the two logarithmic kinetic its possible contribution to the formation of naphthalene, we

constants differ by a maximum factor of 1.08. This relatively

investigated the reaction between 1,3-butadien-1-yl agds C

small difference suggests that 1,3-butadiene, when reacting withto form the CmH'I1 adduct by hydrogen transposition. This

an alkene radical such asiz or CgHs, can easily give
cyclization reactions regardless of the dimensionality of the
reacting alkene, thus contributing significantly to the formation
of PAH when a large amount of 1,343; is available. However,
the formation rate of 6H§5, which can be considered in the
framework of this work to be a precursor to indene, is much
smaller than that for cyclopentadieh&his means that whereas
reaction pathways involving 1,328 can contribute signifi-
cantly to the formation of the first five-membered aromatic ring
the reaction of 1,3-gHs with the phenyl radical is not likely to
be a viable pathway to the formation of indene.

second kinetic scheme is summarized in Figure 10. In the first
reaction, 1,3-butadien-1-yl binds telds to form the GHs_CgHg*
adduct, which successively reacts to give tk@l—{‘; adduct
through the transposition of a hydrogen atom from the C6 ring
to the butadienic tail. Activation energies and reaction enthalpy
changes for the first two reactions were evaluated at the
G2MP2* level and are reported in Figure 11, and transition
states are shown in Figure 12. Enthalpy changes calculated at
different levels of theory for the two investigated reactions are
reported in Table 6, where once again it can be observed that
G2MP2* and DFT predictions differ significantly.
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TABLE 6: Comparison of Reaction Enthalpy Changes (kcal/mol) Calculated at 298 K and 1 atm with Different Quantum
Chemistry Theories?

B3LYP QCISD(T) MP2 MP2
6-31g(d,p) 6-311+g(d,p) 6-311+g(3df,2p) 6-311+g(d,p) G2MP2*
1,3-CGHs + CsHs — CaHs_CeHs —20.7 —26.9 —25.0 —24.6 —25.5
CuHs_CeHe — CaoHl; —-25.3 -23.0 —36.6 —36.2 -22.9

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

TABLE 7: Comparison between Vibrational (Q.i) and
Internal Rotational (Hindered and Free) Partition Functions
for Significant Low Vibrational Frequencies?

vem™ Quib ot hot ¢
TST1 internal rotor 21.13 10.37 19.37 37.87
C,Hs C¢Hg butadiene rotation  44.01 5.25 5.44 39.74

aTST1 is the transition state for the 1,3Hg + CsHg — C4Hs_CeHs
reaction.

1 ,3C4H5 + CBHB

ously discussed, its partition function was evaluated with eqs 7
and 10 using the calculated rotational potential energy. The
energetic barrier corresponding to this internal rotation is low
(about 1.1 kcal/mol), and the associated rotational partition
function is 19.37. On the contrary, the second transition state
presents some low vibrational frequencies, but because of the
geometric configuration of the TST, the corresponding rotational
motions are blocked by significant energy barriers. The
C4Hs_CsHg* adduct has a small vibrational frequency of 40.01
Figure 11. Enthalpy changes and activation energies for the reaction cm™2, which corresponds to the relative motion ofHg and
between 1,3_—butadien—1—y| and benzene (kcal/mol). All values were C4Hs around the butadierebenzene bond. Its rotational po-
calculated with the G2MP2* theory. tential energy is higher than the corresponding valuelijh-lg

(3.3 vs 1.9 kcal/mol). As a result of the relatively high rotational
activation energy, the difference between vibrational and
rotational partition functions (5.25 vs 5.44) is small, which
means that this frequency can be treated as a vibration without
committing any significant error. The calculated vibrational and
internal rotation partition functions for the reactant and transition
state are reported in Table 7.

3.5. QRRK Calculation of Rate Parameters for the 1,3-
Butadien-1-yl + C¢Hg Reaction. QRRK theory was used to
calculate the rate parameters for the reaction of 1,3-butadien-
1-yl with CgHe, which was similar to what was done previously.

In this case, the mechanism leading to the formation of the
ClOH'l*1 excited complex requires two successive reactions. The
firstis the formation of the gHs_CsHg* excited complex, which

can then dissociate into the reactants or proceed to form
CmH'l*l by the transposition of a hydrogen atom. The calcu-
lated kinetic parameters for these two reactions are reported in
Table 8. Because the energy barrier to formHs; (29.8 kcal/
mol) is smaller than that for the dissociation teHz_CsHs*
(52.6 kcal/mol), it follows that th&s kinetic constant is always
considerably larger than the correspondikgs backward
reaction so that the mechanism of the two first reactions can be
summarized as

(a)

(b)

Figure 12. Transition-state structures for reactions (a) 148:C+ CeHe

— C4Hs_CeHes and (b) GHs_CsHs — CloH'll. Distances are reported Ke .

in angstroms, and angles are reported in degrees. 1,3-GHs + CGHG‘Z C,Hs_CgHg (11)
Also, in this case, the vibrational analysis revealed the « ks «

presence of some low vibrational frequencies. In particular, the CyHs_CHs — CygHiy (12)

transition state of the first reaction presents one low vibrational

frequency (21.13 cm') whose value is similar to 22.4 crh Because @Hs_CsHg* is a very reactive species, the pseudo-

previously found for the transition state of the reaction between steady-state approximation can be applied to determine its
1,3-GHs and GHs and corresponds to the torsional motion concentration as a function of the concentrations of 1,3-butadien-
around the butadiereébenzene bond. Consequently, as previ- 1-yl and GHes and of the kinetic constants:, k—r, andks.
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TABLE 8: Calculated TST Kinetic Constants (k = A - T* - exp(—E/RT))2

reaction Atorw 08 Ea forw Aback 08 Ea back
ke 1,3-GHs + Ce¢He — CsHs_CsHs 1.3 x 10 0. 6.4 1.8x 106 —1. 315
ks CaHs_CeHg— CygH}; 1.6 x 102 0. 29.8 1.1x 10%? 0. 52.6

aKinetic parameters are reported in units consistent with kcal, s, mol, and cm and were modified treating low vibrational frequencies as internal
rotors, when necessary. The rate coefficients of the backward reactions were calculated through thermodynamic consistency with calculated free-
energy changes.

TABLE 9: QRRK Rate Coefficients for the Reaction of 1,3-Butadien-1-yl with GHg?
Products: GHZ, C1oHSS, CigHl,

P=1atm P =0.01 atm
reaction logoA o Ea logi0A o Ea
1,3-GiHs + CoHg — CoH® + CHs 75 0.63 44 607. 75 0.63 44 607.
— C10H§g +H 7.8 0.71 31 255. 7.8 0.71 31 255.
— C10H|10 +H 8.3 0.98 46 496. 8.3 0.98 46 496.
Products: GHS, C1HSS, CigH} g, CroHSS, CroHSS
P=1atm P =0.01 atm
reaction logoA o Ea logi0A o Ea
1,3-GHs + CgHs — CoHS® + CH;, 28.0 —4.92 64 508. 13.1 -0.92 49 087.
— CloHig +H 25.0 —-3.90 48 629. 15.0 —1.29 36 477.
— (:mH'10 +H 8.3 0.98 46 496. 8.3 0.98 46 496.
— ClOHi?_ 354 —7.86 35 681. 41.0 —-10.2 33 559.
— CloHﬁ 4.4 —10.36 60 461. 21.8 —-5.01 38 882.
Products: GHS, C1oHSS, CigH} g, CioHSS, CroHS3, CagHy,
P=1atm P =0.01 atm
reaction logoA o E, logioA o Ea
1,3-GHs + CeHg — C9H§5 + CHs 28.4 —5.03 64 993. 13.1 —0.92 49 086.
— CyoHS + H 26.0 ~4.18 49 558. 15.1 -1.31 36 523.
— CyoHlg+ H 9.0 —0.80 47 171. 8.3 0.97 46 519.
— ClOHi? 37.3 —8.40 37 425. 41.0 —10.2 33 575.
— C10Hﬁ 44.5 —10.52 61 069. 21.8 —=5.01 38 886.
— (:mH'11 16.3 —-2.39 5048. 8.7 —0.86 —45.9

aThree cases involving different products were considered. The kinetic constant values were fit between 500 and 2500 K at 1 and0.01 atm.
= A- T%- exp(—E4/RT). Preexponential factors and activation energies are reported in units consistent with cal, s, mol, and cm.

Accordingly, the rate of formation of {gH}, can be described ~ T-exp(~ 4.7RT) andkpack= 2.2 x 10'exp(~53.1RT). In this

by the global reaction case, the activation energy of the reaction involving 1,3-
butadien-1-yl is larger than that involvingi8s (53.1 vs 48.9).
1,3-GHs + CGHG%ClOHll*l (13) This means that the backward reaction fromyt&; to the

reactants is globally slower for the 1,3-butadien-1+yICsHg
whose forward rate is equal to mechanism than for the 1,38 + C¢Hs one.
The QRRK rate constants for the reactions of the production
o ketkg of CyoH}, C10HSS, and GH calculated at 1 atm as a function
R=kgC4Hs CeHg ] :ms[l"?"c4H5][C6H6] = of temperature are reported in Figure 13. The QRRK rate
- Kl 1,3-CHAICHS (14) coefficient for the backward reaction from excitedod,; is

also reported for comparison. Different from what observed for
Because in the 5062500 K temperature range the valuekaf the 1,3-GHgs + CgHs reaction, the rate of the global reaction is
is significantly smaller than the value kfr the kinetic constant

almost insensitive to the value of the backward reaction. The

kionw Can be approximated as species produced in the largest amount is aIwangig,
followed by CloH'10 and chgS. However, even if the trend of
Ke - Kg the products is not changed with respect to that reported in
Kiorw ~ K (15) Figure 8, the absolute values are smaller. Particularly, the rate

of formation of GgH}, adducts at 1000 K and 1 atm decreases
The kinetic constant of the reaction giving back the 1,3-butadien- by 2.6 orders of magnitude. This dramatic decrease in the overall
1-yl and GHs reactants from GH'; (kwac) Was calculated  rate constants is determined by the decrease in the rate of
from Kionw by imposing thermodynamic consistency. The values formation of the GoH}, adduct, which in turn determines a
of the kinetic parameters so calculated kggy = 1.2 x 107 decrease in the rate of formation of all of the products of the
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Figure 13. QRRK rate constants calculated for the reaction of 1,3-
butadien-1-yl with benzene at 1 atm. All possible products were
considered. Backward reaction refers tatd, — 1,3-GHs + CgH.
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Figure 14. QRRK rate constants calculated for the addition of 1,3-
butadien-1-yl to GHs at 1 atm. The net rate of formation of adducts
(CaoH}; CioH$3, and GoHS3) was set equal to zero. Backward reaction
refers to GoHy, — 1,3-GiHs + CeHe.

08 1

reaction. Also, in this case, to account for the thermodynamic
instability of GioH},, C1oHS3, and GoHSS, the net production

rate of these species was assumed to be equal to zero, thus
imposing that they can give back only the excited species. The
QRRK rate constants so calculated are shown in Figure 14. Thezs33.

species produced at the highest rate is alwaw@, whose
QRRK rate coefficient, with respect to the case in which the

formation of all of the species was considered, increases by 3,49

orders of magnitude at 1000 K. This situation is similar to that
found for the butadienephenyl case. The same trend is
observed for the formation rate okg5>.

Fascella et al.

environments. In this work, we investigated, using quantum
chemistry and QRRK theory, the leading kinetic pathways from
1,3-CHs + CeHs and 1,3-GHs + CgHe to naphthalene. It was
found that, at least in combustion environments where a
significant amount of the C4 species is present, reactions leading
to naphthalene and indene cannot be disregarded with respect
to other mechanisms proposed in the literature. However, the
reaction channel involving 1,3-butadien-1-yl has been found to
be kinetically unfavorable with respect to that involving 1,3-
C4Hs. Consequently, it can play a role only when the relative
concentration of the C4 species overcomes the kinetic constraint.
We also found that the production of indene through the reaction
pathways here investigated requires overcoming a significant
activation energy, which suggests that indene is formed in flames
through alternative reaction channels.

The kinetic constants of reactions leading to naphthalene
through the 1,3-¢Hg + CgHs pathway are almost the same as
those leading to benzene from 1,3Hg + C,H3 in a wide
temperature range. This seems to indicate that the rate of 1,3-
C4Hg addition to GH3z or CgH, if it results in the formation of
a resonantly stabilized radical, is the same regardless of the
molecular structure of the reactant. However, the Kkinetic
constants of reactions leading to five-membered ring species
are quite different. In particular, whereas the reaction leading
to a single five-membered ring is even faster than that leading
to a single six-membered ring, the opposite is true for species
involving two rings. In the latter case, the formation of indene
is by far much slower than that of ¢S, which can be
regarded in this context as a naphthalene precursor.

Finally, it was found that errors as large as 1 order of
magnitude on calculated kinetic constants can arise when
calculating partition functions of internal motions either as free
internal rotations or as vibrations rather then as partially hindered
internal rotations.
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