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The cyclopentadienyl radical (¢8s) is a fascinating molecule characterized by several peculiar properties,
such as its high internal symmetry and resonance enhanced stability. This makizsoo€ of the most
abundant radicals present in high temperature gaseous environments, such as flames. Therefore it is generally
considered an interesting candidate as the starting point of reaction pathways leading to the formation of
polycyclic aromatic hydrocarbons (PAH) and soot in combustion processes. However, known reaction pathways
are not able to explain some recent experimental findings concerning the rapid conversiogiHeint@

Cs/H7 and GHgs in the presence of acetylene. In this work, we used ab initio calculations and quantum Rice
RamspergerKassel (QRRK) theory to investigate thegt{s + C,H, reaction kinetics. We found that ¢s

can add acetylene to form, through a fast and not previously known reaction, the heptatrienyl ragidgl (cC
which, in many ways, can be considered the superior homologue sbfscThe calculated reaction kinetic
constant is (2.2« 10"Mexp(—6440M(K)) cm® mol~* st and is in good agreement with experimental data,
while that of the inverse process is (4210'%)T-! exp(—30 850 (K)) s*. In a successive reaction, g€y

can add a second acetylene molecule to form indeng{gs@nd H. The forward and backward kinetic constants

are (6.6x 10")exp(—10 080M(K)) and (4.2x 10")exp(—27 300M(K)) cm® mol~! s71, respectively. These

two successive reactions, leading from a single C5 cycle to a bicycheGB5species, represent a new PAH
growth mechanism, characterized by a-€%/ ring enlargement reaction.

1. Introduction of PAHs and soot from fossil fuel combustigrsince it will

. . . ) represent, at least for the next decades, the main source of power
The cyclopentadienyl radical (in the following referred to as ¢, humanity.

cCsHs) is a fascinating molecule characterized by many
particular and almost unique properties. It has a high internal
symmetry with a 5-fold degenerate rotational axis and a
rotational symmetry number of 10. The structure is distorted
from that of a regular pentagon by a large Jafieller effect,
which influences its vibrational and rotational entrbpylore-
over, this radical is highly stabilized by five resonant structures,
and the corresponding €8s~ anion is aromatic. Because of
its thermodynamic stability, ofEls can be easily produced in
the gas phase, either through laser photolysis or, more generally
during the combustion of hydrocarbons as one of the most
abundant hydrocarbon radical$. These unusual properties have
motivated many theoretical and experimental studies on this
molecule aimed to investigate various aspects of its structure
and reactivityt*19 However, despite these recent investigations
the reactivity of cGHs is not yet fully understood. Qualitatively,
there is a large agreement that the chemistry gHeMlays a
significant role in the formation of naphthalene and phenan-
threne and, consequently, in the formation of polycyclic aromatic
hydrocarbons (PAk) and soot~1° This is very important since
nowadays it is well accepted that air pollution is related to lung
cancer and cardiopulmonary dise¥sand at least a part of the
health hazard of atmospheric pollution can be related to PAHs
some of which have been found to be mutagéhiand soot,
which represents a major fraction of atmospheric aerosols.
Consequently, much attention has to be paid to the emissions

The minimization of the formation of PAHs and soot in
combustion processes would allow for development of new and
cleaner burners and engines, but it requires the control of the
chemical processes responsible for their formation and growth.
This will be possible only on the basis of a better physical and
chemical understanding of such reaction pathways. Although,
as previously mentioned, many important details on PAH and
soot formation and growth are not yet completely understood,
there is a general agreement that the process starts with the
formation of molecular precursors of soot (that is, heavy PAHs
of molecular weight 5061000 amu) from smaller molecules,
followed by their growth through addition of gaseous molecules
or reactive particleparticle collisions. A slightly different view
recently proposed involves the polymerization of small PAHs
' to form high molecular mass compouridinstead of the growth

of light PAHs by addition of small molecules and cyclization.
In any case, it is quite well established that small PAH
formation precedes soot inception and proceeds through reaction
paths involving lighter cyclic hydrocarbons, such ass§
Therefore, kinetic information concerning the formation of small
cyclic hydrocarbons plays an important role in defining the
chemical reaction pathways responsible for PAH and soot
' formation. In this framework, the importance of fundamental
studies aimed at elucidating at least the relative rates of different
reaction channels leading to small PAHSs is clear. This would
allow researches to confirm or rule out some reaction patterns.

*To whom correspondence should be addressed. E-mail: In this framework, a rece.”t experimental W&I‘Clearly
carlo.cavallotti@polimi.it. Tel: ++39-02-23993176. Fax:++39-02- showed that c€Hs can react with acetylene to formy&7 and,
23993180. successively, @g. This finding is very interesting, since
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Figure 1. A possible pathway for the conversion of cycloheptatriene
into toluene.
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were acceptable or needed to be reconsidered, we compared
the calculated QRRK rates with experimental rates measured
at 1000 K20 This approach, described in more detail in the next
section, led us to reject several mechanisms, of which we discuss
only the most significant in the Results and Discussion section

of this paper, before finding the one that could explain the
acetylene can be present in high concentration in flames, bothexperimental data.

at high and low temperatures, because of its great thermody-
namic stability. Therefore, if it can react rapidly with 63,

which can be also present in high concentration in flames, to . . .
; . The reactions here investigated are complex processes that
form larger molecules, these reactions can provide a new.

formation pathwayv of PAHs which. if fast enouah. miaht involve several elementary steps. To correctly take into account
. pathway ’ ’ 1gh, mig the probability to form different excited intermediates and their
contribute significantly to the overall rate of formation of soot.

) . : : . . mutual interconversion, we used QRRK theory as modified by
This was not deeply investigated in the aforementioned experi- 4 . - .
- . o Dear?* for bimolecular reactions. The reference equations are
mental work since its main aim was to study the rate of

formation of cGHs from the propargyl radical, 1s, and GHs. the same as those that we described in our previous sttdés.

The experiments were performed using laser photolysis to In particula_r, the kinetic constant of each reactidanvolving
X o the kth excited complex, C*, can be calculated from QRRK
generate gH3 radicals, which, in the presence ofH, reacted theory as
to form cGHs. The concentration of the relevant gas-phase
species was measured with mass spectrometry. Though the focus
of the work was to measure the rate of formation oglds; it
was found that, once produced, it can react successively with
C,H,. However, the chemical identity of the products of the

2. Method and Theoretical Background

K = @)

E

; k(B)IC*]f(E)

reaction, namely, @17 and GHg, could not be established on
the basis of the experimental data alone.

The experimental evidence that the addition otldg€and
C2H; results in the formation of an undeterminegHz species
opens up an extremely interesting field of investigation. Itis in

whereEg is the activation energy for the considered reaction,
measured from the bottom of the potential energy well for each
excited species, ari(E) is the corresponding chemical activation
distribution function.

The parameters required by QRRK are the rate of inter-

fact known that a very similar molecule, cycloheptatriene molecular energy transfer between excited and nonexcited
(cCG/Hg), can have a very rich chemistry, because it can exist in species, the kinetic constants (preexponential factor and activa-
at least six different isomers that, at relatively low temperatures, tion energy) for each elementary reaction, and the mean
can be interconverted among the isomers. In particular, bicyclo- vibrational frequencies for every chemical species involved in
[2.2.1]hepta-2,4-diene (norbornadiene) can thermally isomerizethe global kinetic scheme. The kinetic parameters and mean
to form, in succession, a biradical species, bicyclo[4.1.0]hepta- vibrational frequencies were calculated using ab initio methods
2,4-diene (norcardiene), 1,3,5-cycloheptatriene, a correspondingas discussed in the following. The intermolecular energy transfer
diradical, and, eventually, toluene. The kinetics of the thermal was calculated using the energy transmission factor suggested
C;Hg isomerization has been extensively investigated both by Tro€® assuming that the mean energy transferred per
experimentally® and theoretically? It was found that the  collision is 980 cal/mol. All QRRK calculations were performed
internal rearrangements are determined by ring opening andat 1 atm. For each elementary reaction, forward kinetic constants
closing reactions and by hydrogen transposition reactions, whichwere evaluated with quantum chemistry and transition state
determine the interconversion of theHg isomers, as shown  theory, while backward kinetic constants were determined by
in Figure 1. applying thermodynamic consistence (i.e., from the equilibrium
It appears thus reasonable that, if @H¢ reactive radical, constant) with calculated enthalpy and entropy changes. All
sufficiently stable to survive to its decomposition intostflg calculations were performed using the Gaussian 98 program
and GH, is formed in the gas phase, it can give rise to an suite?® at different levels of theory. Geometries were optimized
analogous rich chemistry. using density functional theory (DFT), with exchange and
Consequently, the main aim of the present investigation was correlation energies calculated with the Becke three-parameter
to study, from a theoretical point of view, the kinetics of the and Lee-Yang—Parr functionals (B3LYFP-3! using the
reaction between the cyclopentadienyl radical and acetylene.6-31G(d,p) basis set. Frequency calculations were performed
The theoretical approach that we adopted is based on the atat the same level of theory both to calculate the vibrational
initio integration of the time-independent S¢tioger equation frequencies of each adduct, required as input to QRRK, and to
for the calculation of structures and energies of reactants, verify the stability of reactants, products, and transition states.
products, and transition states. Kinetic constants of elementaryln particular, stable chemical species were characterized by the
reactions are determined with classic transition state theory,absence of imaginary frequencies, while calculated transition
which, as shown recentf?, can provide very reasonable state (TS) structures were characterized by the presence of a
estimation of reaction rates provided that the potential energy single imaginary frequency.
surface is known with sufficient accuracy and that the temper- When found to be necessary to improve the level of
ature is sufficiently high to make quantum tunneling effects description of the system, the energy of every molecule was
negligible. Kinetic constants of complex reactions, that is, calculated using an approach similar to G2MP2, to which we
reactions in which several competitive elementary processes araefer in the following as G2MP2% The energy of the molecule
possible for the same excited complex, were calculated with is first calculated at the QCISD(T)/6-3+5(d,p) level on
quantum Rice-RamspergerKassel (QRRK) theor§? We structures optimized at the B3LYP/6-31G(d,p) level and cor-
hypothesized several reaction mechanisms using as a basis forected for the basis set error, subtracting the energy calculated
our guesses chemical intuition and a certain understanding ofat the MP2/6-313G(d,p) level from that calculated at the MP2/
the kinetics of similar processes. To test whether our hypotheses6-311+G(3df,2p) level. The procedure of the calculation is
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described in detail in our previous wotkG2MP2* increases

H
the accuracy of the calculated energies with respect to DFT at H H //
the expanse of a significant increase of the computational time. ¢, K, ?—_c- K,

H > H + H-

In summary, the molecular energy was calculated as \ / + H="—H —
E = E(QCISD(T)/6-311-G(d,p))+ cCsHs CoH, C,H, C7He
E(MP2/6-311-G(3df,2p))— E(MP2/6-31H1-G(d,p))+ H
ZPE+ TE+ HLC (2) // Ky
- . . K + H—H N K,

where HLC is the higher level correction term proposed for the — ~ >htH, @
original G2MP2 theor§? and TE is the thermal contribution to c =G
energy at 300 K. Kinetic constants of elementary reactions were CH, CoH,

calculated using classic transition state thédand corrected
for tunneling with the Wigner approximaticn.

Finally the possibility that low vibrational frequencies might E/jj ks ‘
degenerate in torsional rotors was analyzed for reactants, x; + He a
H.c6

products, and transition states. Thus, as a general rule, we
calculated the potential energy as a function of the rotation angle CoH;
for internal motions corresponding to torsional vibrational Figure 2. Kinetic pathway for the formation of éls®, which can be

frequencies smaller than 150 cifrom which we determined considered a precursor to indene, starting from the addition of acetylene
the hindered rotor partition functic and the cyclopentadienyl radical following the HACA mechanism.

CgHg%® Indene

3. Results and Discussion

The systematic study of the reactions that can follow the
addition of GH; to the cyclopentadienyl radical has led to the
investigation of several different hypotheses of reaction path-
ways. The investigated mechanisms can be divided in three
major classes: hydrogen abstraction carbon addition reactions
(HACA); addition—stabilization without opening of thesCing
(AcAc); addition—stabilization with opening of the{Zing (C;).

The kinetics of all the possible reactions were investigated ©
with DFT at B3LYP/6-31G(d,p) level, as described in the
previous paragraph. The level of accuracy of these calculations
was in fact judged to be sufficient to identify which is the
dominant reaction pathway. For the last mechanism only, which
was found to be significantly faster than the other two, energies
were evaluated at the G2MP2 level on structures optimized at
the DFT level.

3.1. HACA Mechanism. The first GH,—CsHs reaction
mechanism analyzed corresponds to the “HACA” mechanism
proposed by Frenklach et @ to describe the growth of PAH.

In the HACA mechanism, the PAH growth from the first
aromatic ring, that is, benzene, takes place through a successiol
of reactions. First, atomic hydrogen reacts with benzene to give
the benzyl radical, which in turn reacts withH to give acetyl-
benzene and atomic hydrogen. The growth to naphthalene
involves two successive similar reactions: the abstraction of a

H atom ly a H radical to create a radical species with the
unpaired electron delocalized on the aromatic ring, followed
by the reaction of this intermediate species witiHEto give

the GoH7 species. The last reactions are the ring formation and _ o ) ) o
the addition of a hydrogen radical leading to naphthalene. The Figure 3. Activation energies (kcal mot) for a possible kinetic

. . . pathway originated by the addition ofl@, to cGHs. The energies of
mechanism that we have studied for the reaction betwegia C the first reaction (which is common to the other pathways investigated)

and GHs, schematically represented in Figure 2, follows the \yere calculated at the G2MP2* level of theory (see eq 2); the others
same lines. were calculated at the B3LYP/6-31G(d,p) level and corrected with ZPE.
The mechanism is initiated by the reaction ofsElg with

C,H; to give a linear adduct, {7, formed by a ring of five changes and activation energies of all the reactions involved in
carbon atoms and an acetylene tail. After the addition, the the kinetic scheme are reported.

cyclopentadienyl ring loses its stability, which mainly arises However, the reaction entropy change-i81.08 cal mot?!

from its five resonance structures, which are no longer available. K=1). That is indicative of a loss of stability by the C5 ring,
This reaction is exothermic by 7.6 kcal mé| and its energy which is reflected in the calculated preexponential factors: the
barrier is 13.3 kcal mol. The activation energy for the backward reaction presents a frequency factor that at 2000 K is
dissociation reaction of the linear adduct is 20 kcal ThoT his about 1 order of magnitude larger than that of the forward
is illustrated in the diagram of Figure 3, where the enthalpy reaction: 2.1x 102 s™1vs 3.2 x 10" cm® molt s71). The

- 3]
Coly”
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a)

Figure 4. Transition state structures for the HACA reaction mecha-
nism: (a) CGH5 + C2H2 i C7H7l; (b) C:7H7I e C7H6I + H, (C) C7H5I
+H— C7H5I + Hy; (d) C7H5I + CH, — C9H7I; (e) O:)H7I i CgH7C6;

(f) CoH7 + H — CoHgc8. Distances are reported in A and angles in
deg.

cleavage of the carbercarbon bond proceeds through a tight
transition state, the €C distance being 2.12 A (see Figure 4a),
which is much smaller than the 2.77 A found for a similar
reaction of dissociation of a single<C bond, namely, that of
dissociation of the butadiergohenyl adduct’

C7H7 can successively lose a hydrogen atom to form a stable

compound, the @ molecule: this step requires overcoming
a high energy barrier, about 40 kcal mglmainly due to the
reaction endothermicity, equal to 38.9 kcal molOnce formed,
C;H¢ can react again with atomic hydrogen to give thgig

J. Phys. Chem. A, Vol. 109, No. 33, 2008549

to the GH¢ radical, the bond energy betweepH; and cGHs
increasing from 7.6 kcal mol (attachment of the first £,
molecule) to 50 kcal moft (attachment of the secondid,
molecule), and it is mainly due to the high stability ofst{s,
as previously discussed.

The reactions that follow the formation oflg7 are strongly
exothermic, meaning that, once formedHg can easily cyclize
to form GH:® (AHg = —41.6 kcal motl) and successively
add a hydrogen radical to formyB8s°6, which can form indene,
transposing a hydrogen atom. In this last case, the reaction is
even more strongly favored, the enthalpy change being equal
to —110.3 kcal motl. Alternatively GH-°® can transpose a
hydrogen atom from a tertiary C to form the very stable indenyl
radical. Indeed it is likely that the reactivity of thek;*6 is
more complicated than that we examined. However we decided
to limit the detail of investigation of this reaction pathway since
the formation of the gH-® precursor, @Hs', which is the rate-
determining step of this reaction mechanism, is very slow and
thus indicates that the whole reaction pathway is unlikely to
proceed at a significant rate, independently from thel €8
kinetics.

As previously mentioned, the thermodynamic and kinetic
parameters for all the reactions involved in the HACA mech-
anism are reported in Table 1, while all the transition states for
these reactions are shown in Figure 4. From the analysis of the
energetics of this reaction mechanism, as summarized in Figure
3, it appears evident that the bottleneck, in terms of global rate
of production of indene, is overcoming the 40 kcal miol
energetic barrier necessary fogtG' to lose a hydrogen atom
and form the GH¢ intermediate. Therefore, it is extremely likely
that, once formed, {1 will prefer to dissociate back to ¢Hs
and GH,, which reaction has an activation energy of 19.5 kcal
mol~! and a high preexponential factor, rather than lose a
hydrogen atom to form g, which has an activation energy
of 40 kcal mot'! and a preexponential factor similar to that of
the dissociation reaction. This is reflected by the QRRK rate
constants calculated for the first part of the reaction mechanism,
which correspond to the following reactions:

cCHg + C,H,= CH/x — CH. +H

The calculated kinetic constant is reported as a function of
temperature in Figure 5. Despite the high rate of formation of
the excited complex &7/ (4 x 108 cm® mol~1 s71 at 1000
K), the net rate of production of El¢' is small, since gH7'x

radical or dissociate to give back the reactants. The reaction ofprefers to dissociate back to reactants rather than decompose
hydrogen with GH¢' requires overcoming an energetic barrier to the products. For the sake of comparison with experimental
of 13.5 kcal mot?, mainly determined by the endothermicity ~data, we can observe that the experimental kinetic constant for
of the reaction (10.4 kcal mol). The GHs radical successively  the production of @H7 at 1000 K from GH, and cGHs is about
reacts following the HACA mechanism with a second acetylene 5 x 10%, thus about 3 orders of magnitude larger than that

molecule. This reaction is very exothermic (50 kcal mpland
the kinetic barrier that contrasts the addition of the two
compounds is very low (1.4 kcal md), so the reaction
proceeds rapidly at every temperature. The linesiACadduct
can then cyclize quickly, forming the indenyl radical. This

calculated.

We can therefore conclude that 44z is unlikely to form
large PAH species following the HACA reaction mechanism.
A further reason to disfavor this reaction mechanism is that it
requires atomic H as a reactant to proceed to the next step.

reaction is significantly faster than the dissociation to the However it seems unlikely that in the experimental data

reactants, ¢Hs' and GH,. At a temperature of 2000 K, the ratio
between the kinetic constarks and k-3, reported in Table 1,

simulated in this paper the atomic H concentration is sufficiently
high to let bimolecular reactions proceed at a significant rate,

which summarizes all the kinetic and thermodynamic parametersthe bath gas being He and the radical precursor being 4:3-C

of the reaction investigated, is equal to about 400.
Also, it is interesting to observe that the-C length in the
transition state dissociation to;8s' and GH; is greater than

3.2. Addition—Stabilization without Ring Opening. As
previously discussed, the addition of acetylene teHzGo form
the GH linear adduct is exothermic by 7 kcal méland

that found in the transition state of the dissociation reaction of requires an activation energy of 13.3 kcal moHowever GH/
the first adduct (2.12 vs 2.44 A). This can be interpreted as is an extremely unstable radical species and likely to decompose

indicative of the greater stability of theyd; radical with respect

back to cGHs and GH> rather than proceed to form heavier
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TABLE 1: Reaction Enthalpy Changes (kcal moi1) Calculated at 298 K and 1 atm and TST Kinetic Parameters K = AT®
exp(—E/(RT))) for the “HACA” Reaction Mechanism 2

HACA AHr Atonw o = Poack o =
k]_ CC;Hs + Csz - C7H7I —7.6 3.2x 101 0 13.3 4.2x 101 -1 19.5
ko C/H/ — C/Hd + H 38.9 8.8x 1012 0 40.1 8.0x 10%? 0 2.6
ks C/He + H— C7Hs + H, 10.4 1.6x 10 0 13.5 3.2x 1012 0 3.7
Ka C7Hs' 4+ CoH, — CgH —50.0 1.7x 104 0 1.4 2.7x 106 -1 50.3
ks CoH7 — CgH7® —41.6 8.9x 101 0 8.2 1.6x 10% 0 48.5
ks CoH76 + H — CgHg® —110.3 1.7x 10%2 0 24.4 1.1x 1013 0 133.26

aKinetic parameters are reported in units consistent with kcal, s, mol, and cm. Energies were calculated at G2MP2 level, modified as described
in the text, for the most important reaction, that is, the addition gHg@ C,H,, and at B3LYP/6-31G(d,p) level for the other reactions. The rate
coefficients of the backward reactions were determined through thermodynamic consistence.

Also the activation energy of the successive reaction that is
10 PNECsHs + CHa> GH 3 oCsHs + CH, likely to take place, that is, the loss of a hydrogen atom, is
smaller than that found in the HACA mechanism (27.5 vs 40.1
kcal mol1). Once formed and stabilized;i8;'° can then react

with a second acetylene molecule and, through cyclization

8 reactions, form a new xing. In the following, we will refer
to this mechanism as the AcAc mechanism.
Z s The addition of the second,8, to C;H/' follows a similar
E reaction pathway. The reaction is slightly endothermic (0.2 kcal
2 mol~1) and has an activation energy barrier higher than that of
% 4 the first reaction (19.2 vs 13.3 kcal mé) and a preexponential
gn factor smaller by about 1 order of magnitude (4810% vs

3.1 x 10" cm?® mol~! s71). The backward reaction has a
2 relatively high preexponential factor of 2:0 102 cm? mol!

s lat 2000 K. Therefore, while the ratio between the backward
and the forward reaction for the addition opH; to CsHs at
2000 K is equal to about 1.4, the corresponding ratio for the

eCsHs + C;H,> C;He' + H-

%4 06 08 1 1214 16 18 2 addition of GH, to G;H7® shows a value of nearly 50, clearly
1000/T [K] indicating that the activated complex is significantly unstable
Figure 5. Results of the QRRK calculations performed at atmospheric With respect to reactants.
pressure for the first part of the HACA mechanism leading tbldC The GHd' intermediate is unstable and can give fast cycliza-
from cCsHs and GH; through the intermediate &7 tion through the formation of a bond between the two acetylene
H tails, leading to a six carbon atom ring as evidenced in Figure

7.
<\ c°/7 + H—— 6 Q This reaction is strongly exothermie-49.7 kcal moft?), and

the species so formed is thus energetically stabilized. Also the
cCsHs CH C/Hyte kinetic parameters evidence the fast rate of this reaction step:
the ratio between the forward and the backward preexponential

factors for obtaining gH¢°® and for giving back @H;¢ and
+ Fr=n_ k4 C,H; at 2000 K is equal to about 0.3 (see Table 2), and the
large difference between the energy barriers (3.7 vs 18.5 kcal

CoH CHg® Hgost mol~1) makes the forward reaction favored. The ratio between
the forward and the backward kinetic constants at 2000 K is
equal to about 13. The successive reaction step, through which

+ h the molecule recovers the aromaticity, is the transposition of a
hydrogen atom from the 4Els sp® carbon atom, as shown in

CCoHg™ Figure 8d, which illustrates the transition state of this reaction

Figure 6. Kinetic pathway for the formation of indene following the  (Figure 8 shows the transition states for all the reactions involved

addition of two molecules of acetylene to cyclopentadienyl radical n this mechanism). The reaction is exothermic by 11.2 kcal
(AcAc mechanism). mol~! and the reaction of formation of¢Hs®® has a kinetic

species. A possible alternative reaction pathway might consist onstant at 2000 K about 400 times larger than that of the
in the transposition of a hydrogen atom from theld€to the backward reaction leading togs.
acetylene tail (see Figure 6). Finally, the loss of a hydrogen atom from the second tertiary
Through this transposition, thesQing can recover the carbon atom leads to the formation of indene. In the HACA
stability lost with the first reaction and, in particular, the mechanism analyzed previously, the loss of the hydrogen atom
resonance of the original ¢Bs radical structure. In fact, as  leading to the formation of ¢ requires about 39 kcal nol
shown in Table 2, where all the thermodynamic and kinetic (Table 1). However, in this case, the hydrogen loss is simul-
parameters of the reactions involved in this mechanism are taneous with the recovery of the aromaticity, which decreases
summarized, the hydrogen transposition reaction is exothermicthe endothermicity up to 24.6 kcal mdl(see Table 2). This
by 45.1 kcal mot?, thus indicating that the new-87% can corresponds to the decrease of the carboydrogen distance
recover the stability of the afEls parent species. in the transition state from 1.99 to 1.88 A, which is consistent
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TABLE 2: Reaction Enthalpy Changes (kcal moi?) Calculated at 298 K and 1 atm and TST Kinetic Parameters for the
“AcAc” Reaction Mechanism?

AcAc AHg Avorw a Eaor Avack a Eapack
kl C(}jH5 + Csz i C7H7| —-7.6 3.2x 101 0 13.3 4.2x 1015 -1 19.5
ko CiH7 — C/HA© —45.1 3.1x 10% 0 27.5 4.8x 10 0 72.5
K3 C7H7ItC + CgHg_’ CgHgI 02 4.8X 1010 0 192 39X 1015 -1 185
Ky CoHg' — CoHg%® —49.7 6.0x 101 0 3.7 9.1x 108 0 52.2
ks CoHg% — CgHc6t —-11.2 5.1x 10% 0 251 4.9x 10%? 0 36.3
ks CoHg®8t— cCgHg®™ + H 24.6 5.0x 10% 0 26.6 6.5x 1012 0 3.1

aKinetic parameters are reported in units consistent with kcal, s, mol, and cm. Energies were calculated at G2MP2* level for the most important
reaction, that is, the addition of ¢ds to C;H», and at the B3LYP/6-31G(d,p) level for the other reactions. The rate coefficients of the backward
reactions were determined through thermodynamic consistence.

Figure 7. Activation energies for the second kinetic pathway proposed
for the reactions that follow the addition of two,ld; molecules to
cGsHs (kcal molt). The energies of the first reaction (which is common » .
to the other pathways investigated) were calculated at the G2MP2* Figure 8. Transition state structures for the AcAc reaction mecha-
level of theory (see eq 2); the others were calculated at the B3LYP/ Nism: (a) GH7 — C/H7*; (b) CH7*® + CoH, — CoHdl; (€) GoHd —
6-31G(d,p) level and corrected with ZPE. CoHo™; (d) CoHo™ — CoHo™ (e) CoHo™ — cCoHg™ + H. Distances
are reported in A and angles in deg.

with overcoming an energetic barrier smaller than that involved
in the other reaction. another c@Hs radical’* From the detailed kinetic analysis

Similar to what was done previously, the global rate constant performed above, we found that this lack of reactivity can be
for the formation of GH; was calculated using QRRK theory  traced back to the fact that the energy stabilization due to the

according to the following reaction scheme: addition of GH, is not sufficient to compensate for the loss of
| o pam entropy determined by the freezing of the translational and
cGH; + CH,=CH, x= C7H7t°>|<—> C7H7Itc rotational degrees of freedom of,i,. However the experi-
mental evidence discussed in the Introduction clearly indicated
The calculate kinetic constant for the formation ofHZ® is that, even at a relatively low temperature of 1000 Kgdg
reported, together with the rate of dissociation of the excited and GH, could react rapidly to form a f1; stable intermediate.
complex back to reactants, in Figure 9. We therefore decided to investigate what, at the beginning,
Also in this case the excited complexHG'x prefers to seemed to be a pretty improbable reaction pathway: the opening
dissociate back to the reactants rather than form tie/C of the cGHs ring and the insertion of &1, leading to a seven

species. In particular at 1000 K, the kinetic constant is still 2 atom ring. As evidenced by our previous calculations, the reason
orders of magnitude smaller than that experimentally measured,all the reactions investigated could not proceed at a significant
thus showing that the #1, addition pathway is different from  rate was that they require the formation of very unstable
that here discussed. intermediates. Therefore we hypothesized that, following the
3.3. Addition—Stabilization with Ring Opening. First C,H, addition and the formation of {7, the tail of GH,, on

Step: The Addition of £, to cGHs. The two mechanisms  which an unpaired electron is located, could react with a
analyzed in the previous paragraphs seem to confirm the generaheighboring C atom of the £xing to form a four-membered
view that cGHs is a very stable molecule that is unlikely to  ring, namely, GH;¢4, as shown in Figure 10. The formation of
give addition-cyclization reactions, except when reacting with a bicyclic intermediate species involving from three-membered
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Figure 9. Results of the QRRK calculation performed at atmospheric
pressure for the first part of the AcAc mechanism leading 84S
from cGHs and GH; through the GH;" and GH/"" intermediates.

H
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cC,H+C,H, C.H}/! C,H* cC;H,
H
O — @ J-0-
cC,H,+C,H, C,H,! C,Hy
H H
=
— R~ — CD-
o N
H \H H H
CoH s CoH,5t oCH,®s Figure 11. Transition state structures for the @action mechanism:

(a) C7H7I i C7H7C4; (b) C7H7C4 — C/H7; (C) cGH; + CoHy — CgHgl;
Figure 10. Third kinetic pathway proposed for the formation of indene  (d) GoHg' — CgHe™; (€) GoHg™* — CoHo; (f) CoHg — CoHo®5; (g) CoHo®®
following the addition of acetylene to ¢8s, in which the heptatrienyl — CoHg®5; (h) GoHe®®t — cCoHgS + H. Distances are reported in A
radical appears as an intermediate (@chanism). and angles in deg.

up to seven-membered or more rings has in fact been proposedC;H-%*is a relatively stable product with respect to dissociation
to describe the reactivity of several hydrocarbon radicals, asinto cGHs and GH.,. In fact, the ratio between the rate of
well as peroxyradicals (e.g., 685,22 cCsHs + cCsHs?). The formation of GH-%* starting from GH-' and that of dissociation
transition state of this reaction is reported in Figure 11a, togetherto cGHs and GH, at 2000 K is equal to about 10 and increases
with those of the other reactions involved in this mechanism, as the temperature decreases. The kinetic and thermodynamic

in the following referred to as the,Gnechanism. gH;4 is a parameters for this reaction pathway are reported in Table 3.

bicyclic nonplanar molecule with an angle between the planes The bicyclic compound @4;°* is an interesting chemical

of the two cycles of 113 species, the stability of which arises from being a radical species
Despite the internal strain, the formation of the 1&g is with the unpaired electron delocalized on theridg. However,

exothermic by 16.1 kcal mot. This means that £1,°*is more though energetically favored with respect to the reactant$; "€

stable than the initial reactants by about 23 kcal ThoThe has a large internal strain, only partially compensated by the

energetics of the formation of cycloheptatrienyl via addition of sp® hybridization of the two C atoms shared by the two rings.
cyclopentadienyl to acetylene is shown in Figure 12. The energy A possibility for GH;** to accommodate its internal strain and
barriers of the first and the second forward reactions are abouttherefore proceed toward a more stable state is to break the bond
13 kcal motl, while the activation energy of the backward between the two $pC atoms and form the cycloheptatrienyl
reaction, corresponding to the opening of the g, is radical (cGHv).

particularly high (28.7 kcal mol). Also the preexponential As reported in Figure 12, the cycloheptatrienyl radical is
factors differ by about 1 order of magnitude. Consequently, highly energetically stabilized with respect to the starting
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TABLE 3: Reaction Enthalpy Changes (kcal moit) Calculated at
exp(—E/(RT))) for the C; Reaction Mechanisn

J. Phys. Chem. A, Vol. 109, No. 33, 20086553

298 K and 1 atm and TST Kinetic Parameters k = AT

B3LYP/6-31G(d,p)

reaction AHg Avorw o Eaon Aback o Eavack
ke cCsHs + CoH, — C7/H —7.2 3.2x 101 0 12.9 4.2x 10% -1 18.7
ko C/H7 — C/H~ —-17.3 3.1x 10%? 0 10.4 1.6x 108 0 27.1
ks CH7*— cCH; —33.8 1.4x 108 0 24.6 2.7x 10 0 59.0
k4 CC7H7 + C2H2 - CgHgl 38 1.2x 1012 O 204 7.5x 1015 -1 153
Ks CoHg' — CoHo™ —19.7 6.7x 10%? 0 11.0 1.8x 103 0 30.2
Ks CoHg®* — cCoHg —6.7 1.3x 10 0 24.6 2.4x 104 0 31.9
ks cCoHg — CoHg™ —4.3 1.1x 101 0 31.3 7.7x 10%? 0 34.8
ke CoHg® — CoHg™ —17.6 5.9x 10%? 0 28.9 4.1x 10% 0 46.5
Ko CoHg®t— cCoHg®™ + H 14.7 4.5x 10%? 0 20.5 5.5x 102 0 7.0

G2MP2

reaction AHg Avorw o Eaonw Aback o Eayacx
ki €GsHs + CoH, — C7H -7.6 3.2x 10 0 13.3 4.2x 10% -1 195
ko C/H7 — CH~ —16.1 3.1x 10%? 0 13.2 1.6x 10 0 28.7
ks C/H4— cCH7 —25.7 1.4x 10% 0 26.6 2.7x 1013 0 52.9
ks cGH7 + CoHa— CgHyd -1.3 1.2x 10 0 20.1 7.5x 10'° -1 20.1
Ks CoHg' — CoHo™ —15.3 6.7x 10%? 0 17.1 1.8x 103 0 31.9
Ks CoHg®* — cCoHg -15 1.3x 10 0 235 2.4x 101 0 25.6
ks cCoHg — cCoH®® —14.6 1.1x 10t 0 26.8 7.7x 10%? 0 40.5
ks CoHg® — CoHg™ -14.1 5.9x 102 0 33.6 4.1x 10%? 0 47.8
Ko CoHg®t — cCoHs®™® + H 12.6 4.5x 10'? 0 23.7 5.5x 10%? 0 11.6

aKinetic parameters are reported in units consistent with kcal, s, mol, and cm. All calculations were performed both at the B3LYP/6-31G(d,p)

and G2MP2* levels of theory. The rate coefficients of the backward reactions were determined through thermodynamic consistence.

cCqHy

Figure 12. Activation energies for the kinetic pathway following the
reaction of addition of ¢H, to cGHs and resulting in the formation of

the cycloheptatrienyl radical (kcal m@). All energies were calculated

at the G2MP2* level, as specified in eq 2.

cyclopentadienyl and acetylene reactantg4.4 kcal mot?).

The cycloheptatrienyl radical is, in many ways, similar to the
cyclopentadienyl radical. They are both characterized by large
rotational symmetry numbers, 14 and 10, respectively, the
radical center is delocalized on the whole molecule, and the
geometries of both molecules are distorted by the Jdmatler
effect. Finally, they both have one electron in excess/ttg

or in defect (c@Hs) for becoming aromatic. Their respective
cations and anions are in fact well-known in organic chemistry

11

\CC_&H_& + C;Hy= eC7H;
exp

= 8 \
s
£
o~
E 7
.
=1
S 6
5
eCsHs + CaHs 2 CH," = ¢CalHy + CoH

4(14 0608 1 12141618 2
1000/T [K]
Figure 13. Results of the QRRK calculations performed at atmospheric
pressure for the first part of the;@echanism, leading to the formation
of cycloheptatrienyl from cyclopentadienyl and acetylene. The reported
experimental data is that measured at 1000 K for the reactigific€
CoHz — CH 20

interesting possibility that the reaction betweentdCand GH,
might result in the formation of what can be considered the
superior homologue to ¢Bls, the cycloheptatrienyl radical.

Also in this case, the kinetic constant for the global reaction
leading to the production of cycloheptatrienyl from cyclo-
pentadienyl and acetylene was calculated using QRRK theory
according to the following reaction scheme:

¢C,H, +C,H,—=—C,H," <:>C7H7““'4@:

The calculated rate constant for the formation of;ld€is
reported in Figure 13 as a function of temperature, together with
that of the dissociation of the excited complexHZ” back to

CC7H7
CHA

and extensively used as complexants. It appears thus as arhe reactants. Different from what was found for the first two
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Figure 14. A possible reaction pathway for the conversion ofldg
into the benzyl radical.

H

investigated reaction mechanisms, there are no bottlenecks in
this succession of reactions, the rate of dissociation of the excited
complex being smaller than that of formation of £{3.

The calculated overall rate constant for the formation gHC ~
starting from cGHs and GH, can be directly compared with  ¢H;

that experimentally measured by Knyazev and Slagle at 1000 20N T -
K.20 Even if the authors report only a pseudo-first-order kinetic CH’
constant, which means that it includes thgdgconcentration, Figure 15. Calculated activation energies for the kinetic pathway

the bimolecular rate constant can be obtained by dividing the sketched in Figure 14 describing the conversion aftanto the benzyl
reported value by the i, concentration used in the experiment. radical (kcal mot?). All values were determined at the B3LYP/6-
The experimental and calculated values are’6.20° and 3.5  31G(d.p) level and corrected with ZPE.

-1 o1 i i
x 10 cm® mol™! s71, respectively. This good agreement TABLE 4: Reaction Enthalpy Changes (kcal mot)

between experiment and theory (also evidenced in Figure 13)Calculated at 298 K and 1 atm and TST Kinetic Parameters
seems to indicate that the/&; species observed by Knyazev (k = AT® exp(—E/(RT))) for the Conversion of cGH- into

and Slagle could be the cycloheptatrienyl radical. This is one the Benzyl Radicaf
of the most interesting findings of this work since, up to now, reaction AHg Aow & Ean,  Avack @ Ea,
to our knowledg_e it was not known that ﬁﬂ} could be . CCH)— CH® 452 2.4x 10 0 454 47x 102 0 0
produced at relatively low temperatures and high rate through i, c,H,©—CH, —7.7 6.7x 102 0 57.7 59x 102 0 653
the addition of GH, to cGHs. This finding can also be of some ks C/Ht— C/H» —53.9 4.2x 1012 0 2.8 4.6x 102 0 56.7
r_elevance for combustion studies, since, as previously men- aKinetic parameters are reported in units consistent with kcal, s,
tioned, cGHs and GH, are often among the most abundant |, and cm. Energies were calculated at B3LYP/6-31G(d,p) level.
radicals and stable hydrocarbon species present in a flameThe rate coefficients of the backward reactions were determined through
Therefore the formation of an intermediate cyclic species thermodynamic consistence.
containing a ring of seven atoms might be an important kinetic
pathway, till now unexplored, for the growth of low molecular by about 7.7 kcal mof, but its activation barrier is much higher,
weight hydrocarbons, eventually leading to the formation of 57.7 kcal mot'. The GH;® species is very unstable since,
PAHs and soot. while the energetic barrier to decompose back to the norcara-
The kinetic constant values computed with QRRK theory for dienyl radical is high (65 kcal mo}), that required to produce
the overall reaction cés + C,H, — cC;H; have been the benzyl radical is small (2.8 kcal ma).
interpolated in the range 56@500 K, leading tdkc7 = (2.2 x An interesting comparison can be made with the aforemen-
10'Yexp(—6440M(K)) cm® mol™* s % The corresponding tioned reaction mechanism proposed to describe the internal
backward kinetic constant values have been calculated, enforcingrearrangement of cycloheptatriene to toluengHgJ. Its first
the thermodynamic consistence; interpolating these data resultstep is the conversion of cycloheptatriene to norcaradiene, which
in the relationkc7— = (4.2 x 109 T~1 exp(—30 850M(K)) s~ is analogous to the first reaction of the mechanism shown in
Apart from the pathway sketched in Figure 10, it is also Figure 14, namely, the conversion of the cycloheptatrienyl
interesting to explore other possible reaction pathways that mightradical into the norcaradienyl radical. However, while for the
follow the formation of cGH-. First of all, since c@H- is an cycloheptatriene the reaction is exothermic by 6.6 kcal ol
isomer of the benzyl radical,8-°, which is thermodynamically ~ with an activation energy equal to only 9.4 kcal miglin the
more stable by about 16 kcal m@) we investigated the case of the cycloheptatrienyl radical the enthalpy change,
interconversion of the two chemical species. The reaction calculated at the same level of theory (B3LYP/6-31G(d,p)), is
pathway that we investigated is shown in Figure 14 and mimics endothermic and equal to 45.2 kcal mbl An alternative
that proposed to describe the conversion of cycloheptatriene intoreaction mechanism for the formation of the benzyl radical from
toluene previously discussed and summarized in Figure 1.  c¢C/H7 consists of the transposition of the H atom followed by
The energetics of this reaction pathway was calculated usingthe formation of the bicyclic intermediate. The H transposition
density functional theory at the B3LYP/6-31G(d,p) level and reaction, investigated at the B3LYP/6-31G(d,p) level, is endo-
is reported in Figure 15. The first reaction is the formation of thermic by 38.5 kcal mof and has an activation energy of
the norcaradienyl radical (€3, a bycyclic species formed  80.1 kcal mot. Though this second mechanism is energetically
by two rings of six and three carbon atoms, respectively. From favored with respect to that sketched in Figure 15, the energetic
the thermodynamic analysis, reported in Table 4, together with barrier appears still to be too high to let this reaction proceed
the kinetic parameters for all the considered reactions, this first at a significant rate.
step appears to be significantly endothermic (45.2 kcal ol The second step involved in the cycloheptatriene mechanism,
The activation energy for the formation ofl€;°3 is close to the H transposition to form an unstable byradical species, which
the reaction enthalpy, 45.4 kcal mél The next step is the  quickly converts to toluene, has an activation energy of 43.15
transposition of a hydrogen atom from theg fihg to the G kcal moi. Also this value is significantly smaller than that
ring leading to the @H;%3 species. This reaction is exothermic calculated for the corresponding benzyl formation reaction, 57.7
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kcal molt. On the basis of these results, we can conclude that
the conversion of c@; to the benzyl radical is prohibited, at

least for the reaction mechanism that we investigated, by a very 5

high energetic barrier. However ¢d; might be converted to
benzyl radical through a bimolecular reaction with atomic
hydrogen, which would result in the formation of cyclohepta-

triene, whic, as discussed previously, can be converted to toluene

following the reaction mechanism outlined in Figure 14.
Toluene, losing a hydrogen atom, can then form benzyl.

As a final remark, it is interesting to observe that, ifel;
is formed in flames following the above proposed mechanism,
it is then possible that a portion of thekd; signal measured in
flames and usually attributed to the benzyl radical is instead
determined by c@Hy radicals. Further experimental investiga-
tions are clearly required to elucidate this point.

Second Step: The Addition ofk; to cGH;. The final step
of our investigation was the study of the reaction betweeilgC
and GH,. Having the same molecular structure ofselg, it is
likely that cGHy reacts with GH, following a reaction pathway
similar to the one described in the previous paragraph for the
formation of the cycloheptatrienyl radical. In particular, the
transition state for the addition of,8, to cG/H- to give GHg¢
is illustrated in Figure 11c. It can be observed that the carbon
carbon distance along the reaction coordinate is smaller than
that calculated for the offls—C,H, addition (2.07 vs 2.12 A)
and that the reaction is exothermic only byi.3 kcal mot?,
versus—7.6 kcal mof? calculated for the addition of £, to
cGsHs. The kinetic parameters reported in Table 3 reflect this
situation: even if the preexponential factors for the two reactions
are similar (3.2x 101 vs 2.7 x 10 cm?® mol™! s71), a clear
difference is evident in the activation energies (13.3 vs 20.1
kcal mol ). Also the analysis of the next reaction givingHs*
shows a lower kinetic constant with respect to the analogous
formation reaction of @4, once more, the preexponential
factors are comparable, 3:3 102 vs 3.1 x 102 s71, but the
energy barrier is greater, 13.2 vs 17.1 kcal hoConsequently,
the kinetic constant calculated at 2000 K for the formation of
CoHg® is about 2.5 times lower than that previously obtained
for the formation of GH7.

The opening of the carbercarbon bond to give cgElg
follows a kinetics comparable to that of the formation ofldg
in fact, while the activation energy for the formation of the
cCyHg is lower than that for the formation of ¢8; (23.5 vs
26.6 kcal mot?), the preexponential factor is slightly smaller
(6.6 x 10 vs 1.4 x 10" s71)). Consequently, at 2000 K the
reaction of production of cgy from CgHg®* has a kinetic
constant equal to 1.& 10' s™1, which is very similar to the
value of 1.7x 10 s calculated for the formation of g€,
from C;Hc4

The structure of the cflg radical is that of a ring formed
by nine carbon atoms and, similarly to & and cGHg,
stabilized by nine resonant structures. However, with respect
to cGHs and cGH7, the molecule is no longer planar but is
slightly distorted. The reaction of formation of gy is
endoentropic by 8.5 cal mol K~ and exothermic by 1.5 kcal
mol~%. This large ring is unlikely to be stable and can react
rapidly following several reaction pathways. The energetically
favored pathway involves the formation of a carbaarbon
bond to obtain a new chemical compoungHgt®, characterized
by two rings of six and five carbon atoms respectively, which
structure is sketched in Figure 10. The reaction energetics,
reported in Table 3, is also sketched in Figure 16.

The formation of GHo®® is thermodynamically favored
(—14.6 kcal mot?), and its kinetic parameters are comparable

J. Phys. Chem. A, Vol. 109, No. 33, 2008555

ety
+

Figure 16. Activation energies for the kinetic pathway following the
addition of GH, to cG/Hy to give the nonadienyl radical (kcal nd).

All energies were calculated at the G2MP2* level of theory, as specified
ineq 2.

with that found for its decomposition intog8o°* the rate of
decomposition at 2000 K is 3 times faster than that of the
formation of the double ring (3.8 18 vs 1.3x 1 s1). The
next reaction involves a hydrogen transposition leading to
CoHo®>t, which is more stable thanyBq%° by 14.1 kcal mot™.

Finally, GHo%t can lose a hydrogen atom to form indene.
The transition state of this reaction is reported in Figure 11h.
As in the case of the last reaction of the AcAc mechanism,
discussed in the previous paragraph (see Table 2), this step is
favored by the recover of the aromaticity by the six carbon atom
ring. Therefore, even if endothermic, the value of the reaction
enthalpy for this step is much lower than that involved in the
AcAc mechanism (12.6 vs 24.6 kcal mé). At 2000 K, the
ratio between the rate of formation of indene fromHg>t
and that of the backward decomposition reaction giflg&t
to CoHg® is equal to about 500, showing that once formed
CoHo®>t decomposes rapidly into indene and hydrogen. This
finding is in agreement with the investigation of the PES of
CoHy performed by Vereecken et al., who found that indene
can be one of the principal products of the reaction between
phenyl and propyné?

The overall rate constant for the formation of indene from
cycloheptatrienyl and acetylene was calculated with QRRK
theory according to the following reaction scheme:

cCoHg®® + H-

cCiHr+ CGH, €= GoHy" €= CoHy™* =2 cCoHy' fem c
¢cCoHog

To simplify the QRRK calculations, the last three reactions of
Table 3, corresponding to the conversion gHg® into cGyHg,
were lumped into a single reaction step. The results are reported
in Figure 17 in terms of overall kinetic constant values as a
function of temperature.

The overall kinetic constant values for the reactionlfct
C,H, — cGgHg® interpolated in the range 56@500 K lead to
the relationkcg = (6.6 x 10'Y)exp(—10 080T (K)) cm3 mol~!
s™1. The corresponding backward kinetic constant, calculated
enforcing the thermodynamic consistencekis- = (4.2 x
10" exp(—27 300m(K)) cm® mol~1 s71,

The overall rate of production of ¢Bg® from cGH; and
C.H; is slower than that of formation of ¢87 from cGHs
and GH,. As previously mentioned, this is essentially deter-
mined by the smaller thermodynamic stability of the intermedi-
ate adduct, cgHy, with respect to c@H;. The experimental
production rate of indene, measured experimentally at 1000 K,
was 3.4x 108 cm® mol~1 s71, while the calculated value is 2.8
x 107 cm® mol~! s71. This underestimation can be determined
either by a different reaction pathway for the formation of
cCyHg®® not considered in this work, by an error in the theoretical
calculations, or by an overestimation of the experimental rate
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11 T T radicals is possible but requires the formation of cycloheptatriene
and toluene, slowing this pathway significantly.

10 To our knowledge, no dedicated experiments devoted to the
N identification of cycloheptatrienyl radical in a combustion

environment have been carried out. These measurements would
8 be very important to provide further support to the reaction

pathway proposed in this work, since the light hydrocarbon
growth through odd-ring species could provide an interesting
new paradigm for explaining PAH and soot formation in

combustion processes.

Loggk[cm*/(mol s)]
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