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This study proposes the existence of a new, highly resonantly stabilized free radical, fulvenallenyl (C;Hs).
Fulvenallenyl forms from dissociation or abstraction of the weak H atoms in the C;Hs compounds fulvenallene
and 1-ethynylcyclopentadiene, which were recently identified as intermediates in the combustion of aromatic
fuels and in sooting flames. The fulvenallenyl radical shares properties of the propargyl and cyclopentadienyl
radicals, and like these species, we propose that fulvenallenyl has a significant resonance stabilization energy.
This resonance energy is lost upon further reaction, making the fulvenallenyl radical resistant to oxidation
and thermal decomposition. As with the resonantly stabilized radicals propargyl and cyclopentadienyl,
fulvenallenyl is expected to react with other radicals in molecular weight growth reactions. Several pathways
are proposed for self-reaction and cross-reactions of fulvenallenyl that directly produce two- and three-ring
PAHs like naphthalene, diphenyl, and phenanthrene. Rate constants are calculated for H atom abstraction
from fulvenallene and 1-ethynylcyclopentadiene by the common radicals H, OH, and CHs, to facilitate the
inclusion of fulvenallenyl in kinetic models.

Introduction

It has been known for some time that C;Hg species form as
intermediates during combustion.! Uncertainty regarding their
structure has, however, precluded the inclusion of C;Hg
chemistry in detailed combustion models. Recently, both
experimental and theoretical studies have proposed fulvenallene
and 1-ethynylcyclopentadiene as the major C;Hg combustion
intermediates, finally opening up C;Hq chemistry for development.

The first identification of specific C;Hg isomers came in a
photoionization mass spectrometry study of a cyclopentene
flame by Hansen and co-workers.> Here, significant levels of
C;Hg compounds were observed, presumably formed in the
cyclopentadienyl (c-CsHs) + acetylene (C,H,) reaction,? an
important process in the formation of polyaromatic hydrocarbons
(PAHs). C;Hg was attributed to either fulvenallene or 1-ethy-
nylcyclopentadiene, but similarities in their photoionization
efficiency spectra prevented an unambiguous identification.
Using a similar experimental technique, large quantities of a
C;Hg species identified as fulvenallene® have been observed in
the combustion* and pyrolysis® of toluene. In a rich toluene flame
peak fulvenallene levels were around half of that of the benzyl
radical,* the primary oxidation product of toluene. At around
the same time, theoretical studies predicted that fulvenallene
(+ H) would be the major decomposition product of the benzyl
radical,® with barriers for formation significantly lower than
those for other proposed products, like ¢-CsHs + C,H..
Subsequent kinetic modeling of species profiles in a rich toluene
flame supports fulvenallene as a decomposition product of
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benzyl.” Fulvenallene and substituted alkyl fulvenallenes are also
predicted to form in the decomposition of alkyl benzyl radicals.®
A recent theoretical study has shown how both fulvenallene
and 1-ethynylcyclopentadiene can be formed in the ¢-CsHs +
C,H, reaction’ and can be interconverted via their reactions with
free H atoms (favoring the more-stable fulvenallene).

It is apparent that the C;Hg compounds fulvenallene and/or
1-ethynylcyclopentadiene are important intermediates in oxida-
tion and pyrolysis processes relevant to PAH formation and the
combustion of aromatic hydrocarbons. In combustion systems,
high-molecular-weight PAHs coagulate to form soot particles,
which are a major human health concern'® and contribute to
anthropogenic global warming.!! Aromatic hydrocarbons are one
of the largest single components of liquid transportation fuels,
and their production from biomass makes them potential green
fuels.!? Detailed kinetic models are currently used to optimize
aromatic combustion and reduce soot formation in internal
combustion engines, and the kinetics and thermochemistry of
C;Hg species needs to be included in these models.

This study is concerned with the initial oxidation chemistry
of fulvenallene and 1-ethynylcyclopentadiene. Computational
chemistry is used to show that these C;Hq compounds possess
low energy C—H bonds that cleave to form a C;Hs radical
termed fulvenallenyl. We consider this species to be a highly
resonance stabilized free radical, possessing characteristics of
both propargyl (CH,CCH) and ¢-CsHs. We demonstrate that in
thermal systems, the fulvenallenyl radical will be removed
slowly by oxidation and decomposition processes and is
therefore expected to contribute to PAH formation via similar
reactions to its analogues propargyl and ¢-CsHs. When compared
to these other radicals, however, molecular weight growth
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Figure 1. Bond dissociation energies (BDEs, kcal mol™") in the C;Hg
compounds fulvenallene (left) and 1-ethynylcyclopentadiene (right).

reactions from fulvenallenyl lead to PAHs that are larger by
one or two rings.

Results and Discussion

The major initial pathways for the destruction of fulvenallene
and l-ethynylcyclopentadiene in flames will be via bimolecular
radical addition and abstraction reactions along with unimolecular
decomposition. Molecule—molecule reactions like fulvenallene +
C,H, may also play a role'? but are expected to require significant
activation barriers. Bond dissociation energies (BDEs) for all C—H
bonds in fulvenallene and 1-ethynylcyclopentadiene have been
calculated at the G3SX level of theory and are illustrated in Figure
1. In both molecules, the most weekly bonded H atoms are at the
CH, sites, where the BDEs are around 80 kcal mol™'. Loss of H
atoms from the ring CH sites, in comparison, requires large amounts
of energy, as is known for similar five-membered ring compounds'*
(dissociation of the =C—H hydrogen in 1-ethynylcyclopentadiene
forms a high-energy ethynyl-type radical; this is included for
illustrative purposes only).

Loss of H atoms from the CH, sites in fulvenallene and
1-ethynylcyclopentadiene should dominate in the decomposition
and abstraction reactions of these compounds. The C;Hs radical
that forms from these C;Hg species is termed the fulvenallenyl
radical, and it is calculated to have a standard heat of formation of
113.4 kcal mol ™! (thermochemical properties are provided in Table
1). This radical possesses resonance structures similar to the
propargyl radical, where the allenic (CH,=C=C*H) and acetylenic
(CeH,—C=CH) forms are available. The CH,CCH—H bond in
allene, which leads to the propargyl radical + H, has a BDE of
around 89 kcal mol™,"> and the much lower BDE of 81.2 kcal
mol~! for the analogous bond in fulvenallene suggests a signifi-
cantly higher degree of stabilization in the fulvenallenyl radical.
The added stability of fulvenallenyl likely arises from its ability to
delocalize the radical electron into the Cs ring, providing it with
cyclopentadienyl-like resonance structures (B), in addition to the
allenic structure (A), as depicted below.

I Il
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The fulvenallenyl radical appears to possess resonance
structures that are common to both the propargyl and cyclo-
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pentadienyl radicals. It should be noted that unlike the cyclo-
pentadienyl radical, however, fulvenallenyl (which has C,,
symmetry) does not experience Jahn—Teller distortion. The
weak C—H bond in cyclopentadiene has a BDE of 82.5 kcal
mol~','® whereas the corresponding BDE in 1-ethynylcyclo-
pentadiene is only 78.9 kcal mol~!. This implies some additional
stabilization of fulvenallenyl over cyclopentadienyl, consistent
with a contributing allenic resonance structure (the resonance
stabilization energy of cyclopentadienyl is considerably greater
than that of propargyl). Further work is required, however, to
identify the relative contributions of the different resonance
structures in fulvenallenyl and to determine its resonance
stabilization energy.

Transition states have been located for H atom abstraction
from fulvenallene and 1-ethynylcyclopentadiene by the typical
radicals H, OH, and CHs;. Enthalpies of reaction (A,H°s) and
activation (A*H®y) for abstraction of the weak H atoms in both
C;Hg compounds are listed in Table 2. In all cases, the reactions
are considerably exothermic, resulting in small activation
barriers. In comparison, abstraction reactions at the higher-
energy CH sites in fulvenallene and 1-ethynylcyclopentadiene
require significantly larger barriers (at least 16.4, 2.3, and 16.5
kcal mol ™! for respective reaction with H, OH, and CH3). This
will result in small branching ratios to these other C;H5 radicals,
particularly for H and CH; (OH is less selective). Additionally,
because abstraction by OH requires essentially no barrier, this
process, which should be favored in terms of entropy, will
compete with or even dominate over OH addition.

Rate constants have been calculated for fulvenallenyl forma-
tion in the reactions of fulvenallene and 1-ethynylcyclopenta-
diene with H, OH, and CHj3, with fitted rate parameters A’, n,
and E, listed in Table 3. For these abstraction reactions, pre-
exponential factors (A’T") at 1000 K are around 5 x 103 cm?
mol™! s™! for abstraction by H, 6 x 102 cm® mol™! s™! for
abstraction by OH, and 2 x 10'> cm® mol™! s™! for abstraction
by CHj;. For the fulvenallene + OH reaction, the G3SX method
predicts a small negative activation barrier (—1.2 kcal mol™),
typically characteristic of the formation of a prereactive
complex. Intrinsic reaction coordinate scans, however, indicate
that this transition state leads directly to dissociated fulvenallene
+ OH. The negative barrier appears to be an artifact of the
composite theoretical methodology, where single-point energy
calculations are performed using B3LYP-optimized structures.
Accordingly, rate constants for this reaction have been estimated
by setting the activation enthalpy to zero.

Resonance stabilization in the fulvenallenyl radical sug-
gests that it may be a relatively long-lived combustion
intermediate. The major processes for radical destruction in
flames are thermal decomposition (typically homolytic bond
scissions) and oxidation (typically by O,). The propargyl and
¢-CsHs radicals are resistant to both oxidation and decom-
position, and this makes them long-lived and available to
participate in bimolecular reactions that lead to cyclic
hydrocarbons, establishing them as major PAH precursors.!”
Similarly, the fulvenallenyl radical is resistant to C—H
B-scissions, with BDEs of 124.9 and 123.5 kcal mol~! for
loss of the respective 2- and 3-position ring H atoms. Other
decomposition reactions are no doubt available, but no low-
energy pathways are obvious. Addition of O, at the 1-, 2-
and 3-position ring sites in fulvenallenyl is exothermic by
only 2.0, 8.2, and 7.8 kcal mol ™!, respectively, while addition
at the allenic CH site is exothermic by 9.0 kcal mol~'. The
small well depths for O, addition to the fulvenallenyl radical,
due to the loss of resonance, provides these unstable C;Hs0,
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TABLE 1: Thermochemical Properties (A¢H g in kecal mol™!, $°95 and Cy(T) in cal mol ! K™!) for the Fulvenallenyl Radical

AHC g 898 C, 300 C, 400

C,500  C,600  C,800

C, 1000 C, 1500 C, 2000

fulvenallenyl 113.4 78.69 25.74 32.64

TABLE 2: Enthalpies of Reaction (A, H®s) and Activation
(A*H®,95) for Abstraction of H Atoms from CH, Sites in
Fulvenallene and 1-Ethynylcyclopentadiene”

AI'HOZ‘JX AiHoZ‘JS
fulvenallene + H —233 5.0
fulvenallene + OH —383 —-1.2
fulvenallene + CHj; —23.8 6.7
1-ethynylcyclopentadiene + H —255 4.5
1-ethynylcyclopentadiene + OH —40.5 0.8
1-ethynylcyclopentadiene + CHj —26.1 59

@ Values in kcal mol™!. Calculated at the G3SX level of theory.

TABLE 3: Rate Constant Parameters for Abstraction of H
Atoms from CH, Sites in Fulvenallene and
1-Ethynylcyclopentadiene®

A’ E,
(ecm*mol™' s n  (kcal mol™")
fulvenallene + H 1.90 x 108 1.847 4.965
fulvenallene + OH 1.20 x 10° 2.621 —0.515
fulvenallene + CH; 1.87 x 10* 2.724 6.008
1-ethynylcyclopentadiene + H 1.08 x 108 1.812 4.491
1-ethynylcyclopentadiene + OH 3.50 x 10* 2.688 0.293
1-ethynylcyclopentadiene + CHj 6.90 x 10° 2.730 5.246

@k = A'T" exp(—E,/RT) cm?® mol™! s™!. Valid from 300 to 2000 K.

adducts with little excess vibrational energy for further
activated reactions. The reverse dissociation of these adducts
to fulvenallenyl + O, will be fast, with slow forward reactions
to new products (this is also a characteristic of propargyl).'®
We suggest that fulvenallenyl oxidation will predominantly
occur via reactions with species like O(*P) and OH, which
are typically present at much lower levels than O,, particu-
larly in sooting flames.

Due to the stability of the fulvenallenyl radical, we
hypothesize that under molecular weight growth conditions
it predominantly participates in bimolecular reactions with
hydrocarbons and other resonance-stabilized radicals. In this
study, we present a preliminary exploration of this chemistry,
specifically the fulvenallenyl self-reaction and the fulvenal-
lenyl + propargyl/c-CsHs cross-reactions. Detailed experi-
mental and theoretical kinetic studies will, however, be
required to quantify the actual mechanisms and reaction rates.
Furthermore, many other processes involving hydrocarbons
like C,H, and benzene, and radicals like allyl and vinyl, may
also be important.

The highly complex propargyl self-reaction'® is known as
an important source of the cyclic compounds fulvene,
benzene, and the phenyl radical (+ H) in sooting flames.
Analogously, we expect the fulvenallenyl + propargyl
reaction to yield naphthalene and other C,y polycyclic
compounds. The fulvenallenyl + propargyl association
produces a range of initial products that can isomerize to
bicyclic compounds with five- and six-membered rings. One
potential pathway, proceeding via fulvalene, is shown below
(the final rearrangement of fulvalene to naphthalene actually
requires several steps, but this process is well-known).?°
Current kinetic models assume that the benzyl + propargyl
reaction and the ¢-CsHs self-reaction are the major sources
of naphthalene (+ 2H) in aromatic combustion, and we

38.06

42.26 48.29 52.46 58.73 61.95

suggest that the fulvenallenyl + propargyl reaction may
supplement these processes. The reaction of fulvenallene with
propargyl may also contribute to naphthalene formation (+ H).

c/f\"\ (T ‘
L O o

The fulvenallenyl + ¢-CsHs reaction can also proceed via
addition at the allenic and ring sites. The allenic addition process
is illustrated below, where we envisage a hydrogen shift reaction
taking place, with subsequent rearrangement to a CjHj
phenylfulvene compound. Following this, a benzene—fulvene
rearrangement can yield diphenyl. The formation of diphenyl
is significantly underpredicted by kinetic models for toluene
combustion.”

- 7@% 4

The fulvenallenyl self-reaction should also produce a number
of molecular weight growth products, in this case with formula
Cy4H;¢. Below, we depict a potential pathway to phenanthrene
from the product formed by addition at the two allenic sites.
Three-membered PAHs like phenanthrene and acenaphthylene
(a C,Hg compound that is another potential product of fulve-
nallenyl + c¢-CsHs, along with 2H) are detected in sooting
aromatic flames. Typically, secondary reaction chemistry (like
HACA) involving two-ring PAHs is used to explain their
formation, but the present chemistry provides a direct formation
route from the oxidation/decomposition products of toluene.

In conclusion, we have demonstrated that fulvenallenyl is an
important free radical with a high degree of resonance stabiliza-
tion. This radical is resistant to 5-scission reactions and oxidation
by O, and is expected to play a significant role in PAH growth
reactions. While further work is required to quantify the PAH-
forming potential of fulvenallenyl, it is clear that this radical
will be present in combustion systems and that pathways should
be directly available to many of the two- and three-ring PAHs
observed in sooting aromatic flames.

Computational Methods

Calculations were performed using the Gaussian 03 pro-
gram.?! All reported energies are G3SX 298 K enthalpies.?
Standard enthalpies of formation (A¢H ) are from atomization
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calculations, with entropy and heat capacity values calculated
from standard statistical mechanical principles. Abstraction rate
constants are calculated according to canonical transition-state
theory between 300 and 2000 K. Internal rotation about
C-++H---CHj; in the CHj; abstraction transition states is treated
with a free rotor model, with RRHO treatment for all other
modes.

Supporting Information Available: Cartesian coordinates,
G3SX energies, and vibrational frequencies for fulvenallenyl.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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