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ABSTRACT: The article addresses the formation mechanisms of naphthalene and CeHs + C4Hy CeHs + C3Hy
indene, which represent prototype polycyclic aromatic hydrocarbons (PAH) carrying

two six-membered and one five- plus a six-membered ring. Theoretical studies of the

relevant chemical reactions are overviewed in terms of their potential energy surfaces, I P b &

rate constants, and product branching ratios; these data are compared with ooyt O g . AW
experimental measurements in crossed molecular beams and the pyrolytic chemical u‘ v Q‘n -H u‘y *-¢
reactor emulating the extreme conditions in the interstellar medium (ISM) and the bl Y ) -
combustion-like environment, respectively. The outcome of the reactions potentially T
producing nap}_ltbalene and indene is shown to critically erend on temperature .and CHls + 2C,H, (HACA)  CoHy + Cal,
pressure or collision energy and hence the reaction mechanisms and their contributions CeH, + CsHy/CsH, CgHs + CsHy/CsHs

to the PAH growth can be rather different in the ISM, planetary atmospheres, and in
combustion flames at different temperatures and pressures. Specifically, this paradigm is
illustrated with new theoretical results for rate constants and product branching ratios
for the reaction of phenyl radical with vinylacetylene. The analysis of the formation mechanisms of naphthalene and its
derivatives shows that in combustion they can be produced via hydrogen-abstraction-acetylene-addition (HACA) routes,
recombination of cyclopentadienyl radical with itself and with cyclopentadiene, the reaction of benzyl radical with propargyl,
methylation of indenyl radical, and the reactions of phenyl radical with vinylacetylene and 1,3-butadiene. In extreme
astrochemical conditions, naphthalene and dihydronaphthalene can be formed in the C4Hg + vinylacetylene and C¢H; + 1,3-
butadiene reactions, respectively. Ethynyl-substituted naphthalenes can be produced via the ethynyl addition mechanism
beginning with benzene (in dehydrogenated forms) or with styrene. The formation mechanisms of indene in combustion include
the reactions of the phenyl radical with C;H, isomers allene and propyne, reaction of the benzyl radical with acetylene, and
unimolecular decomposition of the 1-phenylallyl radical originating from 3-phenylpropene, a product of the CsH; + propene
reaction, or from C4Hg + C;Hs.

C7H7 + C3H3

1. INTRODUCTION

Polycyclic aromatic hydrocarbons (PAH) and soot commonly
formed as a result of incomplete combustion are major
pollutants hazardous for human health and the ecosystem.'
Though harmful to the life forms on Earth, in astrochemistry
and astrobiology PAH are linked to the prebiotic evolution of
the interstellar medium (ISM).””* PAHs are present in
circumstellar envelopes of carbon rich asymptotic giant branch
(AGB) stars and account for up to 20% of the cosmic carbon

Achieving a detailed understanding of PAH and soot formation
processes, from elementary chemical reactions initiating and
propagating the growth of PAH at the molecular level to
successive nucleation of soot particles, particle coagulation and
their surface growth, is an important research goal in terms of
both the basic science (evolution of prebiotic molecules in
interstellar space) and engineering (minimizing the PAH yield
in combustion and development of cleaner combustion
processes and devices). The formation and growth mechanism

budget. Such omnipresence of PAHs in interstellar space has
been inferred from observations of the diffuse interstellar bands
(DIBs)—discrete absorption features ranging from the blue
part of the visible (400 nm) to the near-infrared (1200 nm)
overlaid well with the interstellar extinction curve’ °—and
from the unidentified infrared (UIR) emission bands probed in
the range 3-—14 um.””'® PAHs have been identified in
carbonaceous chondrites such as Murchison, where the
measured ">C/">C isotopic ratios unambiguously confirmed
that they were formed in the interstellar medium, most likely in
the circumstellar envelope of carbon rich AGB stars.''
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of PAHs is enormously complex, with a large array of possible
reactions arising from the great variety of molecules and
radicals that are present in different isomeric forms.'”~"> The
reactions involved occur over intricate potential energy surfaces
with multiple local minima and products and hence their
mechanisms, rates, and product yields may strongly depend on
the conditions under which they take place.
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A principal task for general understanding the molecular
evolution of PAH is unraveling the elementary step of PAH
expansion by one extra ring, which could be an additional six-
member or five-member ring. The prototype of this elementary
step is the formation of naphthalene or indene from benzene,
i.e., the step from one aromatic ring to two aromatic rings. To
comprehend the mechanism and kinetics of this prototype
growth step in this paper, we overview potential reaction
mechanisms for the formation of naphthalene and indene from
smaller molecules and radicals. We demonstrate that the
outcome of the relevant chemical reactions critically depends
on temperature and pressure or collision energy and hence the
reaction mechanisms and their contributions to the PAH
growth can be rather different in the ISM, planetary
atmospheres, and in combustion flames at different temper-
atures and pressures. Specifically, we present new calculation
results for rate constants and product branching ratios for the
reaction of phenyl radicals (C¢H;) with vinylacetylene (C,H,)
illustrating this paradigm.

Whereas laboratory experiments can probe chemical
reactions in terms of their kinetics, dynamics, and product
distribution only at a limited set of conditions depending on a
particular experimental technique, theoretical calculations are
possible for a much broader range of the reaction conditions as
long as the physical principles underlying the theory remain
valid. In the meantime, theories used in the prediction of
reaction mechanisms and product branching ratios are not
exact and can achieve only limited accuracy depending on the
computational efforts and available computing resources.
Therefore, the validation of theoretical predictions vs available
experimental results is absolutely essential to make them
trustworthy and to evaluate their error bars. In this Article, we
illustrate the synergism between theory and experiment in the
studies of elementary chemical reactions producing the two
smallest and prototypical PAH molecules, naphthalene and
indene.
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2. OVERVIEW OF FORMATION MECHANISMS OF
NAPHTHALENE AND INDENE

Naphthalene consists of two fused aromatic six-member rings
and has a CyHg stoichiometry. The molecule can be
synthesized from smaller species through chemical reactions
involving C,,H,, potential energy surfaces (PES), where x varies
from 6 to 11. The reactions occurring on the C,oH, surfaces (x
> 9) may form hydrogenated naphthalenes and then produce
naphthalene after consecutive dehydrogenation steps. Alter-
natively, the reactions involving PES with x = 6 and 7 can lead
to naphthalene via hydrogen atom additions if hydrogen atoms
are available. One of the reactants usually contains an aromatic
six-member ring so that the reaction can proceed as molecular
growth from one ring to a two-ring aromatic structure. It is also
possible that the reactants include five-member rings rather
than a six-member ring. Several reactions or reaction sequences
have been proposed and studied theoretically and experimen-
tally as a potential source of naphthalene. They include
(Scheme 1):

(N1) Hydrogen abstraction acetylene addition (HACA)

sequences,

C¢Hg(benzene) + H/CH,/OH
— CgH,(phenyl radical) + H,/CH,/H,0

CeH + C,H, — C4H,(CH,C,H, or CH,C,Hs)
— CgH4(C¢HC,H, phenylacetylene)
+ H

CH, + C,H, — C,oH,
— C;,Hg(naphthalene) + H

C(H.C,H + H — C,H,C,H + H,

C¢H,C,H + C,H, — C, H,(naphthyl radical)

C,oH, + H —» C, Hg(naphthalene)

(N2) Addition of vinylacetylene to phenyl radical,
CHs + C,H, - C,y)Hy, —» C,;Hg + H

(N3) Recombination of two cyclopentadienyl radicals and the
reaction of cyclopentadienyl with cyclopentadiene,

CH; + C;H; —» C,,H,, » C,;Hy; + H
CHy » CoHg + H

CsH + CHy — CjoHy,
- CHy,+H
- .

- CHg + 3H

(N4) Reactions of propargyl radical with benzyl radical,
C.H,(benzyl) + C;H,
= Cyotg
- CHy + H
- CyoH, + 2H
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(NS) Addition of 1,3-butadiene to phenyl radical,
C¢Hs + C,H(1, 3-butadiene) — C, H;,
— C,oH;o(dihydronaphthalene) + H

CoHip = C,(Hy + H —» C,(Hg + 2H
(N6) Conversion of indene or indenyl radical to naphthalene
via methylation,
CyHg(indene) + CH,
= CioHyy
— C,oH;o(methylindene) + H

C,oH,;o(methylindene)
— C,,Hy(methylindenyl) + H

CyH,(indenyl) + CH; — C,oH, (methylindene)
— C,oHy(methylindenyl) + H

C,oHy(methylindenyl) - C,;Hy + H

Indene is the smallest PAH molecule, which contains one six-
and one five-member ring with the CgHg molecular formula.
Reactions producing indene generally involve CoH,, PESs (x =
8—11) and in particular, the following systems need to be
considered (Scheme 2):

(I1) Reactions of phenyl radical with allene and propyne,

C¢Hs(phenyl) + C;H,(allene or propyne)
— CoH,
- CgHg + H
(12) Reactions of propargyl radical with benzene and phenyl
radical,

C¢Hy(benzene) + C,H,(propargyl)
— CoHy
- CHg + H

C¢Hs + CiH; — CyHg

(I3) A reaction of benzyl radical with acetylene,
C,H,(benzyl) + C,H, - C;Hy — CoHy + H
(I4) Reactions of phenyl radical with propene and allyl
radical,
C¢H, + C,H(propene) - C,H,
— CoH,,(3-phenylpropene) + H
CyH,,(3-phenylpropene) + H
— CyHy(1-phenylallyl) + H,

CyH,y(1-phenylallyl) -» CoHg + H
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C¢H; + CyH,(allyl) —» CyH;, > CoHy(1-phenylallyl)
+H - CyHy + 2H

In this Article, we briefly review experimental and theoretical
data on these reaction mechanisms reported by our and other
groups and focus on the C¢H; + C,H, reaction, which helps us
illustrate a strong dependence of the reaction outcome on the
conditions, such as temperature (or bimolecular collision
energy) and pressure. We begin with a short description of
the experimental and theoretical methods that are employed by
our groups to unravel reaction mechanisms for naphthalene and
indene formation and to predict or identify the reaction
products.

3. EXPERIMENTAL SECTION

3.1. Crossed Molecular Beam Setup. The crossed
molecular beam technique represents an unprecedented
approach to reveal the outcome of a reaction of two neutral
molecules, radicals, and/or atoms in the single collision
environment without wall effects.'™" This is achieved by
generating supersonic beams of the reactants in separate side
chambers and crossing them in the main reaction chamber. For
example, the supersonic phenyl-radical beam is generated by
flash pyrolysis of helium-seeded nitrosobenzene at seeding
fractions of typically less than 0.1%.”° A chopper wheel located
after the pyrolysis section and behind the skimmer selects a
well-defined velocity of the pulsed radical beam, which in turn
results in a precise collision energy between the primary and
secondary beams. The secondary reactants, the hydrocarbons,
are introduced via the secondary source chamber. The reaction
products are detected by a rotatable triply differentially pumped
mass spectroscopic detector within the plane of the primary
and secondary beams. The neutral products are universally
electron impact ionized at 80 eV before being mass selected at a
specific mass-to-charge ratio (m/z) and detected under
ultrahigh vacuum conditions as low as 10" Torr. The reactive
scattering signal at a well-defined mass-to-charge ratio is
recorded at multiple angles exploiting the time-of-flight (TOF)
technique by recording the flight time versus the ion counts of
an ion of the selected mass-to-charge ratio (m/z); the collision
between the radical and the hydrocarbon molecule defines the
“time zero” in each experiment. At each angle, the TOFs are
integrated, providing a laboratory angular distribution, which
reports the integrated ion counts at a defined mass-to-charge
ratio versus the laboratory angle. These laboratory data
(laboratory angular distribution, TOF spectra) are then
transformed into the center-of-mass reference frame exploiting
a forward deconvolution technique.”"*” This yields two crucial
functions, which allow us to extract the reaction dynamics and
underlying reaction mechanisms: the center-of-mass angular
distribution (T(@)) and the product translational energy
distribution (P(E;)). The final result is the generation of a
product flux contour map, I(6,u) = P(u) X T(6), which reports
the flux of the reactively scattered products (I) as a function of
the center-of-mass scattering angle (6) and product velocity
(u). This map can be seen as the image of the chemical reaction
and contains all the information on the scattering process.

3.2. Pyrolytic Reactor. “High-temperature” experiments
simulating combustion-like conditions or the outflow of carbon
rich stars such as IRC+10216 are carried out at the Advanced
Light Source (ALS) at the Chemical Dynamics Beamline
(9.02.) utilizing a “pyrolytic reactor”, which consists of a
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Figure 1. Potential energy diagram for various HACA routes. All relative energies are given in kcal/mol.

resistively heated silicon carbide nozzle operated at temper-
atures of typically 1000 K.** Phenyl radicals are generated at
concentrations of less than 0.1% in situ via quantitative
pyrolysis of nitrosobenzene (CqHNO) seeded in a carrier gas
(for instance, acetylene, C,H,, or allene or propyne, C;H,),
which also serves as a second reactant. After exiting the
pyrolytic reactor, the molecular beam passes a skimmer and
enters a detection chamber containing a Wiley—McLaren
reflectron time-of-flight (ReTOF) mass spectrometer. The
products are photoionized in the extraction region of the
spectrometer by exploiting quasi continuous tunable vacuum
ultraviolet (VUV) light from the Chemical Dynamics Beamline
9.0.2 of the Advanced Light Source and detected with a
microchannel plate (MCP) detector. As the synchrotron light is
quasi-continuous (500 MHz), a start pulse for the time-of-flight
(TOF) ion packet is provided by pulsing the repeller plate (the
lowest electrode in the Wiley—McLaren ion optics) of the time-
of-flight ion optics. The ions hit the MCP detector; the signal
from these ions are collected with a multichannel-scalar card
(NCS; FAST Comtec 7886) triggered by the repeller plate
pulse. Time-of flight spectra, which report the flight time of the
ion versus the intensity of the ion counts, are recorded for the
photoionization energy range between 8.0 and 10.0 eV. The
photoionization efficiency (PIE) curves of a well-defined ion of
a mass-to-charge ratio (m/z) can be obtained by plotting the
integrated ion signal at the mass-to-charge versus the
photoionization energy between 8.0 and 10.0 eV, normalized
by the photon flux and the number of laser shots. The
synchrotron VUV photon flux is measured by a calibrated
silicon photodiode. Each PIE curve at a well-defined mass-to-
charge ratio can then be fit by a linear combination of known
PIE curves of all structural isomers.
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4. THEORETICAL METHODS: AB INITIO/RRKM AND
RRKM-ME CALCULATIONS OF REACTION RATE
CONSTANTS AND PRODUCT BRANCHING RATIOS

PESs of chemical reactions described in this Article were
computed at the G3(MP2,CC)//B3LYP/6-311G(d,p) level of
theory,”**° which is capable of providing a chemical accuracy
of 1-2 kcal/mol for the energetics. Most of the surfaces have
been published in previous works””~** but here we included,
using the same theoretical level, several additional, potentially
important reaction channels that were not considered earlier.
The ab initio calculations were performed using the
GAUSSIAN 09" and MOLPRO 2010 program packages.
The energies and molecular parameters of the reactants,
reaction intermediates, transition states, and products were
utilized in Rice—Ramsperger—Kassel-Marcus (RRKM) calcu-
lations of rate constants of elementary reaction steps. For
single-collision conditions in crossed molecular beam experi-
ments approaching the zero-pressure limit, we employed the
microcanonical version of RRKM theory and computed
collision energy-dependent rate constants and relative yields
of potential products. Here, rate constant k(E) at an internal
energy E for a unimolecular reaction A* — A" 5 Pis given

by47

KE) = © w*E - E%

h p(E)

where o is the reaction path degeneracy, h is the Plank constant,
W*(E—E") is the total number of states for the transition state
A" with a barrier E*, and p(E) is the density of states of the
energized reactant molecule A*. The available internal energy E
is taken as a sum of the reaction collision energy E, and the
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energy of chemical activation, ie., the negative of the relative
energy of an intermediate or a transition state with respect to
the separated reactants. With the RRKM computed rate
constants, kinetic equations for unimolecular reactions are
expressed as

d[c),
= 2L klC) - XkIC)

where [C]; and [C] ; are concentrations of various intermediates
or products, and are solved within the steady state
approximation. This approach™ allows us to evaluate product
branching ratios with the assumption that the reaction system
behaves statistically and that the intramolecular vibrational
redistribution (IVR) process is faster than any unimolecular
reaction step. A drawback of this method is that it does not take
into account radiative stabilization of reaction intermediates,
which may be significant at very low temperatures relevant to
astrochemical environments, as will be shown for the C;Hy +
C,H, system.

For thermal conditions at finite pressures, phenomenological
rate constants are computed by solving the one-dimensional
master equation”’ employing the MESS package.”® Here, rate
constants k(T) for individual reaction steps are calculated
within RRKM (unimolecular reactions) or transition state
theory (TST, bimolecular reactions) generally utilizing the
rigid-rotor, harmonic-oscillator (RRHO) model for the
calculations of densities of states and partition functions for
molecular complexes and the number of states for transition
states. Soft normal modes are visually examined and those
representing internal rotations are treated as one- or two-
dimensional hindered rotors in partition function calculations.
Respective one- and two-dimensional torsional potentials are
calculated by scanning PESs at the B3LYP/6-311G(d,p) level
of theory.

The computational strategies used to generate collision
parameters required for solving the master equation and thus
for taking into account pressure-dependent collision deactiva-
tion/activation of intermediates have been described in detail
earlier.”’  Collisional energy transfer rates in the master
equation are expressed using the “exponential down”
model,”” with the temperature dependence of the range
parameter o for the deactivating wing of the energy transfer
function expressed as a(T) = as,(T/300 K)", with n = 0.62
and a3 = 424 cm™! obtained earlier from classical trajectories
calculations.” For the C¢Hy + C,H, system, we used the
Lennard-Jones parameters (¢/cm™', ¢/A) = (390, 4.46)
calculated earlier using the “one-dimensional optimization”
method’® for the similar naphthyl radical (CjoH,) + Ar
system.28

5. NAPHTHALENE FORMATION MECHANISMS

5.1. HACA Sequences (N1). The HACA mechanism was
first proposed by Frenklach and co-workers.>>™® For the
production of naphthalene from benzene, HACA involves H
abstraction forming the phenyl radical followed by addition of
two acetylene molecules. After a first C,H, molecule adds to
phenyl producing a C{H;C,H, radical, the addition of a second
acetylene molecule can occur in three different ways (Figure 1):
(i) to the ortho carbon in the ring after an H loss leading to
phenylacetylene C,H;C,H and activation of the latter by
intermolecular H abstraction in the ortho position (the ensuing
six-member ring closure in C4H,(C,H)(C,H,) produces the

906

naphthyl radical (the original Frenklach route)), (ii) to the side
chain of CHC,H, giving C;H;CHCHCHCH followed by six-
member ring closure and H loss producing naphthalene (the
Bittner—Howard route),” and (iii) to the ortho C in the ring
after intramolecular isomerization of CH;C,H, to C¢H,C,Hj,
(the C¢H,(C,H;)(C,H,) radical produced after the C,H,
addition ring-closes and loses an extra hydrogen giving
naphthalene (the modified Frenklach route)). More than two
decades ago, Wang and Frenklach first computed PESs for
various HACA reactions at a semiempirical AM1 level of theory
and performed calculations of temperature- and pressure-
dependent rate constants using RRKM theory.”” Following
their pioneering work, several high-level ab initio studies for
critical HACA steps were reported;””*>~** however, except for
the C4H; + C,H, reaction,”® rate constant calculations were
limited to the high-pressure (HP) limit. In our most recent
work, we generated temperature- and pressure-dependent rate
constants and product branching ratios for the HACA
sequences from benzene to naphthalene utilizing more accurate
G3(MP2,CC) PESs and the modern RRKM-ME approach for
rate constant calculations.”® This allowed us not only to update
the HACA rate expressions for kinetic models of PAH
formation in flames, most of which still use the old AM1/
RRKM results from Wang and Frenklach®” but also to make
important qualitative conclusions on the potential relevance of
various HACA routes under different combustion conditions.

We found that the CgH, radicals, C¢H;C,H, and C¢H,C,H,,
are unstable at high temperatures and low pressures because
they cannot be collisionally stabilized at the atmospheric
pressure and below at temperatures of 1650 K and higher. This
makes both the Bittner—Howard and the modified Frenklach
HACA routes unrealistic under typical low-pressure flame
conditions. At higher pressures the CgH, radicals may
contribute significantly to the formation of naphthalene because
naphthalene has been shown to be the predominant product of
the C;H;C,H, + C,H, and C;H,C,H; + C,H, reactions in the
entire 500—-2500 K range independent of pressure. In the
meantime, the equilibrium between C¢Hs + C,H, and CgH, is
reversed at high temperatures, which will hinder these routes
greatly. The original Frenklach HACA route is shown to
preferentially form a dehydrogenated naphthalene core
(naphthyl radicals or naphthynes) for T < 2000 K and to
produce mostly a non-PAH diethynylbenzene product at higher
temperatures. The results of our calculations indicate that the
role of HACA in the formation of naphthalene from benzene
may be overstated by the current kinetic models, but more
quantitative conclusions on the role of HACA in the formation
of a second aromatic ring should await the inclusion of the new
temperature- and pressure-dependent rate coefficients for the
HACA reactions as well as for other possible naphthalene
formation pathways in flame modeling studies.

Our recent experimental work® confirmed, for the first time,
that the reaction of phenyl with two acetylene molecules indeed
forms naphthalene. Naphthalene and the HACA byproduct
phenylacetylene CcH;C,H were synthesized in the pyrolitic
chemical reactor at a temperature of 1020 + 100 K. The
interpretation of the measured mass spectrum gave clear
evidence of the production of hydrocarbons with the molecular
formulas CgHg and C;(Hg. The identification of the product
isomers was based on an analysis of the PIE curves as a function
of photon energy. The experimental PIE curves matched
closely to the reference photoionization efficiency curves of
phenylacetylene (CgH,) and naphthalene (C;,Hy) isomers. We
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Figure 2. Potential energy diagrams for the ethynyl addition mechanism for the formation of a naphthalene core initiating from phenylacetylene (a)

and styrene (b). All relative energies are given in kcal/mol.

were able to conclude that phenylacetylene and naphthalene
are solely responsible for the products at m/z 102 and 128 and
determined their relative yields as 95 + 1% and 5 + 1%,
respectively. The detection of naphthalene together with
phenylacetylene successfully demonstrated reaction pathways
corresponding to HACA sequences. However, the original
Frenklach route that involves the formation of phenylacetylene,
followed by hydrogen abstraction from the phenyl ring leading
to a C¢H,C,H radical, was ruled out because no evidence for a
second hydrogen abstraction from phenylacetylene was
observed. If a second hydrogen atom abstraction occurred,
products from acetylene addition to the meta and para
positions of the aromatic ring, which do not cyclize to naphthyl
radical but rather form 1,3- and 1,4-diethynylbenzenes C,,Hg
by H elimination, would have been observed but no products
with the (m/z = 126) mass-to-charge ratio were detected.
Apparently, under the experimental conditions in the chemical
reactor at 1020 K the original Frenklach route was not efficient
and the formation of naphthalene can be rationalized by the
reaction mechanism proceeding through a second acetylene
addition to CgH, radicals, by either the modified Frenklach or
Bittner—Howard routes.

The subsequent experimental study® in the chemical reactor
corroborated the hypothesis that the C;H;C,H, + C,H, and
C¢H,C,H; + C,H, reactions form naphthalene. In fact, the
naphthalene molecule was produced via a directed synthesis of
the styrenyl CsH;C,H, and of the o-vinylphenyl C,H,C,H;
transients with acetylene in the high-temperature (1500 + 50
K) chemical reaction separately. The styrenyl and the o-
vinylphenyl radicals were generated via pyrolysis of p-
bromostyrene and 2-bromostyrene (CgH,Br), respectively.
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These precursors were seeded in neat acetylene at 400 Torr,
which in turn was expanded into the chemical reactor.
According to the mass spectra, the C;;Hg product was
synthesized via the reactions of the CgH, radicals with a single
acetylene molecule accompanied by the emission of one
hydrogen atom. The experimental PIE curve of the Cj Hg
product was reproduced exceptionally well with the reference
PIE curve of naphthalene for both the styrenyl in acetylene and
o-vinylphenyl in acetylene systems and we concluded that
naphthalene represents the sole contributor to signal at m/z =
128. Interestingly, in these systems a C,,Hg product (m/z =
126) was also detected and might originate from diethynyl-
benzene isomers or from didehydronaphthalene, of which the
only available reference PIE curve of 1,4-diethynylbenzene was
overlaid well with the experimental curve. This indicates that
the original Frenklach HACA sequence is more efficient at
1500 K than at 1020 K in the previous experiment. Here, the
CgH, radicals first dissociated to phenylacetylene, which was
then activated by H abstraction and the CgH + C,H, reactions
formed the C oHy products after hydrogen atom elimination.
5.2. Ethynyl Addition Mechanism. The experimental
studies and theoretical calculations described above showed
that the HACA mechanism can contribute to the formation of
naphthalene from benzene under particular combustion
conditions, such as at relatively low combustion temperatures
(below 1650 K) and the atmospheric or lower pressure or at
higher temperatures but at pressures above 10 atm. However,
because of the existence of significant barriers both for the H
abstraction and for acetylene addition steps, HACA is unlikely
to be a significant source of naphthalene in harsh astrochemical
conditions, i.e., at very low temperatures prevailing in planetary
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Figure 3. Potential energy diagram of isomerization and dissociation pathways of nH-fulvalenyl and nH-azulyl radicals. All energies are given in kcal/
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atmospheres, such as that of Titan, or in cold molecular clouds.
As an alternative to HACA for such conditions, we proposed a
photoinduced ethynyl addition mechanism (EAM), which can
produce C,H-substituted naphthalene or a naphthalene core as
in didehydronaphthalene or in naphthyl radical.”” For instance,
the rate constant for acetylene addition to phenyl between 100
and 200 K typical for the PAH-forming region in Titan’s
atmosphere is evaluated to be very low, in the 8.4 X 107> to 1.6
X 1077 cm® molecule™ s7' range.”” On the contrary,
phenylacetylene can be formed via an alternative reaction,
C¢Hg + C,H = C¢HC,H + H, which proceeds by barrierless
addition of the ethynyl radical (C,H) to benzene followed by a
hydrogen atom elimination in an overall exoergic process.””®’
This pathway has been found to be very fast at low
temperatures, with k = (3.0—4.0) X 107'° cm® molecule™ s™*
at 105—298 K, and the reaction product was confirmed as
phenylacetylene by crossed molecular beams experiments.”’
Our ab initio calculations®” of the PES have shown that after a
barrierless addition of the ethynyl radical to the ortho carbon
atom in phenylacetylene, the adduct is expected to rapidly lose
a hydrogen atom, forming 1,2-diethynylbenzene (Figure 2a).
1,2-Diethynylbenzene can then react with a second ethynyl
radical via addition to a carbon atom of one of the ethynyl side
chains without entrance barriers, and the ensuing ring closure
in the complex leads to an ethynyl-substituted naphthyl radical.
Under single collision conditions as present in the interstellar
medium, the radical loses a hydrogen atom to form ethynyl-
substituted 1,2-didehydronaphthalene; this process can com-
pete only with radiative stabilization of the radical. On the
contrary, under higher pressures as present, for example, in
Titan’s atmosphere, the C,H-substituted naphthyl radical can
be stabilized by collisions. For the analogous C,H + styrene
(C¢HsC,H;) reaction (Figure 2b),”* which also proceeds
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without a barrier, the dominant routes are H atom eliminations
from the initial adducts; C,H addition to the vinyl side chain of
styrene is predicted to produce trans- or cis-conformations of
phenylvinylacetylene (t- and c-PVA), whereas C,H addition to
the ortho carbon in the ring is expected to lead to the formation
of o-ethynylstyrene. Next, cis-phenylvinylacetylene and o-
ethynylstyrene may undergo a second barrierless C,H addition
to ultimately produce ethynyl-substituted naphthalene deriva-
tives, such as l-ethynylnaphthalene in the case of ethynyl
addition to the side chain in o-ethynylstyrene and 2-
ethynylnaphthalene for C,H additions to c-PVA. Because the
C,H + styrene — t-PVA + H/c-PVA + H/o-ethynylstyrene,
C,H + ¢-PVA — 2-ethynylnaphthalene + H, and C,H + o-
ethynylstyrene — 1-ethynylnaphthalene + H reactions are
predicted to have no entrance barriers and to be highly
exoergic, with all intermediates, transition states, and products
lying much lower in energy than the initial reactants, they are
anticipated to be fast even at very low temperature conditions
prevailing in Titan’s atmosphere or in the interstellar medium.
In the regions where styrene and C,H are available and overlap,
the sequence of two C,H additions can result in the closure of a
second aromatic ring and thus provide a viable low-temperature
route to the formation of 1- or 2-ethynylnaphthalene. The
extrapolation of this mechanism provides a general growth step
from a vinyl-substituted PAH to an ethynyl-substituted PAH
with an extra aromatic ring. We anticipate the EAM to be of
great importance to form PAH-like structures in the interstellar
medium and in hydrocarbon-rich, low temperature atmos-
pheres of planets and their moons such as Titan, where ethynyl
radicals are readily available through a photolysis of abundant
acetylene by photons with A < 217 nm. Experimental
verification of the EAM beyond the formation of pheynylace-
tylene by C,H addition to benzene still awaits.
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5.3. CsHs + CsHs/CsHg Reactions (N3). Dean”” was the
first to suggest that recombination of two cyclopentadienyl
radicals, ¢-CsHj, can form naphthalene together with molecular
hydrogen. Melius et al.”* later calculated the C,oH,, PES and
concluded that the more likely reaction channel is H
elimination from the initial adduct producing the 9H-fulvalenyl
radical. This conclusion was verified by higher level ab initio
calculations of the C,jH;, surface by our group, which
confirmed that the pathway to naphthalene involving the H,
loss is not competitive.”” Melius et al. proposed that 9H-
fulvalenyl eventually decomposes to naphthalene + H via a so-
called spiran mechanism. Following their study, kinetic
modelers began to include the ¢-C{Hg + ¢-CsHs — naphthalene
+ 2H reaction in the PAH formation mechanisms and tried to
fit the reaction rate expression based on experimental data from
flame studies."”'*”>~"" Cavallotti and Polino™ have recently
reported first-principles-based rate constant calculations for the
¢-CsHy + ¢-CHj; reactions in which they utilized a CBS-QB3
computed PES in conjunction with the RRKM-ME approach.
This work gave a number of interesting conclusions. First,
instead of immediately losing a hydrogen atom and forming
9H-fulvalenyl, the initial ¢-C{Hs—c-CsHs adduct (9,10-
dihydrofulvalene) is more likely to undergo one or more H
migrations and then to dissociate to 1H-fulvalenyl or 2H-
fulvalenyl, which are calculated to be 9—12 kcal/mol more
favorable than 9H-fulvalenyl. Moreover, isomerizations on the
CoHjo PES can result in opening of one of the five-member
ring and a ring reclosure can then produce a seven-member ring
fused with the remaining five-member ring. H eliminations
from such bicyclic C\(H,, intermediates form 1H-azulyl and
2H-azulyl radicals, 16—18 kcal/mol more stable than 9H-
fulvalenyl. Rate constant calculations at 1 bar showed that the
nH-azulyl formation channels prevail in the temperature range
of 1100—1500 K, whereas in the 1500—2000 K interval the
formation of the nH-fulvalenyl radicals is more favorable. The
rate constants for the cyclopenadienyl recombination reaction
producing the C,,H, radicals were computed to be rather high,
in the range of 107*~107"> cm® molecule™ s™". Hence, if the
nH-fulvalenyl and nH-azulyl radicals can efficiently decompose
to naphthalene + H, the ¢-C;Hg + ¢-CH; reaction can indeed
contribute into the formation of naphthalene in combustion.
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Since the work by Melius and co-workers,”* the pathways
from nH-fulvalenyl radicals to naphthalene as well as H-assisted
azulene-to-naphthalene isomerization were investigated by
Alder et al.®" and Wang et al.** In 2007, our group reported
the most detailed G3(MP2,CC) study of the pertinent region
of the C,yHy PES combined with rate constant calculations of
individual reaction steps at the high-pressure limit.”” Figure 3
shows the calculated potential energy diagram for the most
favorable naphthalene formation pathways from nH-fulvalenyls
and nH-azulenyls, which are predicted to be the primary
products of ¢-CsHs + ¢-CsHs. 1- and 2H-fulvalenyl radicals can
directly dissociate to fulvalene + H overcoming barriers of 52.2
and 48.7 kcal/mol, respectively. On the contrary, 9H-fulvalenyl
does not lose an H atom directly but has to first isomerize to
1H-fulvalenyl or further to 2H-fulvalenyl. The most favorable
pathway from nH-fulvalenyl radicals to naphthalene in terms of
enthalpy is the spiran route proposed by Melius et al,”* (2H-
fulvalenyl, S32 — 1H-fulvalenyl, S26 —) 9H-fulvalenyl, S1 —
§2 = S3 — S4 — S10 — naphthalene + H, with the highest in
energy transition state (TS) corresponding to the S2 — S3 step
(a hydrogen shift between two spiran-like intermediates) and
residing 43.2, 40.0, and 30.7 kcal/mol above 1-, 2-, and 9H-
fulvalenyls, respectively. An alternative within the spiran
pathway, S3 — S11 — S10, called a f-scission mechanism,
apparently is less competitive than S3 — S4 — S10 because of
significantly higher barriers. Though the naphthalene product
channel from nH-fulvalenyls is favored by enthalpy, the direct
H losses to form fulvalene are preferable by the entropy factor.
Therefore, the pathways to naphthalene and fulvalene are
expected to compete, with the latter gaining significance at
higher temperatures. Reaction channels leading from 1- and
2H-azulyl radicals to naphthalene merge with the spiran
pathway at S4 via the following sequence, (2H-azulyl, S36
—) 1H-azulyl, S14 — S6 — S4, and the critical TS on the path
from them to naphthalene corresponds to the S4 — S10 step
and resides 34.4 and 32.6 above 1- and 2H-azulyls, respectively.
Direct H elimination from 1- and 2H-azulyls radicals producing
azulene exhibits higher barriers, 43.0 and 41.9 kcal/mol,
respectively, but may become important at higher temperatures
due to lower entropy demands. The methylene walk pathway,
S6 — S13 — S17 — S23 — S24 — naphthalene + H, is
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unlikely to contribute to naphthalene formation from nH-
fulvalenyls owing to very high barriers on the S1 — S5 — S6
path but may play a minor role in the conversion of nH-azulyl
where S6 can be accessed directly from S14. Still, the barrier for
S6 — S13 is 22.8 kcal/mol higher than for S6 — S4 and hence
the spiran channel should be preferable.

Detailed calculations of the temperature- and pressure-
dependent rate constants using the RRKM-ME approach for
the ¢-CiH; + ¢-C;Hg reaction, for unimolecular thermal
decomposition of its primary products, nH-fulvalenyls and
nH-azulyls, and for related secondary reactions, such as H-
assisted isomerization of fulvalene and azulene to naphthalene,
is on our future agenda. In the meantime, a qualitative
conclusion can be made on the basis of the PES that the
recombination of two cyclopentadienyl radicals is likely to
represent an important source of naphthalene in combustion.
The nH-fulvalenyl and nH-azulyl radicals are likely unstable at
high temperatures due to relatively low dissociation barriers and
even if they do not decompose to naphthalene, fulvalene or
azulene may be efficiently converted to naphthalene via
secondary reactions with hydrogen atoms. On the contrary,
in interstellar environments or in reducing planetary atmos-
pheres at low temperatures, the formation of naphthalene from
¢-CsHjs + ¢-CsHg is not likely. The primary reaction products,
the nH-fulvalenyl and nH-azulyl radicals, are endoergic and they
need to overcome 30—50 kcal/mol barriers to split another H
atom. Hence, the pathways to naphthalene can be realized only
at high temperatures.

The reaction of cyclopentadienyl radical with cyclopenta-
diene was also considered as a potential source of two-ring
PAHs, naphthalene and indene, at high ternperatures.31’78 The
PES for the ¢-CsHj + ¢-CsHg reaction computed in the work by
our group at the G3(MP2,CC) level of theory is extremely
complex.”’ Nevertheless, as seen in Figure 4 summarizing the
reaction channels most favorable energetically, we can expect
that only few pathways can actually contribute. Cyclo-
pentadienyl can add to cyclopentadiene in ortho or meta
position with respect to the CH, group overcoming significant
entrance barriers of 7.9 and 11.9 kcal/mol and forming C,,H;,
adducts A0 and ASS, respectively. Both of the adducts can
dissociate by losing a hydrogen atom to the 9,10-dihydrofulva-
lene C,,H,, product either without an exit barrier (A0) or with
a small exit barrier of 3.0 kcal/mol (ASS). The ¢-CsHj + ¢-CsHg
— 9,10-dihydrofulvalene + H reaction is 27.7 kcal/mol
endoergic. Alternatively, AO can be converted to a dihydroa-
zulene isomer A8 + H or to indene + CH; via multistep
pathways involving 1—7 or 2—5 cyclization of the initial
complex AOQ. The critical barriers along these pathways are 31.6
and 32.3 kcal/mol relative to the initial reactants, respectively,
i.e,, slightly higher than the barriers required for the immediate
H losses from AO and ASS. However, the complex multistep
pathways to dihydroazulene and indene are much more
entropically demanding and hence we anticipate 9,10-
dihydrofulvalene to be the dominant if not exclusive reaction
product at combustion temperatures. This hypothesis needs to
be verified by future RRKM-ME calculations of the reaction
rate constants and product branching ratios. The anticipated
main reaction product, 9,10-dihydrofulvalene, is the initial
adduct for the ¢-C;H; + ¢-CsH; reaction considered above and,
according to the results by Cavallotti and Polino,*’ this adduct
can undergo unimolecular decomposition to nH-fulvalenyl and
nH-azulyl radicals, which in turn can dissociate to fulvalene,
naphthalene, or azulene by splitting one more hydrogen atom.
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Dihydroazulene can also decompose to nH-azulyls. Thus, the c-
CsH; + ¢-CsHg reaction can be a source of naphthalene and
indene in combustion flames but its actual contribution
depending on conditions is yet to be determined through
calculations of the rate constants and inclusion them into
kinetic flame models. However, due to the high reaction
barriers and endoergicity, the reaction of cyclopentadienyl
radical with cyclopentadiene is not important at low temper-
atures of the ISM and in planetary atmospheres.

5.4. C;H; + C3H; Reaction (N4). Colket and Seery® and
later Marinov et al.** proposed that the reaction of benzyl and
propargyl radicals, C;H, + C;H; — naphthalene + H + H, can
contribute to the formation of naphthalene in flames. This
reaction has been included in several kinetic models®~*" and
the first physics-based detailed calculations of the reaction
mechanism and rate constants were reported by Matsugi and
Miyoshi.*® Using the density functional B3LYP and ab initio
CBS-QB3 and CASPT2 methods, they mapped out the
reaction PES, the pertinent region of the C,,H,, surface, and
utilized it in RRKM-ME calculations of rate constants at various
temperatures and pressures. Matsugi and Miyoshi found that
the dominant reaction channel is the addition of the propargyl
radical to the CH, group of benzyl and then isomerization
reaction pathways of the initial adduct followed by H
elimination mostly produce the 1-methylene-2-indanyl radical
at temperatures above 1500 K and also a certain amount of 1-
methylene-3-indanyl. Subsequently, the 1-methyleneindanyl
radicals are predicted to rapidly lose one more hydrogen
atom and dissociate to either 1-methyleneindene or naph-
thalene + H. As a result of their study, Matsugi and Miyoshi put
forward the following simplified mechanism for the conversion
of benzyl + propargyl to naphthalene:

C,H, + C;H,4

— 1-methylene-2-indanyl/1-methylene-3-indanyl + H

1-methylene-2-indanyl/ 1-methylene-3-indanyl

— 1-methyleneindene + H

1-methylene-2-indanyl/ 1-methylene-3-indanyl
— naphthalene + H

1-methyleneindene + H — naphthalene + H

and generated temperature- and pressure-dependent rate
expressions for kinetic modeling.

In our recent work,”” we revisited the same region of the
CyoH, surface at the G3(MP2,CC) level in relation to the
mechanism of conversion of indene to naphthalene via
methylation and computed RRKM-ME rate constants for
unimolecular decomposition of the 1-methyleneindanyl radicals
and for H-assisted isomerization of 1-methyleneindene
(benzofulvene) to naphthalene in the temperature range of
500—2500 K and at pressures of 30 Torr and 1, 10, and 100
atm. The results corroborate the conclusions by Matsugi and
Miyoshi*® and show that I-methylene-2-indanyl is unstable
with respect to dissociation to 1-methyleneindene and
naphthalene at temperatures above 1250, 1500, 1650, and
2000 K at 30 Torr and 1, 10, and 100 atm, respectively, and its
lifetime at 1500 K and 1 atm is 0.035 us. At lower temperatures,
this radical predominantly decomposes to 1-methyleneindene.
1-Methylene-3-indanyl is even less stable than 1-methylene-2-
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indanyl and lasts up to 1125, 1375, 1500, and 1800 K at 30
Torr, 1, 10, and 100 atm, respectively, with the computed
lifetime at 1375 K and 1 atm being ~0.03 ys. Thus, both 1-
methyleneindanyl C,;Hy radicals produced in the benzyl +
propargyl reaction are not likely to be stable under combustion
flame conditions and would rapidly decompose to the C,,Hg
isomers 1-methyleneindene and naphthalene, with the former
largely favored. We have also reported rate constants for the 1-
methyleneindene + H reaction and its particular product
channels. The reaction was shown to be very fast, with rate
constants in the range 2.1 X 107! to 2.8 X 1071 cm?
molecule™ s7' at T = 500-2500 K (3.1 x 107" cm?®
molecule™" s7" at 1500 K and 1 atm). At lower temperatures,
stabilization of the C,(H, intermediate 1-methylindenyl is
preferable, but at higher temperatures naphthalene + H are the
predominant reaction products. The switch between the
stabilization and dissociation happens at 1375, 1650, 2000,
and 2500 K for pressures of 30 Torr, 1, 10, and 100 atm,
respectively.

The C,H, + C;H; reaction is an important source of
naphthalene in combustion but, similarly to ¢-CsH; + ¢-CsHs, is
not expected to form naphthalene in low-temperature environ-
ments. Although the reaction is barrierless in the entrance
channel, the prevailing 1-methyleneindanyl products are
exoergic by only ~1S5 kcal/mol but they need at least 36
kcal/mol of internal energy to eliminate another H atom.

5.5. Reaction of Phenyl Radical with 1,3-butadiene
(N5). The reaction of phenyl with 1,3-butadiene has been
shown to form dihydronaphthalene both under single-collision
(zero-pressure) conditions in crossed molecular beams™ and
under combustion-like conditions in the chemical reactor.” For
instance, the crossed beam reactions of C4Hg with C,Hy and
fully deuterated C,Dg as well as of the phenyl-dy radical C4Dy
with 1,3-butadiene-2,3-d, and 1,3-butadiene-1,1,4,4-d, at
collision energies of ~13 kcal/mol gave the bicyclic 1,4-
dihydronaphthalene molecule as a major product of this
reaction (58 + 15%) with the 1-phenyl-1,3-butadiene being a
relatively minor product (34 + 10%). On the basis of the
observed mass spectra, we identified the formation of C;,H,,
isomer(s) plus atomic hydrogen and the product isomer was
assigned by considering the reaction energetics, i.e., by
comparing the experimentally determined reaction energy of
28.7 + 7.2 kcal/mol derived from the P(Ey) distribution with
the energies of various C,gH,, isomers calculated theoretically.
The experimental reaction exoergicity best matches the
theoretically predicted value for the 1,4-dihydronaphthalene,
23.4 + 2 kcal/mol within the error limits. The second closest
exoergic product isomer is 1-phenyl-trans-1,3-butadiene, which
is much higher in energy (—8.6 kcal/mol), and the observed
laboratory data could not be fit assuming a dominant
production of this structure. In the phenyl-d¢-1,3-butadiene
system, we found an atomic hydrogen loss from the phenyl
group, with the intensity of this channel being 58 + 15% of that
for phenyl-1,3-butadiene. Together with the fact that the two
systems could be fit with identical center-of-mass functions this
result confirmed that the 1,4-dihydronaphthalene isomer is the
prevalent reaction product and that the H atom is most likely
split from the phenyl group. In the phenyl-ds-1,3-butadiene-
1,1,4/4-d, system, no compelling evidence for an H atom
elimination from the C2/C3 atoms of 1,3-butadiene-1,1,4,4-d,
reactant was found. In the phenyl-ds-2,3-d,-1,3-butadiene
system, the appearance and intensity of the signal at m/z =
137 was attributed to a hydrogen atom emission from the CH,
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group of the Cl1 and C4 atoms of 1,3-butadiene-2,3-d,. A
comparison of the absolute intensities of the hydrogen loss
from the phenyl group (1,4-dihydronaphthalene) gave the
fraction of the H loss from the terminal CH, groups of about
32 + 10%.

These observations are consistent with the reaction
mechanism derived from the calculated reaction PES.*® Here,
we found that the phenyl radical adds to a terminal carbon of
1,3-butadiene without a barrier (more precisely, via the
formation of a weak van der Waals complex followed by
clearance of a submerged barrier leading to a covalently bound
C¢H;CH,CHCHCH, adduct). Following a trans—cis rear-
rangement in the side chain of the initial adduct, a six-member
ring closure takes place and then an H loss (from the phenyl
group) results in the formation of 1,4-dihydronaphthalene. The
highest in energy TS on the pathway to this bicyclic
dehydrogenated PAH product resides 16.0 kcal/mol below
the initial reactants and 30.1 kcal/mol above the C¢Hg-trans-
CH,CHCHCH, adduct. Alternatively, the adduct can directly
lose H from the attacked CH, group via a barrier of 41.1 kcal/
mol, 5.0 kcal/mol below the reactants, to produce 1-phenyl-
trans-1,3-butadiene. The formation of 1,4-dihydronaphthalene
via this mechanism is also consistent with the experimentally
measured T(0) angular distribution, which indicated sideways
scattering with a maximum at 90° corresponding to a
preferential H loss parallel to the total angular momentum
vector and almost perpendicularly to the rotational plane of the
decomposing intermediate. RRKM calculation of product
branching ratios at the zero pressure limit showed the
dominance of the 1,4-dihydronaphthalene channel even at the
experimental collision energy of 13.1 kcal/mol (93.5% vs 5.8%
for 1-phenyl-trans-1,3-butadiene). At higher collision energies
the CaH;CH,CHCHCH, formation channel eventually takes
over, in agreement with the previous crossed beams experi-
ments at E_; = 28.0—38.5 kcal/mol.** However, the RRKM
calculations clearly overestimated the yield of 1,4-dihydronaph-
thalene at E_; = 13.1 kcal/mol. We attributed this disagreement
with experiment to a possible deviation from the statistical
behavior under experimental conditions (i.e., a relatively high-
energy content of the CjoH,, intermediates in the absence of
collisional deactivation). The dynamical factor should favor the
immediate loss of hydrogen from the CH, group of 1,3-
butadiene forming the non-PAH product.

The de facto barrierless formation of 1,4-dihydronaphthalene
via a single collision of C4Hy with 1,3-butadiene could be an
important step in the formation and of PAH and specifically
their partially hydrogenated counterparts in combustion and
interstellar chemistry. At flame temperatures 1,4-dihydro-
naphthalene can be relatively easily dehydrogenated to
naphthalene by consecutive loss of two H atoms but the
dehydrogenation process will likely be too slow at low
temperatures in the ISM or in planetary atmospheres.

Later, we revisited the C¢H + 1,3-butadiene reaction under
combustion-like conditions in the high-temperature chemical
reactor at 300 Torr and 873 K, where the products were
monitored by measuring PIE curves using VUV synchrotron
radiation.”” Here we found the H, CH;, and C,Hj loss product
channels with branching ratios evaluated as 86 + 4%, 8 + 2%,
and 6 + 2%, respectively. The PIE curves observed for distinct
product masses allowed us to assign the following products:
three C oH,, isomers 1,4-dihydronaphthalene, phenyl-trans-1,3-
butadiene, and 1-methylindene, three CyHg isomers, indene,
phenylallene, and 1-phenyl-1-methylacetylene, and a CgHg
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isomer, styrene. We concluded that 1,4-dihydronaphthalene,
phenyl-trans-1,3-butadiene, and styrene are the primary
reaction products; here, styrene is produced via phenyl addition
to the C2 or C3 atom of 1,3-butadiene via a barrier of 2.9 kcal/
mol and the adduct formation is followed by the vinyl group
loss from the side chain. Alternatively, the formation of 1-
methylindene, indene, phenylallene, and 1-phenyl-1-methyl-
acetylene was attributed to secondary reactions of the phenyl
radical with the other three C,Hy isomers, 1,2-butadiene, 1-
butyne, and 2-butyne, which could be produced by H-assisted
isomerization of the initial 1,3-butadiene reactant. In the
meantime, the formation of indene from the CHg + 1,2-
butadiene is most likely very minor and not significant enough
to be included in kinetic models because indene could not be
detected in crossed molecular beam experiments for this
reaction””*” and was predicted to be only a trace product from
theoretical RRKM-ME calculations under combustion con-
ditions.*' A comparison of the results of crossed molecular
beams experiments with those in the chemical reactor allows
differentiation between the primary and higher-order reaction
products and emphasizes the necessity to consider secondary
reactions while describing the processes under combustion-like
conditions. In fact, to reproduce the experimental results one
needs to compute temperature- and pressure-dependent rate
constants for the reactions involved (C4Hs + 1,3-butadiene; H-
assisted isomerizations of 1,3-butadiene, H + C,H4 — products;
C¢H; + other C,H isomers, etc.) and then to carry out kinetic
modeling of all the reactions together. Such modeling is on our
future agenda but beyond the scope of the present work. A
successful kinetic model can be then extrapolated from the
chemical reactor conditions to the conditions relevant to
particular combustion processes.

6. INDENE FORMATION PATHWAYS AND ITS
CONVERSION TO NAPHTHALENE (1114, N6)

We discussed a variety of indene formation pathways in a
recent publication®” where we identified the relevant reactions,
described their PESs, computed the temperature- and pressure-
dependent rate constants in a broad range of combustion
conditions and generated rate expressions for kinetic modeling,
and compared our theoretical results with experimental
measurements in crossed molecular beams and the chemical
reactor for the key reactions, such as C¢H; + CyH, (allene and
propyne)®>** and benzyl radical + C,H,.”® Therefore, we only
briefly reiterate the main conclusions here.

We found that the reaction of phenyl with allene is fast but
directly produces only a small yield of indene, with 3-
phenylpropyne predicted as a major product under combus-
tion-relevant conditions. However, 3-phenylpropyne can be
converted to indene through a secondary reaction with H

radicals:
C¢H; + allene — indene + H

C4Hg + allene — 3-phenylpropyne + H

3-phenylpropyne + H — indene + H

The experimental observation of a large yield of indene in the
chemical reactor for the C4H; + allene reaction™ was attributed
to the H-assisted isomerization of non-PAH C¢HC3;H; isomers
like 3-phenylpropyne. In the zero-pressure limit, indene was
calculated to be the predominant reaction product, in
agreement with the results of crossed molecular beams
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experiments.”* The C¢H; + propyne and C¢Hg + propargyl
reactions do not contribute to the indene synthesis significantly
under combustion conditions but the reaction of phenyl with
propyne can form indene as the main product at extremely low
pressures, as indicated by both crossed beams experiments and
RRKM calculations for single-collision conditions.**

The reaction of benzyl radical with acetylene,

benzyl + C,H, — indene + H

is much slower than C4H; + C5H, but forms indene as the main
products in all conditions considered; indene was identified as
the exclusive product in the chemical reactor experiment at 600
+ 100 K and 300 Torr.”® The relative yield of indene in this
reaction grows with decreasing temperature and pressure.
However, all three C,H; + allene/propyne and C,;H, + C,H,
reactions are hindered by significant entrance barriers, 2.6, 3.3,
and 12.1 kcal/mol, respectively, and hence are expected to be
too slow at low temperatures typical for the ISM or Titan’s
atmosphere.

Another potentially important source of indene in
combustion involves the following reaction sequence:

C4H; + propene — 3-phenylpropene + H
3-phenylpropene + H — 1-phenylallyl + H,
1-phenylallyl — indene + H

3-Phenylpropene, which is the predominant product of the first
reaction at high temperatures, can be activated by H abstraction
producing the 1-phenylallyl radical, which unimolecularly
decomposes to indene. 1-Phenylallyl can be also produced via
the reaction of phenyl with allyl:

C¢H; + C;H; — 1-phenylallyl + H

which is barrierless in the entrance channel and 8.0 kcal/mol
exoergic overall. 1-Phenylallyl needs to overcome a ~35 kcal/
mol barrier to dissociate to indene and does not survive at
temperatures above 1650 and 2000 K at the pressures of 30
Torr and 1 atm, respectively. The calculated lifetime of 1-
phenylallyl with respect to its decomposition to indene + H at
1500 K and 1 atm is ~0.8 us.

The calculations have shown that indene can be transformed
to naphthalene by methylation. For instance, the indenyl + CH,
reaction can produce 1-methylindenyl and this radical, under
typical combustion conditions, can rapidly decompose to the
C,oHg isomers, 1l-methyleneindene and naphthalene. As
discussed above, 1-methyleneindene can be efficiently con-
verted to more stable naphthalene by H-assisted isomerization.
We proposed the following PAH growth mechanism involving
H abstractions and consecutive additions of methyl radical and
acetylene:

CHy + H —» CH, + H,

C¢H; + CH; — C¢H CH,(toluene) — C¢H,CH,(benzyl) + H
benzyl + C,H, — indene + H

indene + H — indenyl + H,

indenyl + CH; — 1-methylindenyl + H

1 — methylindenyl — 1-methyleneindene + H

1-methyleneindene + H — naphthalene + H
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Figure 5. Potential energy diagram for the C4H; + C,H, reaction including phenyl addition to vinylic C1 and C2 atoms of vinylacetylene and direct
H abstraction pathways. All energies are shown in kcal/mol. Pathways to form naphthalene and trans-1-phenylvinylacetylene are shown in blue and

red, respectively.

and recommended to include this sequence in kinetic models

because first-principle-based rate expressions for most of the
. . 37,91

reactions are now available.

7. CHs + C,H, REACTION (N2)

The reaction of phenyl radical with vinylacetylene has been

roposed as a potential source of naphthalene in combus-
tion' %1% and has been included in the current kinetic
models for PAH formation.”*~”* Moriarty and Frenklach®* first
investigated the reaction PES using the density functional
B3LYP method and found that the pathways leading to
naphthalene via the additions of phenyl to both the triple and
double bonds of vinylacetylene should be relatively slow due to
high barriers associated with isomerization of the CqH;C,H,
initial adducts by rotation about the double bond or by H
migrations preceding the closure of the second six-member
ring. They concluded that the pathways to naphthalene cannot
compete with the H loss from the initial adducts leading to
non-PAH C¢H;C,H; isomers. Alternatively, they proposed that
at the second reaction step, H addition to the CsH;C,H,;
isomers formed at the first step can produce naphthalene and
the reaction rate evaluated for this pathway using time-
dependent solution of master equations was found to be close
to the value obtained from flame simulations. Moriarty and
Frenklach suggested that the two-step mechanism rather than
the direct chemically activated path from C,H; + C,H, to
naphthalene may play a significant role in flame modeling of
aromatic growth. However, because the barrier heights for H
loss pathways from C4H;C,H, and for isomerization of these
intermediates appeared to be close, relying only on the B3LYP
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energetics to predict the reaction outcome may not be
sufficient.

Aguilera-Iparraguirre and Klopper™ revisited the C¢H, +
C,H, reaction employing B3LYP and BMK density functional
calculations and proposed a new reaction pathway following
phenyl addition to the triple bond. In this pathway, a cis—trans
isomerization of the side chain occurs via a radical four-member
ring intermediate rather than by rotation about the double
bond and the corresponding barrier for the former process is
lower than for the latter. They validated the BMK/TVZP
energetics for this particular pathway vs CCSD(T)/cc-pVTZ
results for a smaller analogous system and concluded that the
BMK functional provides reasonable accuracy. Next, they used
TST to compute high-pressure limit rate constants for
individual reaction steps and deduced that the reaction
represents a feasible route to naphthalene. However, Aguilera-
Iparraguirre and Klopper have not considered the alternative H
loss channels and, therefore, the competitiveness of the
naphthalene pathway as compared to the production of non-
PAH CH;C,H; isomers was not established. The pressure
effect on the rate constants and relative yield of various
products also was not investigated.

The only direct experimental evidence that the phenyl +
vinylacetylene reaction can indeed synthesize naphthalene
comes from our work in which we combined crossed molecular
beam measurements with a more detailed higher-level
theoretical study of the PES.* In this paper, we examined
the gas phase reactions of phenyl and its ds-substituted
isotopomer with C,H, under single collision conditions
(approaching zero-pressure) by perpendicularly intersecting
supersonic beams of phenyl and phenyl-ds radicals with
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vinylacetylene at collision energies of ~11 kcal/mol. The
neutral reaction products were ionized by electron impact and
then detected in a quadrupole mass spectrometer, which
recorded time-of-flight (TOF) spectra of the ionized products.
According to the reactive scattering signal at m/z = 128, a
CyoH; product (+H) of the C¢Hs + C,H, of a single-collision
event was identified but no C,;Hy. The C,Ds + C,H, reaction
under identical conditions formed the product with m/z = 133
(C1oH3Ds*), indicating that the hydrogen atom splits
predominantly from the vinylacetylene moiety rather than
from the phenyl group. The best fits of the laboratory TOF
spectra allowed us to deduce the center-of-mass angular T(6)
and translational flux distributions P(Ey). It appeared that the
laboratory data for both C;H/C¢Ds + C,H, reactions could be
fit with identical center-of-mass functions corresponding to a
single channel with the mass combinations of 128 (C,,Hs) plus
1 (H) and 133 (C,,DsH;) plus 1 (H). The high-energy cutoff
of the P(E;) distribution, which gives the sum of the reaction
exoergicity and the collision energy for the molecules formed
without internal excitation, was found at 75.3 + 7.2 kcal/mol,
suggesting that at least one of the reaction products is exoergic
by 64.1 + 7.2 kcal/mol. This product could be only
naphthalene, for which the G3(MP2,CC)//B3LYP computed
reaction energy is —63.3 kcal/mol, but could not be any of the
non-PAH vinylphenyl (phenylvinyl)acetylene isomers, which
are predicted to be exoergic only by 2.2—10.0 kcal/mol.

The PES calculations helped to unravel the reaction
mechanism to produce naphthalene. They showed that the
most favorable pathway proceeds via phenyl addition to the
terminal vinylic carbon atom CI to the adduct W1 (Figure 5),
which is then subjected to an H atom shift from the ortho
position in the ring to the $-C atom of the side chain leading to
W4. The latter intermediate undergoes a six-member ring
closure to W5. Another H migration from a CH, group in the
newly formed ring to the adjacent bare carbon atom produces
the 1H-naphthyl radical, which then splits the extra hydrogen
atom to form naphthalene (P1) via an exit barrier of 5.6 kcal/
mol. The highest in energy TS along this reaction pathway, B2,
corresponds to the H shift from the ring to the side chain and
resides 7.9 kcal/mol below the initial reactants. The W1 — W4
isomerization is expected to compete with the H loss from W1
leading to the P3 product, trans-1-phenylvinylacetylene, via TS
B6, 3.4 kcal/mol lower in energy than the reactants. The C,H;/
CsDs + CH, » W1 - W4 - WS - W6 — P1 + H route to
naphthalene is consistent with the experimental observations:
first, the calculated reaction exoergicity closely matches the
value predicted from the measured high-energy cutoff of P(E;);
second, this mechanism is consistent with the H loss from the
vinylacetylene reactant (actually, from the C1 atom) deduced
from the isotope substitution experiment. Third, the computed
exit barrier height for the H loss is close to the observed
pronounced distribution maximum of 7.2—9.6 kcal/mol in the
P(E;) pointing at a tight exit TS. Finally, the T(8) distribution
exhibits a distinct maximum at 90° corresponding to
predominantly sideways scattering that reveals particular
geometrical constraints for the dissociating C,,Hy/C;H,Ds
intermediates. The hydrogen atom has to be ejected almost
parallel to the total angular momentum vector and perpendic-
ularly to the molecular plane of the rotating, decomposing
complex; these constraints are fulfilled in the corresponding H
loss TS BS.

A peculiar feature of this pathway to naphthalene is that all
TSs lie lower in energy than the reactants. When phenyl
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approaches the C1 atom of C,H,, the PES exhibits an attractive
behavior and the minimal energy reaction path (MEP) leads to
a van-der-Waals complex WO. After the complex is formed, the
further approach results in the formation of a covalently bound
intermediate W1 via a tight TS B1, which lies lower in energy
than the separated reactants. Thus, the addition of phenyl to
C1 occurs via a submerged barrier and the overall reaction
C¢Hs + C,H, — W1 is de facto barrierless. In our previous
work,** the existence of the van-der-Waals complex and the
submerged barrier was verified by CASPT2(7,7)/6-311G**//
CASSCF(9,9)/6-311G** + ZPE(CASSCF(9,9)/6-311G**)
calculations of the entrance channel potential energy curve
along the MEP. We attributed this barrierless character of
phenyl addition to vinyl acetylene to two factors, the enhanced
polarizability of vinylacetylene of 7.70 A’ resulting in stronger
attractive long-range dispersion forces between phenyl and
vinylacetylene compared to that between phenyl and acetylene
(3.48 A®) or ethylene (4.15 A%), and a relatively low difference
of the ionization energy (IE) of the molecule (vinylacetylene)
and electron affinity (EA) of the radical reactant (phenyl).
Here, IE — EA was computed to be 8.48 eV, i.e,, below 8.75 eV,
the value was proposed in the literature”” as a semiempirical
criterion for a reaction between an unsaturated hydrocarbon
with an open shell reactant to be barrierless and fast at low
temperatures.

We used RRKM theory to compute energy-dependent rate
constants for unimolecular reaction steps starting from
chemically activated C¢H;C,H, adducts for various collision
energies assuming that the collision energy is fully converted
into the internal energy of the adducts. This allowed us to
derive product branching ratios for zero-pressure conditions
corresponding to crossed molecular beam experiments. The
results showed that at collision energies below 1.2 kcal/mol, the
C¢H; + C,H, reaction produces naphthalene nearly exclusively,
but at higher collision energies, 1.2—12 kcal/mol, the yield of
naphthalene gradually drops, whereas the yield of the non-PAH
C¢H; products, such as cis/trans-1-phenylvinylacetylene and 4-
phenylvinylacetylene increases to 13—15%. The combined
experimental and theoretical study of the phenyl plus
vinylacetylene reaction allowed us to conclude that this
reaction may represent a facile route to naphthalene in low-
temperature/low-pressure astrochemical environments, even
including molecular clouds with temperatures down to 10 K.
We also speculated that similar reactions of naphthyl radicals
with vinylacetylene may produce phenanthrene and anthracene
in very low temperature conditions and thus the vinylacetylene
addition to a PAH radical may represent a feasible step for PAH
growth in harsh astrochemical conditions. We thus concluded
that PAHSs can grow via vinylacetylene addition reactions even
under conditions prevailing in cold molecular clouds and
challenged conventional wisdom that PAHSs can only be formed
at elevated temperatures, such as in combustion flames on
Earth or in circumstellar envelopes of evolved carbon stars.

In the meantime, our study was carried out experimentally
only at nearly zero-pressure conditions and at a high collision
energy of ~11 kcal/mol and theoretical calculations were
performed only at zero pressure and did not consider possible
collisional or radiative stabilization of the C¢H;C,H, inter-
mediates. We have not determined the relative yield of
naphthalene and the other non-PAH products as a function
of temperature and pressure. Neither did we evaluate the
absolute reaction rate constants and rate constants for the
formation of individual products at different temperatures and
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Figure 6. Potential energy diagram for the CsHs + C,H, reaction including phenyl addition to acetylene C3 and C4 atoms of vinylacetylene. All
energies are shown in kcal/mol. Pathways to form naphthalene and 4-phenylvinylacetylene are shown in blue and red, respectively. Green curves
denote pathways related to the secondary reactions of trans- and cis-1-phenylvinyaletylene with an H atom.

pressures. Therefore, the previous study could not address such
important questions as what are the particular conditions under
which the CH; + C,H, reactions would actually produce
naphthalene and in what proportion compared to the other
products. With a more detailed PES in hand and with the tool
to compute temperature- and pressure-dependent rate constant
available (the RRKM-ME approach implemented in the MESS
package), we are now able to address these questions.

First of all, we reconsider the existence of the van-der-Waals
complex WO and the submerged barrier for the phenyl addition
to C1 to form W1 at a somewhat higher level of theory than in
the previous study. Here, we reoptimized geometries of the
reactants, the complex WO, and the addition TS B1 using a
more accurate double-hybrid B2PLYPD3 functional,”™ "%
which includes the D3 correction for a better description of
dispersion, with the same 6-311G(d,p) basis set. Single-point
energies were then refined at the G3(MP2,CC) level with
B2PLYPD3/6-311G(d,p) ZPE. We find that both W0 and B1
at this level of theory still reside lower in energy than the
reactants, by 4.1 and 0.3 kcal/mol, respectively. To pinpoint the
location and the relative energy of Bl, we further performed
G3(MP2,CC)//B2PLYPD3/6-311G(d,p) IRCMax calcula-
tions; *" ie., single-point G3(MP2,CC) energy calculations
were carried out for several structures along the MEP obtained
from intrinsic reaction coordinate (IRC) calculations at the
B2PLYPD3 level. This approach in fact approximates geometry
optimization of the TS at the G3(MP2,CC) level. At the
IRCMax level the TS position shifts to a shorter C—C distance
for the forming bond, from 2.51 A at the B2PLYPD3 level to

915

2.45 A, but the relative energy of Bl changes very little, from
—0.34 to —0.25 kcal/mol. Thus, the main conclusion that the
critical TS is lower in energy than the reactants is corroborated
by the higher level calculations.

We have also performed a more comprehensive study of
feasible reaction intermediates, transition states, and bimolec-
ular products, which can be accessed by the phenyl +
vinylacetylene reaction; our reaction kinetics scheme reported
here includes 22 C¢H;C,H, intermediates, 45 TSs (including 2
direct H abstraction TSs), and 9 bimolecular pairs. The
calculated potential energy diagrams are depicted in Figure S
(phenyl addition to the double bond and direct H abstraction
pathways) and Figure 6 (phenyl addition to the triple bond
routes). Let us consider first the double bond addition
pathways. As described above, after phenyl addition to Cl
forming the C,H;CH,CHCCH adduct W1 the reaction
proceeds by 1,4-H migration from the ring to the side chain
giving C,H,CH,CH,CCH W4, the by ring closure to W5, H
migration in the newly formed ring producing 1H-naphthyl
W6, which finally splits an H atom to yield naphthalene.
Alternatively, W1 can directly dissociate to trans-1-phenyl-
vinylacetylene P3 via TS B6; IRC calculations confirm that it is
the trans-isomer that is formed by an H loss from the CH,
group in W1. B6 lies only 3.0 kcal/mol above B2, the highest in
energy transition state on the path to naphthalene. Clearly, the
H loss route from W1 is more favorable in terms of entropy and
we will see from the kinetic calculations that the formation of
P3 becomes preferable at higher temperatures. Phenyl can also
add to C2 via TS B2S residing 2.6 kcal/mol above the reactants.
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Figure 7. Calculated rate constants for the C¢Hg + C,H, reaction. (a) shows total addition rate constants at various pressures. (b) shows direct H
abstraction rate constants. (c)—(f) show rate constants for the formation of individual products in the addition channels at pressures of 30 Torr and
1, 10, and 100 atm, respectively. See Figures S and 6 for the notation of products and intermediates.

As a result, a branched W14 adduct is formed, which can
rearrange to W1 by migration of the phenyl moiety over the
double bond. Therefore, the two double bond addition
pathways are connected. W14 can dissociate to 2-phenyl-
vinylacetylene P6 or undergo a three-member ring closure and
opening leading to the intermediate W16, C;H;CHCH,CCH,
via W1S. W16 is also linked to W1 by a 1,2-H shift but the
corresponding barrier is much higher than the barriers in the
W1 - W14 - WIS — W16 sequence. W16 can split one of
the H atoms in the CH, to produce either cis- or trans-isomers
of 1-phenylvinylacetylene, P2 or P3. The direct H abstractions
from vinylacetylene by phenyl lead to the formation of benzene
together with i- or n-C,H; radicals via barriers of 5.1 and 8.8
kcal/mol, respectively.

Next, we look at the triple bond addition pathways (Figure
6). Phenyl addition to the acetylene carbons C3 and C4 lead to
a branched adduct W2 and to CH{CHCCHCH, W3 via
barriers of 4.1 and 1.2 kcal/mol, respectively. W2 and W3 can
rearrange to one another by migration of the phenyl group over
the former triple bond via a metastable intermediate W19
containing a three-member ring; W19 is separated from W2
and W3 by tiny barriers B30 and B31 of 0.4 and 0.3 kcal/mol
and is positioned 23.9 and 35.3 kcal/mol above W2 and W3,
respectively. W3 is more likely to be formed in the phenyl plus
vinylacetylene reaction than W2 due to the lower entrance
barrier and we begin from consideration of its isomerization
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and dissociation pathways. The dissociation channel most
favorable energetically is H loss from the a-C atom in the side
chain producing 4-phenylvinylacetylene P4 over a barrier of
44.4 kcal/mol at B9. The other H loss from y-carbon gives
phenylbutatriene PS5 but the corresponding barrier at B10 is
higher, 53.9 kcal/mol. The pathways leading from W3 to
naphthalene are complex and multistep: (i) the W3 — H shift
from an ortho C atom in the ring to the f-carbon in the side
chain — W7 — H shift back to the ring from the & position in
the side chain - W9 — 1,4-H migration from the terminal side
chain CH, group to the a-C — W10 — four-member ring
closure — W11 — four-member ring opening -»W12 — six-
member ring closure — W13 (8aH-naphthyl radical) — H loss
— naphthalene (P1) + H; and (ii) W3 - W7 — four-member
ring closure = W17 — four-member ring opening — W18 —
six-member ring closure > W6 (1H-naphthyl) - H loss —
naphthalene + H. From the intermediate W2, the system can
merge onto pathways (i) and (ii) not only at W19 but also via
W2 — W8 — W9, which is the rearrangement involving
migration of the vinyl group over the former triple bond in
vinylacetylene. The highest in energy TSs along pathways (i)
and (i) are B19 and B12 lying 4.5 and 3.9 kcal/mol lower in
energy than the initial reactants, respectively. Thus, these TSs
are not only slightly higher in energy than the TS B9 (-5.3
kcal/mol) for H loss from W3 but are also above the TS B22
(=53 kecal/mol) for H loss from W9 to form 4-phenyl-
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Figure 8. Calculated rate constants for the cis-1-phenylvinylacetylene (P2) + H reaction. (a) shows total rate constants at various pressures. (b)—(e)
show rate constants for the formation of individual products at pressures of 30 Torr and 1, 10, and 100 atm, respectively. See Figures 5 and 6 for the

notation of products and intermediates.

vinylacetylene P4. We anticipate therefore the formation of
naphthalene from W2 and W3 would be overtaken by the H
loss channels producing P4, especially as the temperature rises
increasing the significance of the entropic factor. The other
possible products of dissociation of W2 and W3 include cis- and
trans-1-phenylvinylacetylenes (P2 and P3), which can be
formed by H losses from WI12, W20 and W10, W21,
respectively. Noteworthy, the lowest barrier pathways for the
reverse reactions P2 + H and P3 + H lead to W20 and W21
(C¢H;CHCHCCH,), which easily interconvert to one another
by rotation around a C—C bond. Next, W20 can undergo a 1,5-
H shift from the ortho carbon in the ring leading to W18, six-
member ring closure to W6, and H loss to naphthalene. We will
see the implications of the existence of this facile pathway to
the outcome of the 1-phenylvinylacetylene + H reactions.

We first address the C¢H + C,H, total reaction and product
formation rate constants under combustion conditions. The
total reaction rate constants in the temperature range 500—
2500 K at pressures of 30 Torr and 1, 10, and 100 atm, and at
the high-pressure limit (HP) are illustrated in Figure 7a. The
calculated rate constants are relatively high and increase from
7.8 X 107" to 4.7 X 1072 cm® molecule™ s™! with temperature
at finite pressure. The only experimental measurement of the
total rate constant for C{H; + C,H, was reported by Yu and
Lin and their value, (7.99 + 2.99) X 107"° cm® molecule™ s™*
at 297 K,'” is about a factor of 3 lower than our value
calculated here, 2.5 X 107* cm® molecule™ s™'. The falloff
behavior of the rate constants is predicted to be rather modest;
at the largest deviation of the finite-pressure rate constants from
the HP value is a factor of 2.54 at 2500 K where all rate
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constants in the pressure range of 30 Torr to 100 atm converge.
The highest ratio k(100 atm)/k(30 Torr) = 1.21 is found at
1500 K. Pressure-independent direct H abstraction rate
constants for the production of i-C,H; and n-C,H; are
illustrated in Figure 7b. Due to substantial barriers of 5.1 and
8.8 kcal/mol, respectively, the H abstraction channels are
generally slower than the addition channels, but their
significance rises with temperature. For instance, the k,(i-
C,H;)/k,gq(total) and k, (n-C,H;)/k,g4(total) ratios increase
from 0.09 and 0.03 at 1000 K to 0.13 and 0.23 at 1500 K, to
0.47 and 0.39 at 2000 K, and to 0.80 and 0.81 at 2500 K,
respectively.

Although the pressure dependence of the total addition rate
constants is not strong, the opposite is true for rate constants
for individual product channels and hence for product
branching ratios (Figure 7c—f). At 30 Torr, collisional
stabilization of the initial adduct W1 persists up to 1375 K
and it remains the prevailing product at T < 900 K. At higher
temperatures, the formation of the bimolecular products, 4-
phenylvinylacetylene (P4) + H and trans-1-phenylvinylacety-
lene (P3) + H, becomes dominant, with their branching ratios
being 40—58% and 13—32%, respectively, at T = 1000—2500 K.
At higher pressures W1 still exists as a product up to 1650 K (1
atm), 1800 (10 atm), and 2250 K (100 atm) and additionally
the yields of W3, W2, W9, W14, and W16 become noticeable,
but P4 and P3 remain the predominant bimolecular products.
The other bimolecular products are minor; the branching ratios
of cis-1-phenylvinylacetylene (P2) and 2-phenylvinylacetylene
do not exceed 4—5% with the maximal values reached at 2500
K and those of naphthalene (P1) and phenylbutatriene (PS)
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Figure 9. Calculated rate constants for the trans-1-phenylvinylacetylene (P3) + H reaction. (a) shows total rate constants at various pressures. (b)—
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the notation of products and intermediates.

are only fractions of 1%. Clearly, under combustion conditions,
naphthalene can be considered only as a trace product of the
phenyl plus vinylacetylene reaction. At T = 1500 K and p = 1
atm typical for combustion flames, the CiHy + C,H, —
naphthalene + H rate constant is computed to be as low as 2.05
X 107'% cm® molecule™ s™! and the branching ratio for this
product channel is only 0.03%. This allows us to conclude that
the reaction should not be considered as a direct source of
naphthalene in combustion.

Alternatively, secondary reactions of 1-phenylvinylacetylene,
the trans-conformation of which is one of the major products of
C¢H; + C,H,, with an H atom, can rapidly and efficiently form
naphthalene in a certain range of conditions. Figure 8 shows the
total and individual rate constants for the P3 + H reaction. The
reaction is computed to be fast, with finite-pressure rate
constants being in the range 3.68 X 107" to 3.46 x 107" cm®
molecule™ s7" in the S00—2500 K temperature range. One can
see that at 30 Torr naphthalene is the prevailing product of the
trans-1-phenylvinylacetylene + H reaction at T = 700—1650 K.
At lower temperature, collisional stabilization of W21,
CH;CHCHCCH,, is more favorable, whereas at higher
temperatures cis-1-phenylvinylacetylene P2 takes over as the
main product. At p = 1 atm, naphthalene prevails in a narrower
temperature range of 1125—1650 K and at 10 atm only around
1600 K. At 100 atm, stabilization of intermediates W20 and W1
becomes more favorable and the branching ratio of naphthalene
in the P3 + H reaction does not exceed 11% (at 2250 K).

Nevertheless, even at high pressures in the temperature range
of 1500—2500 K, the calculated P3 + H — naphthalene + H
rate constants are relatively high, (2.56—7.38) x 107" cm?
molecule™ s™!. Moreover, the reaction product dominant at
high temperatures, P2, can be converted to naphthalene
through H-assisted isomerization (Figure 9). The total rate
constants for the P2 + H reaction grow from 2.44 X 107" to
4.54 x 107"% at T = 500—2500 K and the main products are
W21 at lower temperatures, naphthalene in the middle
temperature range (700—1375 and 1125—1375 K at 30 Torr
and 1 atm, respectively), and trans-1-phenylvinylacetylene at
higher temperatures. Above 1500 K, cis- and trans-conforma-
tions of 1-phenylvinylacetylene P2 and P3 convert to one
another moving toward equilibrium but a significant fraction of
them transforms to naphthalene. Therefore, the mechanism for
naphthalene formation involving the phenyl plus vinylacetylene
reaction under combustion condition can indeed be written as a
two-step process, in agreement with the suggestion by Moriarty
and Frenklach:”*

CH;+CH, - P3+H
P3 + H — naphthalene + H
P2 + H — naphthalene + H

P3+HS P2+ H

On the contrary, the secondary reaction of 4-phenyl-
vinylacetylene P4 with H is not anticipated to produce a
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significant amount of naphthalene (Figure 10). Interestingly, zero-pressure limit. Figure 11a depicts product branching ratios
the total rate constant for this reaction exhibits strong pressure as functions of the collision energy in the bimolecular C¢H +
dependence in the 700—2250 K temperature range where the C,H, encounter computed using RRKM theory at zero
difference between the values at 30 Torr and 100 atm can reach pressure. The yield of naphthalene is close to 97% at E; = 0
up to 1 order of magnitude. The reaction is dominated by and that of trans-1-phenylvinylacetylene is about 3%. As the

stabilization of W3 and W9 at lower temperatures (up to 1125 collision energy rises, the yield of non-PAH C¢HC,H; steadily
K at 30 Torr and up to 2000 K at 100 atm) and at higher increases to 20% for P3 and 46% for 4-phenylvinylacetylene P4

temperatures mostly returns the initial reactants C;Hs + C,H,. at E ) = 11.2 keal/mol, the collision energy in our crossed beam
Because P4 has a much higher branching ratio in the primary experiment. Accordingly, the yield of naphthalene drops to
phenyl plus vinylacetylene reaction than P3 (e.g, by factors of ~33%. However, these calculations have a drawback: they do
2.5 and 1.8 at 1500 and 2500 K, respectively, at 1 atm), we can not take into account radiative stabilization of the C;HC,H,
conclude that a significant but relatively small fraction of the intermediates through emission of infrared photons. Using the
C¢H; + C,H, reactants can be converted to naphthalene theoretical approach put forward by Klippenstein and co-
through the two-step mechanism discussed here and hence the workers,'”” we evaluated the rate constant for radiative
role of the vinylacetylene addition reaction to phenyl in the stabilization of W1 at the temperature corresponding to its
formation of naphthalene is probably overstated by the current vibrational energy content due to chemical activation in the
kinetic models of PAH growth. The prevailing products are phenyl plus vinylacetylene reaction as 18.3 s™' and this value is
likely to be the C-H;C,H, radicals, especially at higher on the same order of magnitude as the rate constant for the W1
pressures, and 4-phenylvinylacetylene P4. The radicals are — W4 isomerization, 23.2 s™!, and is much higher than that for
phenyl-substituted analogs of C,H; and they may contribute to the W1 — P3 dissociation, 0.06 s~'. Therefore, radiative

the further PAH growth via acetylene addition reactions similar stabilization has to be accounted for.
to C,Hs + C,H,, which are likely to produce biphenyl. P4 in Hence we carried out RRKM-ME calculations taking
turn may be activated by H abstraction leading to analogs of radiative stabilization of all C(H;C,H, intermediates into
C,H; and their reactions with C,H, might form the o- account; this option is available in the MESS program package.
biphenylyl radical, which then might grow to phenanthrene by First, the calculations were performed at the zero-pressure limit
the HACA-type acetylene addition. where the convergence to this limit was achieved at p = 107"*
What are the conditions at which naphthalene can be actually bar. The results are shown in Figure 11b. At 60 K, the lowest
produced in the phenyl plus vinylacetylene reaction? Judging temperature at which we were able to achieve numerical
from the results of our crossed beams experiments,** a low convergence in RRKM-ME calculations with MESS, naph-
pressure or maybe nearly zero pressure may be the require- thalene (+H) is nearly the exclusive bimolecular product, but its
ment. Hence, we next consider the product branching ratios at branching ratio is only 21% because W1 (72%) and W16 (6%)
9219 DOI: 10.1021/acs.jpca.6b09735
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get stabilized radiatively. With increasing temperature radiatiave
stabilization plays diminishing roles and the yields of W1 and
W6 decrease to nearly zero at 500 and 350 K, respectively. On
the contrary, the temperature increase also results in higher
yields of non-PAH phenylvinylacetylenes; the branching ratios
of P2, P3, and P4 grow to 5%, 35%, and 57%, respectively, at
1000 K. The branching ratio of naphthalene behaves non-
monotonically; it reaches its maximum of ~60% at 350 K but
then to drops as much as to 3% at 1000 K because of the
competition with the non-PAH products P2, P3, and P4.
Radiative stabilization is critical at low temperatures but
becomes insignificant at 500 K and above. This is observed
from the comparison of the calculation results with and without
radiative stabilization. If radiative stabilization is not included,
the intermediates have to dissociate to dispose the energy of
chemical activation and the behavior of the temperature-
dependent branching ratios is rather similar to that calculated
for collision energy-dependent ones (Figure 11b). At 500 K,
the results of calculations without radiative stabilization
converge to those with radiative stabilization. Figure 1lc
shows the calculated total rate constant and that for the C4Hg +
C,H, — naphthalene + H channel in the temperature range of
60—500 K at zero-pressure limit. The total rate constant
reaches its minimal value at 150 K and increases at higher and
lower temperatures. The rate constant for the naphthalene
formation channel exhibits similar behavior but the minimal
value is achieved at 100 K. It should be noted that only the
inner TS Bl was included in our calculations but at lower
temperatures the outer loose TS for the formation of the van-

920

der-Waals complex WO from the reactants may become rate-
determining. However, rate constants for such barrierless
processes as C¢Hs + C,H, — WO are typically in the range
of 107'° cm® molecule™ s7), 4 orders of magnitude higher than
the values we obtain using the inner TS B1. Hence we do not
expect that the outer TS would play a significant role until
extremely low temperatures. By simple extrapolation, at low
temperatures down to 10 K as prevailing in cold molecular
clouds like Taurus Molecular Cloud (TMC-1) the total rate
constant of the phenyl plus vinylacetylene reaction and the rate
constant for the formation of naphthalene through this reaction
at zero-pressure limit can be estimated as (3—5) X 107** and
(6—9) x 107" cm® molecule™ s, respectively.

Finally, we address pressure dependence of the product
branching ratios at low temperatures of 80—200 K in the range
of 107'°~107 bar (Figure 11d). The yield of naphthalene is
significant only up to 107® bar and drops to nearly zero at 10~
bar. The initial adduct W1 becomes the dominant and then
exclusive product at higher pressures. Stabilization of another
intermediate W16 persists at the level of 5—7% up to 107 bar
but then this product disappears at 10™* bar. The formation
naphthalene at very low pressures where it is possible is favored
at higher temperatures; for instance, at p = 107'" bar the
branching ratios of P1 and W1 are 22% and 71% at 80 K but
change to 47% and 43%, respectively, at 200 K. On the basis of
this analysis, the C4Hg + C,H, reaction is not anticipated to
produce naphthalene in the PAH forming region of Titan’s
atmosphere between the altitudes of 140 to 300 km above the
surface,"”* where the pressures range from 3 X 10> to 10~ bar
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Figure 12. Summary of reaction mechanisms for the formation of naphthalene and indene in combustion and astrochemistry.

with T &~ 160—180 K.'” This region appears to be too dense
for naphthalene formation and the reaction would yield the
C¢H;CH,CHCCH radical W1.

In summary, the formation of naphthalene from C¢H +
C,H, in harsh astrochemical conditions is feasible only at
extremely low pressures (below 107% bar) even at temperatures
typical for cold molecular clouds but is favored at higher
temperatures up to 300 K. These conditions are emulated in
crossed molecular beam experiments, where naphthalene was
actually observed as a result of single collisions of phenyl with
vinylacetylene. In combustion flames on Earth, the reaction can
produce naphthalene with significant yield only via a two-step
mechanism involving the formation of 1-phenylvinylacetylene
C¢H;CHCHCCH followed by its H-assisted isomerization.
This peculiar behavior originates from the features of the PES:
the existence of one entrance channel with a submerged barrier
(phenyl addition to the double bond), a very small difference (3
kecal/mol) in the energies of the TSs critical for the H loss from
the initial adduct and its entropically demanding pathway to
naphthalene, and the presence of the other competitive
entrance channels with relatively low barriers, such as phenyl
addition to the triple bond and direct H abstractions, which do
not lead to naphthalene but become prevailing as temperature
increases.

8. CONCLUDING REMARKS

In this Article, we outlined and reviewed various formation
mechanisms for the prototype PAH molecules, naphthalene
and indene, which can be considered as general steps for the
PAH growth by one extra six- or five-member ring. As
summarized in Figure 12, for the formation of naphthalene in
combustion conditions the mechanisms include the HACA
routes (N1), recombination of cyclopentadienyl radical with
itself or with cyclopentadiene (N3), the reaction of benzyl

radical with propargyl (N4), conversion of indenyl radical by
methylation (N6), and the reactions of phenyl radical with
vinylacetylene (N2), followed by the reactions of its non-PAH
products with H atoms, and 1,3-butadiene (NS), where the
latter produces dihydrogenated naphthalene. In extreme
astrochemical conditions, naphthalene, and dihydronaphthalene
can be formed in the C¢Hj + vinylacetylene (N2) and C¢H; +
1,3-butadiene (NS) reactions, respectively. Ethynyl-substituted
naphthalenes can be produced via the ethynyl addition
mechanism beginning with benzene (in dehydrogenated
forms) or with styrene. The formation mechanisms of indene
in combustion include the reactions of phenyl radical with
C3H, isomers allene and propyne (I1) followed by secondary
H-assisted isomerization of the primary products, of benzyl
radical with acetylene (I3), and unimolecular decomposition of
1-phenylallyl radical produced by H abstraction from 3-
phenylpropene, which in turn is a product of the CiH; +
propene reaction (I4). The CsH; + C;H, reactions (I1)
hindered by entrance barriers can produce indene directly at
low and very low pressures but at elevated temperatures.
Classical HACA-type pathways via mechanisms such as the
reaction of phenyl and benzyl with two and one acetylene
molecules leading to naphthalene (N1) and indene (I3),
respectively, involve significant entrance barriers to reaction
thus blocking those reactions from happening in cold molecular
clouds such as TMC-1 and OMC-1. However, these pathways
are open in hot astrophysical environments such as in
circumstellar envelopes of AGB-type carbon stars like IRC
+10216 with temperature conditions close to the photosphere
of a few 1000 K. On the contrary, the vinylacetylene mediated
formation of naphthalene (N2) is barrierless and hence can
lead to the synthesis of naphthalene in cold molecular clouds.
Therefore, this low-temperature/low-pressure PAH formation
involving vinylacetylene represents a strong alternative to
classical synthetic routes involving HACA-type pathways. The
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work presented here is just the beginning to a better
understanding of the formation of PAHs in extreme environ-
ments. Future experimental and theoretical studies on PAH
formation in low- and high-temperature environments should
be expended in at least two directions. First, PAHs up to
coronene have been detected in meteorites such as Murchison,
but so far all attempts to clarify their formation routes have
failed both experimentally and computationally. Considering
the next members in the PAH series (anthracene and
phenanthrene) electronic structure calculations'*® suggest that
HACA-type pathways such as the reaction of naphthyl radicals
with acetylene do not form anthracene and/or phenanthrene
but do stop with the formation of acenaphthalene. Recent
experiments probing the reaction of 1-naphthyl with acetylene
in a pyrolytic reactor verified this conclusion; only acenaph-
thalene was detected.'”” Therefore, HACA type mechanisms
involving two-three ring systems tend to stop with the
formation of naphthalene and acenaphthalene but can unlikely
be extended to the growth of anthracene and/or phenanthrene.
On the contrary, vinylacetylene-type reactions of 1- and 2-
naphthyl radicals with vinylacetylene might extend the
barrierless pathways of PAH formation from naphthalene to
anthracene and/or phenanthrene under low-temperature/low-
pressure conditions. These reactions along with the formation
of more complex PAHs carrying four and even five six-
membered rings shall be studied under single collision
conditions in future experiments and should be contemplated
by electronic structure calculations. Second, very recently, the
underlying reaction pathways leading to the formation of
nitrogen-substituted PAHs (NPAHs) have begun to emerge.'**
Here, NPAHs could be the key precursors to nucleobases,
which are themselves the essential building blocks of
fundamental to life molecules RNA and DNA. NPAHs and
nucleobases have been found in significant proportions within
meteorites and as such been proposed as a key link in the origin
of life on Earth through their exogenous delivery. Considering
that nitrogen (N) is isoelectronic to methylidyne (CH),
reaction routes leading to mass growth and PAH formation
might be open to nitrogen bearing systems as well. Recent
studies exploiting a pyrolytic reactor revealed indeed that the
reaction of pyridyl radicals with acetylene does lead to the
formation of (iso)quinoline, the nitrogen-substituted counter-
parts of naphthalene involving HACA-type reaction path-
ways.'” Theoretically, we demonstrated that NPAH can be
also formed at low temperatures through consecutive CN and
C,H additions to styrene and N-methylenebenzenamine.'"’
Therefore, these findings provide new insights into the
formation mechanisms of aromatic molecules incorporating
nitrogen atoms through gas phase radical mediated reactions in
high-temperature circumstellar envelopes, and hopefully in
future studies through vinylacetylene- or C,H/CN-mediated
reactions in low-temperature interstellar environments such as
in cold molecular clouds.

The experimental and theoretical results discussed in the
present work demonstrate very significant pressure dependence
for the rate constants, especially the product-channel specific
rate constants. Therefore, accurate evaluation of not only
temperature- but also pressure-dependent rate constants will be
important for meaningful explorations of the role of various
pathways to hydrocarbon growth in combustion and
astrochemistry. The implication of the strong pressure and
temperature dependence of the reaction outcome is that the
relative product yields measured experimentally at low

922

pressures in typical flow reactors experiments, low-pressure
flame speciation studies, or under single-collision conditions in
crossed molecular beams may be very different from the
product distribution at atmospheric and higher pressures.
Nevertheless, such experiments remain to be of great value in
calibrating pressure-dependent models properly. The develop-
ment of new experimental techniques probing real combustion
conditions, such as the pyrolytic chemical reactor combined
with product characterization using the analysis of photo-
ionization efficiency curves, is invaluable for further improve-
ment of kinetic models and empowering them with predictive

ability.
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