MIT
Libraries | D>pace@MIT

MIT Open Access Articles

Theoretical study on the HACA chemistry of
naphthalenyl radicals and acetylene: The formation
of C12H8,C14H8,and C 14 H 10 species

The MIT Faculty has made this article openly available. Please share
how this access benefits you. Your story matters.

Citation: Chu, Te#Chun, Smith, Mica C., Yang, Jeehyun, Liu, Mengjie and Green, William H. 2020.
“Theoretical study on the HACA chemistry of naphthalenyl radicals and acetylene: The formation
of C12H8,C14H8,and C 14 H 10 species.” International Journal of Chemical Kinetics, 52
(11).

As Published: http://dx.doi.org/10.1002/kin.21397
Publisher: Wiley
Persistent URL: https://hdl.handle.net/1721.1/140914

Version: Author’s final manuscript: final author’'s manuscript post peer review, without
publisher’'s formatting or copy editing

Terms of use: Creative Commons Attribution-Noncommercial-Share Alike

I I I .
I I Massachusetts Institute of Technology


https://libraries.mit.edu/forms/dspace-oa-articles.html
https://hdl.handle.net/1721.1/140914
http://creativecommons.org/licenses/by-nc-sa/4.0/

Author Manuscript

Theoretical Study on the HACA Chemistry of Naphthalenyl Radicals and
Acetylene: the formation of C;,Hs, C14Hs, and Cy4H1 species

Te-Chun Chu®, Mica C. Smith®, Jeehyun Yang®, Mengjie Liu®, William H. Green®*

®Department of Chemical Engineering, Massachusetts Institute of Technology, 77 Massachusetts
Ave., Cambridge, MA 02139, United States of America

bDepartment of Earth, Atmospheric, and Planetary Sciences, Massachusetts Institute of Technology,
77 Massachusetts Ave., Cambridge, Massachusetts 01239, United States

E-mail: whgreen@mit.edu

Abstract

The Hydrogen-Abstraction-C,H,-Addition (HACA) chemistry of naphthalenyl radicals has
been studied extensively, but there is a significant discrepancy in product distributions reported or
predicted in literature regarding appearance of C4Hg and Cy4H;o species. Starting from ab-initio
calculations, a comprehensive theoretical model describing the HACA chemistry of both 1- and 2-
naphthalenyl radicals is generated. Pressure-dependent kinetics are considered in the Cy,Hg, C14Ho,
and Cy4H4; potential energy surfaces (PES) including formally direct well-skipping pathways. On the
C1,Ho PES, reaction pathways were found connecting two entry points: 1-naphthalenyl (1-C,oH;) +
acetylene (C,H,) and 2-CyoH; + C,H,. A significant amount of acenaphthylene is predicted to be
formed from 2-C,4H; + C,H, and the appearance of Cy4Hg isomers are predicted in the model
simulation, consistent with high-temperature experimental results from Parker et al. At 1500 K, 1-
Cy0H; + C,H, mostly generates acenaphthylene through a formally direct pathway, which predicted
selectivity of 66% at 30 Torr and 56% at 300 Torr. The reaction of 2-C,oH; with C,H, at 1500 K yields
2-ethynylnaphthalene as the most dominant product, followed by acenaphthylene mainly generated
via isomerization of 2-C;oH; to 1-C;gH5. Both the 1-CyoH; and 2-C4oH5 reactions with C,H, form some
Cy4Hg products, but negligible phenanthrene and anthracene formation is predicted at 1500 K. A
rate-of-production (ROP) analysis reveals that C,,Hg formation is strongly affected by the rates of H-
abstraction from acenaphthylene, 1-ethynylnaphthalene, and 2-ethynylnaphthalene, so the kinetics
of these reactions are accurately calculated at the high level G3(MP2,CC)//B3LYP/6-311G** level of
theory. At intermediate temperatures like 800 K, acenaphthylene + H are the leading bimolecular
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products of 1-C,oH; + C,H,, and 1-acenaphthenyl radical is the most abundant C,,Hg isomer due to its
stability. The predicted product distribution of 2-C,oH; + C,H, at 800 K, in contrast to the results of
Parker et al, is predicted to consist primarily of species containing three fused benzene rings - e.g.,
phenanthrene and anthracene - as the leading products, indicating HACA chemistry is valid from two
to three ring PAHs under some conditions. Further experiments are needed for validation.

ntroduction

Polycyclic aromatic hydrocarbons (PAH) commonly appear in various chemical processes and
in flames, especially from incomplete combustion of species like methane'*, ethene®’, and
benzene®*!. The formation of PAH is normally viewed as an undesired by-product, since it reduces
the yield of desired products, and the subsequent soot formation'**> has negative effects on human
health'®, climate change®’, and process efficiency™. It is necessary to investigate the PAH formation
fundamentally from the angle of both experiments and models, and to successfully apply the

knowledge gained to optimize current chemical technology.

Starting from benzene, the simplest aromatic species, and its radical form, phenyl radical,
reactions with unsaturated hydrocarbons can lead to ring cyclization to generate PAH. Hydrogen-
abstraction-C,H,-addition (HACA) routes'***** involving two C,H, additions to form an additional six-
member aromatic ring are among the most studied and important pathways. The HACA extension
from the first to second ring leading to naphthalene has been widely studied experimentally**?’
831 and it has been recognized as the dominant pathway. However, further aromatic

and
theoretically
ring addition from naphthalene to phenanthrene (PTR) and anthracene (ANT) remains ambiguous at
different temperature conditions. Utilizing high C,H, concentrations in a pyrolysis reactor, Parker et
al. used a reflectron time-of-flight mass spectrometer (Re-TOF) to measure product formation in the
reactions of both 1-naphthalenyl radical (1-CyoH;) + C,H, and 2-naphthalenyl radical (2-C1oH;) +
C,H,>. At combustion-like temperatures up to 1500 K, no PTR or ANT were detected as peaks in the
mass spectra; instead, signals corresponding to C,4Hs isomers were detected, which implies
hydrogen atom elimination dominated over the cyclization of C;,H,; adducts formed by the addition
of two C,H, molecules. In the experiments of Parker et al., acenaphthylene (ACN) was observed as
an important product in the reactions of both naphthalenyl radicals with C,H,. The observation is not
surprising for 1-C,oH; + C,H,, because the stability of ACN, a H-loss product after the first C,H,
addition, suggests that its formation is favored over the second C,H, addition. However, no
reasonable pathway for ACN formation from 2-C,4H; + C,H, had been proposed in theoretical

283334 t0 the best of our knowledge. Parker et al. did not detect PTR or ANT formation in the

works
temperature range from room temperature to 1500 K.** This conclusion contrasts with modeling

results reported by Kislov et al.>*, where both PTR and ANT account for significant product yields of
2-CyoH; + C,H, from room temperature up to 900 K. In the present work, a comprehensive model is

1.283% with the addition of several

developed based on the calculations of Kislov et al. and Liu et a
updated and newly calculated reaction pathways. The model is adaptable to a wide range of
temperatures and pressures for general modeling purposes. The main goal of this detailed pressure-
dependent model is to resolve discrepancies about ACN formation from 2-Cy4H; + C,H,, the
appearance of C4Hg products at high temperature, and PTR/ANT formation at low/intermediate

temperatures.
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Theoretical methods

Cy;Ho and Cy4H,, Potential Energy Surface Calculations

The HACA routes of 1- and 2-naphthalenyl radicals (1-C,oH; and 2-C,4H;) were explored by
Kislov et al.>* at the G3(MP2,CC)//B3LYP/6-311G** level of theory. The routes include (1) reactions
on the C;,H, potential energy surface (PES) corresponding to first acetylene (C,H,) addition; (2)
reactions on the Cy;H,; PES related to the Bittner-Howard! and Modified Frenklach®*?® routes of
second C,H, addition to six Cy,Hq isomers; and (3) some important channels on the Cy4Hq PES
associated with the Frenklach'®?* route involving the addition of a second C,H, to C;,H; isomers
generated by H-abstraction from 1-ethynylnaphthalene (1-ETN) or 2-ethynylnaphthalene (2-ETN).
Extensive quantum chemistry information including optimized geometry was provided in Kislov et
al.”s supporting information for all reported species and transition states, but their supporting
information omitted some data on hindered rotors and some information on the Cy4Hq PES. In 2019,
Frenklach et al.® revisited the C;,Hs PES using the same level of theory, updating with some revised
energies for local minima and results of 1-D hindered-rotors for computing partition functions for
certain stable molecules and transition states.

In the present work, five additional C;,Hq isomers along with twelve new transition states
are newly added to the Cy,Hq PES, shown in Figure 1. The naming scheme here follows Kislov et al.’s
conventions. In the work by Kislov et al., two separate networks on the Cy,Hq PES starting from 1-

Cy0H7 and 2-CyoH; were reported as two independent systems."’g'34

Here, with the newly calculated
Ci,Hg isomer named “N-shared” the two Cy,Hy networks are connected; the impact of this change
on kinetics and product distribution will be discussed later. Reaction pathways on the Cy;H4; PES
starting from three Cy,Hg isomers (1-N2, 1-N7, and 1-N11) originating from 1-C,,H; are presented in
Figure 2, and reaction pathways involving three Cy,Hg isomers originating from 2-C,oH; (2-N2, 2-N8,
2-N11) reacting with C,H, along with an additional C,4H;; isomer, one Cy4H;, (3-vinylacenaphthylene,
ACNV2) + H product, and two transition states are shown in Figure 3. The same level of theory as
that used in Kislov et al., G3(MP2,CC)//B3LYP/6-311G**, was used in the calculations presented
here, and all the calculations were performed in Gaussian 16° and Gaussian 09, except for the
rCCSD(T) energy used in the G3(MP2,CC) method which was calculated with Molpro 2015°***¢. To
ensure that the lowest energy conformer has been found and maintain consistency of energy
calculations given the newer versions of Gaussian and Molpro used in this work, the geometries and
energies of all previously reported stable molecules and transition states on the C;,Hg and Cy4Hy4

PESs have been reoptimized and recalculated.

Arkane®’, a package included in the open-source software Reaction Mechanism Generator
(RMG)*, was used to calculate phenomenological pressure-dependent rate coefficients k(T,P) on the
C1,Hg and Cy4H1; PESs. The modified strong collision approximation as implemented by Allen et al.”’

is used here to calculate k(T,P) from the Cy,Hy and Ci4H;4 pressure-dependent networks

This article is protected by copyright. All rights reserved.
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incorporating all pathways discussed above. The collisional energy-transfer parameter, <AEyoun> =
a(T) = 424*(7/300 K)*®* cm™, was taken from Mebel et al.”® for argon bath gas, and scaled down for
helium bath gas using Jasper et al.’s method™. Lennard-Jones parameters for the different PESs
were estimated from the reported transport properties of PAHs by Wang et al.>*. Thermochemical

{

properties of stable molecules were calculated by RMG with atomization energy corrections, bond
corrections, and spin orbit corrections, based on quantum chemistry calculations at the CBS-QB3

P

evel of theory with Rigid Rotor Harmonic Oscillator (RRHO) and 1-D hindered-rotors
approximations. Molecular parameters for the newly calculated stationary points are reported in the
Supporting Information with the Arkane input format, and thermochemistry data are stored in an
RMG thermochemistry library named “Aromatics_1dHR”. The “Aromatics_1dHR” library contains
492 species important in aromatics formation processes including all C;, and C,, species studied in
this work.

Figure 1. C;,H, potential energy surface calculated at the G3(MP2,CC)//B3LYP/6-311G** level of theory. Newly added
species and pathways are marked in red. Energies are relative to 2-Naphthalenyl radical + C;H,.
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Figure 2. C,4H,; potential energy surface calculated at the G3(MP2,CC)//B3LYP/6-311G** |level of theory, starting from 1-
N2, 1-N7, and 1-N11 isomers reacting with C,H,. Energies are relative to 2-Naphthalenyl radical + 2C,H,.
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Figure 3. C4H,, potential energy surface calculated at the G3(MP2,CC)//B3LYP/6-311G** level of theory, starting from 2-
N2, 2-N8, and 2-N11 isomers reacting with C,H,. Newly added species and pathways are marked in red. Energies are
relative to 2-Naphthalenyl radical + 2C,H,.

Pressure-dependent Network on C,,Hg Potential Energy Surface

The Frenklach HACA route has been found to be the leading pathway for naphthalene

formation at combustion-like temperatures.” It is initiated by H-abstraction reactions by various

radicals on ethynyl products after the first C,H, addition, i.e., phenylacetylene for phenyl radical +
C,H,, and 1-ETN and 2-ETN for 1-C4oH; and 2-C;oH; + C,H,. Adducts on the Cy4Hg PES undergo

This article is protected by copyright. All rights reserved.
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cyclization forming the radical form of PTR and ANT or B-scission to Cy4Hg products. It is important to
fully investigate possible reaction pathways on the Cy4Hg PES, critical to the Frenklach pathway of
naphthalenyl radicals.

Rate coefficients of most elementary reactions on the Ci4,Hg PES were previously evaluated
at the high pressure limit using transition state theory (TST) by Liu et al.?® at the B3LYP/6-311+G**
evel of theory. In the present work, using the approach of Allen et al.*” as implemented in Arkane,

the pressure-dependent rate coefficients on the Liu et al.?®

PES were evaluated using
thermochemistry properties from the “Aromatics_1dHR” thermochemistry library and Liu et al.’s TST
rate constants, with Lennard-Jones parameters estimated by group additivity to predict collision
rates. For each unimolecular product or reactant in the surface, the density of states p(E) of the
isomers is approximated by fitting functional groups to specific frequencies. The remaining un-
specified degrees of freedom, are fit to the heat capacity data of the above-mentioned
thermochemistry data in NASA polynomials form. During this calculation, the translational and
rotational modes are removed and handled separately.”” Microcanonical rate coefficients, k(E), were
estimated from the high-pressure-limit rate coefficients k(T) and p(E) using the inverse Laplace
transform (ILT). For the modified Arrhenius form of k(T), there is an exact ILT formula for positive
activation energies and n>-0.5. When the exact formula was not available or has numerical
difficulties, the inverse Laplace transform was evaluated numerically. The pressure-dependent rate
coefficients, k(T,P), were then computed using the modified strong collision approximation with at
least 250 energy grains spaced less than 0.5 kcal/mol apart. The calculated kinetics include the C;H,
addition to the Cy,H; radicals formed by H-abstraction or H-elimination of 1-ETN and 2-ETN,
following the pathways given by Liu et al.”® This computational method for computing k(T,P) from
literature kw(T)’s was previously described by Chu et al.*

In this work, pressure-dependent reactions of C;,H; radicals from ACN with C,H, on the Cy4H,
PES are considered in detail for the first time. There are four C;,H; radicals: N1-CS38, N1-CS39, N1-
CS40, and N1-CS41, and the corresponding Ci4Hg PES is presented in Figure 4. All the stable
molecules and transitions states are calculated at the G3(MP2,CC)//B3LYP/6-311G** |level of theory
with the RRHO + 1-D hindered-rotor approximation. Similar to the treatment for the C;,Hg and Cy4H44
PESs, Arkane® with the modified strong collision approximation was used to calculate k(T,P) for
reactions in this new network and the rates are included in the final model.

This article is protected by copyright. All rights reserved.
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Figure 4. C,4H, potential energy surface calculated at the G3(MP2,CC)//B3LYP/6-311G** level of theory, starting from
N1-CS38, N1-CS39, N1-CS40, and N1-CS41 isomers reacting with C,H,. Energies are relative to N1-CS38 + C,H,.

Combined Naphthalenyl HACA Model

In addition to reactions on the Cy,Hs, Ci4Ho, and Cy4H1; PESs, other reactions such as H-
abstraction and radical recombination are important to the naphthalenyl radicals’ HACA networks -
for example, H-abstraction from 1-ETN, 2-ETN, ACN, 1-vinylnaphthalene (1-VNP), and 2-
vinylnaphthalene (2-VNP) , and radical recombination between H atom and phenanthrenyl or
anthracenyl radicals. The formation of closed-shell species including ANT and PTR involves these
reactions which connect species on different PESs. The most important radical is H atom since it is a
co-product of all B-scission reactions on the PESs, and highly reactive under most conditions. Under
high C,H, concentrations as in Parker et al.’s experiment®, we can expect a significant amount of H
atom would react with C,H, forming vinyl radical (C,Hs). In this work, the kinetics of 48 important H
atom and C,H; radical H-abstraction reactions are calculated at the G3(MP2,CC)//B3LYP/6-311G**
level of theory using transition state theory. The Supporting Information includes molecular
information of these reactions in Arkane input format, and details of the kinetics will be discussed in
a later section. For other reactions in the final mechanism, their rates are less sensitive to the overall
product distribution, so the kinetics are estimated by making analogies between small species and
large (Ci,, C14, and up to Cy) species. For instance, the rate of PTR radical + H — PTR is estimated
using the rate of Naphthalenyl radical + H — Naphthalene in literature®. The final mechanism
reported in Chemkin format includes the reference for each of these reactions.

Given the prevalence of C,H, and C,H; radical in the naphthalenyl HACA system with high
C,H, concentration, reactions of C,H; + C,H, leading to the formation of benzene and fulvene cannot
be neglected. Using pressure and temperature dependent rate coefficients calculated from the C4;Hs
PES reported by Ribeiro and Mebel using the CCSD(T)-F12//B2PLYPD3 method® and the pressure-
dependent rate coefficients from Senosiain and Miller on the CgH; PES, which has CsH; isomers,
benzene + H, and fulvene + H as products, at the rQCISD(T)/cc-pVooZ//B3LYP/6-311++G(d,p) level of
theory54, these side reactions are included in the final model. Isomerization via direct intramolecular

Author Manuscript

hydrogen transfer between 1-naphthalenyl and 2-naphthalenyl radical was pointed out by Parker et
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al.,*> which was proposed to possibly account for the ACN formation from 2-naphthalenyl radical +
C,H,. This isomerization is considered on the CyoH; PES studied by Mebel et al.>> and Chu et al.** and
on the C;,H; PES between N1-CS12 and N1-CS41 calculated here; the corresponding pressure-
dependent rate coefficients are incorporated into the model of this work.

In summary, the final model combined pressure-dependent reaction networks on the Cy,Hs,
14aHg, and Cy4H;; PESs with side reactions to comprise a total of 148 species and 624 reactions, and is
intended to model naphthalenyl radical + C,H, reactions at high C,H, concentrations in pyrolysis
conditions without oxygen involved. The Chemkin input file for this model is included in Supporting
Information along with each species’ adjacency list in the accompanying species dictionary. The
naming convention for species on the Cy,Hg and Cy4H;; PESs follows that in Kislov et al.’s work®*:
however, since species names starting with a number are not allowed in RMG and Chemkin, the
number and suffix are reversed in the Chemkin input file, e.g., 1-N1 is referred to as N1-1. For
species on the Cy;Hy PES, the naming convention follows Liu et al.’s study?®. Chemical Workbench®®
was used with the final model to simulate various temperature conditions, and to perform the
pathway analysis and rate of production (ROP) analysis presented in this work.

Results & Discussion

New Reaction Pathways on C;,Hq and Cy4H44, Potential Energy Surfaces

Naphthalene has two positions, a and B, that can undergo hydrogen abstraction, and the
respective radical products are 1-naphthalenyl (1-C,4H;) and 2-naphthalenyl (2-CyoH;) radicals. When
C,H, is attacked by either of these radicals, the resulting adducts and bimolecular products represent
two different entry points on the Cy,Hq PES. In Kislov et al.’s** and Frenklach et al.’s* calculations,
cyclobuta-[a]naphthalene (CB[a]N) + H is the only bimolecular product co-existing on the 1-C;oH; +
C,H, and 2-CyoH; + C,H, networks, and no consideration was made for common Cy,Hq isomers shared
by the two networks. Therefore, ACN, a bimolecular product on the 1-C,oH; + C;H, network, should
not appear when the reaction starts from 2-C,,H; + C,H,. However, in Parker’s experiments32, the
mass spectra showed large signals at the mass-to-charge ratio (m/z) 152, corresponding to products
generated from H-elimination reactions of C;,Hg isomers, for both 1-C,4H; + C,H, and 2-CygH; + C,H,.
For the 2-C,oH; + C,H, experiments, the measured photoionization efficiency curves at m/z 152 could
be reproduced nicely by a linear combination of the reference PIE curves of 2-ETN and ACN*?,
indicating that ACN accounts for a significant portion of product formation from 2-C,oH; + C,H,.
Parker et al.* suggested the intramolecular H-transfer converting 2-C,oH; to 1-C;oH; must be fast to
explain the formation of ACN from 2-C,4H; + C,H,. This process was considered in this work by
including the pressure-dependent reactions on the C,gH; PES, including isomerization between 1-
CyoH; and 2-CygH;, from previously reported calculations®**°.

As a result of careful consideration of the isomerization between more than 10 isomers on
the Cy,Hg PES, a new local minimum was found connecting the isomers 1-N11 and 2-N8. The new
isomer and two connecting TSs were calculated at the same level of theory as the rest of the species
on the C,Hg PES. In Figure 1, the new isomer, N-shared, links the left-side species produced from 2-
CyoH7 + C,H; to the species on the right produced from 1-C,oH; + C,H,. The series of reactions

This article is protected by copyright. All rights reserved.
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converting 2-C,oH; + C,H, to 1-C,oH; + C,H, are summarized in Figure 5; although there are six TSs
involved instead of one TS as in the direct intramolecular H-transfer reaction, none of the
intermediates or TSs have energies higher than the initial reactants, 2-C,oH; + C,H,. Furthermore, the
pressure-dependent kinetics include well-skipping pathways (or called “formally direct” pathways,
i.e. reactions traversing more than one transition state®”*°) which enable reaction channels forming
ACN and 1-CygH; related isomers like 1-N8 or 1-N11 directly from 2-C,oH; + C,H, or 2-N8. In the next

ection, more details about the formation of ACN and its pathways will be given.

2-Naphthyl + C,H,, 0.0 2-N8, -42.0 1-N11, -40.3 1-Naphthyl + C,H,, 0.3
. X
“ //
ook OO

2-N2,-41.8 Newly calculated species, N-shared, -5.4 1- NZ, -40.3

'P

Figure 5. Important elementary reactions connecting 1-C,oH; + C,H, and 2-C,4H; + C,H, networks. The energy of species is
given relative to 2-C,4H; + C,H, in kcal/mol, and the energy of each TS is shown next to the corresponding arrow.

In addition to the new isomer N-shared implemented on the Cy,Hq PES, four other new
isomers were calculated in this work, as well as the TSs corresponding to reactions connecting them
to previously calculated species. These four species, 1-N14, 2-N14, 2-N16, and 2-N17, are resonance-
stabilized radicals and so are expected to have relatively low energies. Indeed, their calculated
energies are at least 43 kcal/mol more stable than 2-CyoH; + C,H,. At intermediate temperatures,
resonance-stabilized radicals with aromatic rings have been found to have longer lifetimes than
other radicals**. Optimized geometries for species 1-N14, 2-N16, and 2-N17 were previously
reported by Park et al.®’, and we recalculated them at the G3(MP2,CC)//B3LYP/6-311G** level of
theory, whereas to our knowledge 2-N14 has not previously been reported in the literature. On the
CyzH1; PES, two additional species and two new TSs are considered in this work, shown in Figure 3.
ACNV2, which has the same 6,6,5-member ring structure as the stable ACN, has a lower energy than
the ethynyl products, and its formation pathway from 2-N9 has been discovered and calculated.

The full mechanism in the Supporting Information contains all the reaction channels from
pressure-dependent calculations on the C,,Hg PES, as well as two well-skipping pathways that are
important to the formation of ACN from 2-CyoH; + C,H,: 2-N1 + C,H, (+M) = ACN + H (+M) and 2-N8
(+M) = 1-N11 (+M). The first reaction provides a formally-direct chemically-activated pathway
generating ACN from 2-Cy4H; + C,H,, and the second formally-direct reaction passes transiently
through the relatively unstable isomer, N-shared, to produce 1-N11 directly from 2-N8, which are
both stable with ~40 kcal/mol energy lower than 2-CoH; + C,H,. Once 1-N11 is generated, the
following reactions on the 1-C,yH; + C,H, network easily lead to the most stable bimolecular
products, ACN + H. Their rate coefficients under various T, P conditions are listed in Table 1; reaction
2-N1 + C,H, (+M) = 2-N2 (+M) is included as a reference indicating how fast the direct adduct is

This article is protected by copyright. All rights reserved.
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formed in this system. As temperature increases, the kinetics of both reactions become faster; 2-N1
+ CH, (#+M) = ACN + H (+M) is very sensitive to pressure at high temperature conditions, whereas 2-
N8 (+M) = 1-N11 (+M) has less significant change in k(T, P) as pressure increases at high
temperature. The rate of 2-N1 + C,H, (+M) = ACN + H (+M) increases significantly as the
temperature rises above 1700 K; however, it is much slower than the rate of 2-N1 + C,H, (+M) = 2-
Q\IZ (+M) at lower temperatures regardless of pressure. Therefore, we expect the reaction 2-N1 +
,H, (#M) = ACN + H (+M) becomes the dominant pathway forming ACN at extremely high
Il BN temperatures, and other pathways such as 2-CyoH; isomerization to 1-C,oH; or the multi-step

pathway converting 2-N8 to 1-N11 are more important around 1500 K or lower temperatures. The
following pathway analysis section will give a complete picture of ACN formation from 2-CyqH; + C,H,.

Table 1. Pressure-dependent rate coefficients of important reactions in ACN formation from 2-naphthalenyl + C;H, on

the Cy,H, PES.
Pressure-dependent rate coefficients, k(T, P)°

Reactions T(K) /P (atm) 0.039 0.30 33 26.0
469 5.61E+10 5.69E+10 5.71E+10 5.71E+10
2-CyoH; + C,H, (+M) > 651 2.11E+11 2.22E+11 2.24E+11 2.24E+11
2-N2 (+M) 1011 5.16E+11 8.43E+11 1.02E+12 1.05E+12
1758 5.46E+10 3.04E+11 1.50E+12 3.50E+12
469 1.80E+02 1.44E-01 4.49E-06 2.12E-10
2- CioH; + GH, (+M) = 651 2.40E+05 7.88E+02 1.09E-01 6.45E-06
ACN + H (+M) 1011 8.36E+08 2.80E+07 5.38E+04 2.09E+01
1758 2.81E+10 1.20E+10 8.34E+08 9.22E+06
469 1.40E-06 1.39E-06 1.34E-06 1.08E-06
2-N8 (+M) = 1-N11 651 2.31E-01 2.35E-01 2.33E-01 2.16E-01
(+M) 1011 1.06E+04 1.55E+04 1.68E+04 1.66E+04
1758 1.26E+06 1.37E+07 6.02E+07 8.83E+07

® Units: s”-1 for unimolecular reactions, cm”3/(mol*s) for bimolecular reactions

Reactions on Cy4Hg Potential Energy Surface Including Pyracyclene Formation and H-abstraction

h'?*, Bittner-Howard",

Among the three main pathways of HACA chemistry - the Frenklac
and Modified Frenklach?** pathways, the Frenklach pathway has been found as the leading route of
aromatic ring growth from benzene to naphthalene under high temperature rich-methane
conditions®. To build a comprehensive model of HACA chemistry valid over the full T range, all three
pathways should be considered. In the case of naphthalenyl radicals, unlike the Bittner-Howard and
Modified Frenklach pathways which involve addition of a second C,H, molecule to the Cy,Hg isomers
formed from the first C,H, addition, the Frenklach pathway begins with C,,H- radicals, the H-
abstraction products of 1-ETN and 2-ETN. The second C,H, in the Frenklach pathway then adds to
the Cy,H; radicals on the Cy4Hg PES followed by cyclization of the third aromatic ring. In addition to 1-
ETN and 2-ETN, ACN also may lose an H-atom through H-abstraction, reverse disproportionation, or

C-H bond dissociation, and undergo second C,H, addition on the same Cy4Hq PES as seen in Figure 4.

Author Manuscr

Although some of the C;,H; radicals rapidly isomerize, there are no common intermediates on the
Cy4Hg PES starting from a radical derived from ACN and the Cy4Hq PES starting from a radical derived
from 1-ETN and 2-ETN, suggesting PTR or ANT cannot be generated directly from a radical formed by
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removing an H atom from ACN. However, a stable 6,6,5,5-member ring species, pyracyclene, is
expected to be formed from C,H, addition to certain ACN radicals. Based on the CB3-QB3
calculations in the “Aromatics_1dHR” RMG thermochemistry library®®, the standard enthalpy of
pyracyclene (N1-CS51) formation is at least 15 kcal/mol more stable than any other Cy4Hg products
studied here. In addition to pyracyclene, other C;4Hs products on the ACN pathway are also
thermally favorable because of the 6,6,5-member ring structure.

In Liu et al.’s calculations®, the rates of reactions on the C,4Hg PES starting from 1-ETN and
2-ETN were determined assuming the high-pressure limit with transition state theory. With the help
of Arkane, these kinetics are converted into pressure-dependent rate coefficients including well-
skipping reactions. We also include the reactions on the Cy4Hy PES starting from ACN, and the ab-
initio calculations are performed at the G3(MP2,CC)//B3LYP/6-311G** level of theory. The new
additions to the PES are shown in Figure 4. Four radicals, N1-CS38, N1-CS39, N1-CS40, and N1-CS41,
react with C,H, to generate four adducts, N1-CS42, N1-CS43, N1-CS44, N1-CS45. The energy barriers
of the reactions fall within 1.2-2.6 kcal/mol, and the adducts are >40 kcal/mol more stable than the
reactants. Except for N1-CS41, the reactants have radicals on their benzene ring, so the low barriers
and the exothermicities are similar to naphthalenyl radicals + C,H,. N1-CS42 can cyclize to produce
another fused ring, because its C,H, group is close to the other benzene ring on its structure.
Therefore, both B-scission reactions to ethynyl species and intramolecular ring growth pathways are
calculated for the reactions shown in Figure 4. The final product of the pathways is pyracyclene, and
it is the most stable Cy4Hg product as predicted from the enthalpy data.

H-abstraction reactions are undoubtedly highly important to the reactions in the Frenklach
pathway. In Mebel et al.’s work®, the transition state for H-abstraction from phenylacetylene is the
highest barrier in the whole phenyl radical HACA network. Liu et al. calculated the H atom H-
abstraction kinetics for 1-ETN and 2-ETN at the B3LYP/6-311+G** level of theory®?, and here the
calculations are performed at the G3(MP2,CC)//B3LYP/6-311G** level of theory. Since our goal is to
simulate the chemistry at high C,H, concentrations, H-abstraction between closed-shell species and
C,Hs radical is important as well. In Table 2, the rate parameters are summarized; in Figure 6, the 14
sites that H or C,H; can attack on 1-ETN and 2-ETN are labeled. The H-abstraction rate is relatively
insensitive to the attack site; however, the small variations in rates for different sites may cause a
change in product distribution. For example, in the case of 2-ETN, ANT formation is only possible
when the reaction takes place on site 1 in Figure 6, while PTR formation relies on the reaction taking
place on site 7. The corresponding reactions, 2-ETN+H (or C,H3) —N1-CS4+H, (or C,H,) and 2-ETN+H
(or C,H3) —N1-CS10+H, (or C,H,), have slightly higher energy barriers which disfavor the formation
of ANT and PTR, such that C,4Hg isomers are the preferred final products. The model presented here,
based on high-level ab initio quantum calculations, has the ability to accurately predict the
distribution of the various Cy4 products.

Table 2. Reaction rate parameters of the H-abstraction reactions calculated in this work in the form of AT exp(-E/RT);
the units are cm®mol™s™ and kcal/mol.

Reaction A n E Reaction A n E

1-ETN+H—N1-CS6+H, 3.04e+07 1.99 15.9 1-ETN+C,H;—N1-CS6+C,H, 2.00e-02 4.18 7.03
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1-ETN+H—N1-CS7+H,  2.45e+07 2.01 15.8  1-ETN+C,H;—N1-CS7+C,H,  2.14e-02 421  7.13
1-ETN+H—N1-CS8+H,  2.46e+07 2.00  15.8  1-ETN+C,H;—N1-CS8+C,H, 1.69e-02 4.18  6.94
1-ETN+H—N1-CS9+H,  2.50e+07 1.99 15.0  1-ETN+C,H;—N1-CS9+C,H, 1.58e-02 4.18  6.23
1-ETN+H—N1-CS10+H,  2.38e+07 2.01 14.8  1-ETN+C,H;—N1-CS10+C,H, 1.76e-02 422  6.39
1-ETN+H—N1-CS11+4H, 2.29e+07 2.01 147  1-ETN+C,H;—N1-CS11+C,H, 1.96e-02 423  6.38
1-ETN+H—N1-CS12+H, 1.81e+07 2.01 16.1 1-ETN+C,H;—N1-CS12+C,H,  2.92e-03 427  7.00
2-ETN+H—N1-CS4+H,  3.11e+07 1.99 16.7  2-ETN+C,H;—N1-CS4+C,H,  2.12e-02 4.16  7.56
2-ETN+H—N1-CS5+H,  2.44e+07 2.00  16.0  2-ETN+C,H;—N1-CS5+C,H, 1.67e-02 4.18  7.04

-ETN+H—N1-CS6+H,  2.43e+07 2.00 153  2-ETN+C,H;—N1-CS6+C,H, 1.44e-02 419  6.60
2-ETN+H—N1-CS7+H,  2.36e+07 2.01 153 2-ETN+C,H;—N1-CS7+CH, 1.56e-02 423  6.88
2-ETN+H—N1-CS8+H,  2.37e+07 2.01 152  2-ETN+C,H;—N1-CS8+C,H, 1.61e-02 423  6.78
2-ETN+H—N1-CS9+H,  2.42e+07 2.00 155  2-ETN+C,H;—N1-CS9+C,H, 1.56e-02 4.19  6.62
2-ETN+H—N1-CS10+H,  3.34e+07 1.97 163  2-ETN+C,H;—N1-CS10+C,H, 1.76e-02 4.13  7.06
ACN+H—N1-CS38+H, 5.13e+07 2.00  17.9  ACN+C,H;—N1-CS38+C,H, 3.52e-02 420  7.70
ACN+H—N1-CS39+H, 4.48e+07 2.01 15.8  ACN+C,H;—N1-CS39+C,H, 3.72e-02 421  7.20
ACN+H—N1-CS40+H, 4.11e+07  2.02 17.0  ACN+C,H;—N1-CS40+C,H, 2.75e-02 424 751
ACN+H—N1-CS41+H, 1.83e+08  1.89 19.2  ACN+C,H;—N1-CS41+C,H, 2.66e-01 401  9.45
1-VNP+H—N2-1+H, 6.07e+07 1.91 15.3 1-VNP+C,H;—N2-1+C,H, 8.64e-04 452 658
1-VNP+H—N7-1+H, 1.47e+06  2.23 140  1-VNP+C,H;—N7-1+C,H, 6.64e-04 449 535
1-VNP+H—N11-1+H, 2.69e+06 2.18  13.1 1-VNP+C,H;—N11-1+C,H, 2.16e-03 429  4.66
2-VNP+H—N2-2+H, 2.32e+07  2.02 152  2-VNP+C,H;—N2-2+C,H, 3.16e-03 440  6.67
2-VNP+H—N8-2+H, 1.52e+07 2.06  13.1  2-VNP+C,H;—N8-2+C,H, 6.56e-03 4.22  3.97
2-VNP+H—N11-2+H, 9.92e+06  2.09 153  2-VNP+C,H;—N11-2+C,H, 1.56e-03 433  6.30

Author Manuscri

H-abstraction on ACN is calculated for the first time, which initiates the C,4Hg network

discussed above. Although N1-CS38 leads to the most stable C,4Hg product, the fastest ACN + H or
ACN + C,H; reactions generate N1-CS39 which has the lowest energy barrier. This implies that the

most abundant Cy4Hg isomer could be N2-CS30, instead of N1-CS51, once a significant amount of

ACN has accumulated in the reactor. Another important aspect of H-abstraction is related to 1-VNP
and 2-VNP. In the Modified Frenklach?**? pathway, the second C,H, is attacked by species with a

radical on the aromatic ring (N7-1, N11-1, N8-2, and N11-2) rather than by the direct adduct (N2-1

and N2-2) of the first C,H, addition. H migration can occur in the Modified Frenklach pathway via

unimolecular isomerization from N2-1 and N2-2 to N7-1, N11-1, N8-2, and N11-2, or via two-step H

transfer reactions between these isomers. H abstraction from H,/C,H, by N2-1 and N2-2 produces

VNP; a second H-abstraction abstracts H/C,H; on VNP at different sites to generate aryl radical

species (1-N7, 1-N11, 2-N8, and 2-N11). The kinetics of VNP H-abstraction are given in Table 2 and

illustrated in Figure 6.
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Figure 6. H-abstraction reactions calculated at the G3(MP2,CC)//B3LYP/6-311G** level of theory and included in the
naphthalenyl HACA model.

Product Formation and Pathway Analysis of 1-Naphthalenyl Radical + Acetylene

Product formation starting from 1-C,oH; + C,H, has been modeled for four conditions: 30
Torr, 800 K; 300 Torr, 800 K; 30 Torr, 1500 K; and 300 Torr, 1500 K. The results are shown in Figure 7.
The condition 1500 K/300 Torr is chosen to model high temperature pyrolysis, such as Parker’s
experimentsaz, while 800 K/30 Torr is an intermediate temperature and represents conditions that
can be achieved in the Green group laser absorption spectroscopy/VUV photoionization mass
spectrometry apparatus®; efforts are currently underway to investigate the naphthalenyl radical
HACA reactions experimentally using this apparatus. The initial mole fraction of 1-C,4H; in the
simulations is set as 0.01% at 30 Torr (pure C,H,) and 0.001% at 300 Torr (10% C,H, + 90% Helium),
because the initial radical concentration through pyrolysis in Parker et al.’s experiments is less than
0.1%. The addition of helium was used to increase the pressure while maintaining the same
absolute concentration for both 1-C,4H; and C,H, to control the reactivity. At 800 K, the 0.01% (30
Torr) and 0.001% (300 Torr) radical concentration correspond to 3.6e+13 molecule/cm?, which is in
the range of the radical concentration that can be generated in the Green group flash photolysis
apparatus. Based on Guan et al.’s study®, the micro-reactor system used in Parker et al.’s pyrolysis
experiments®? has the residence time ranging from 0.025 to 0.150 ms, so we plot the results on that
timescale in Figure 7.

At 800 K, the model predicts that the dominant products of 1-CyqH; + C,H, arise from the
first C,H, addition, while chemistry involving subsequent C,H, additions is negligible. ACN is the most
stable among the bimolecular products, and 1-N8 has the lowest energy on the C;,Hg PES due to its
resonance stabilized structure and two aromatic rings. At 800 K and 30 Torr, ACN is immediately
formed within a short time as the most abundant product; on the other hand, 1-N8 is predicted to
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be the abundant product at 300 Torr. The competition between unimolecular adducts and
bimolecular products as a result of the change in pressure can be seen in Figure 7. Both 1-N8 and
AN1 adducts become more abundant relative to ACN (+ H) at 300 Torr in Figure 7(b). The high
barrier (> 40 kcal/mol) from 1-N8 to ACN + H slows down ACN formation and contributes to the long
lifetime of 1-N8 at 800 K. Here we only present reaction time up to 0.10 ms at 800 K and 300 Torr;
however, longer reaction times have been modeled and the conversion from 1-N8 to ACN + H
appens on a time scale of about 0.50 ms, as seen in the Supporting Information.
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Figure 7. Simulated species concentration profiles starting from 1-C,4H; + C,H,. (a) 30 Torr, 800 K, (b) 300 Torr, 800 K, (c)
30 Torr, 1500 K, (d) 300 Torr, 1500 K.
c At 1500 K, ACN is predicted as the leading product at both 30 Torr and 300 Torr, shown in
I ' Figure 7(c) and (d). Due to the activation from high temperatures, the concentration decay of 1-N8
as it converts to ACN happens within a short time scale, such that 1-N8 can only be observed with
perceptible amount at the higher pressure of 300 Torr within 5e-3 ms in Figure 7(d). At higher
temperatures like 1500 K, after reactants are activated, multiple isomerization and dissociation
reactions become competitive with one another and with collisional stabilization.*” The formation of
2-N1 (2-C4oH;) and 2-ETN indicates that reactions in the 2-C;oH; network on the overall C;,Hq PES are
involved. Moreover, five C4Hg isomers — N2-CS30, N1-CS46, N1-CS47, N1-CS51, and N2-CS35 —

appear as the second most abundant group of isomers after C,,Hs products. The lumped
concentration of these species in our simulations is about an order of magnitude higher than PTR +
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ANT. This observation is consistent with Parker’s experiments32 where signals of C,4Hg isomers were
measured, but not C,;,H4, species.

A detailed reaction pathway analysis of 1-C,4H,+C,H, at 1500 K is given in Figure 8; the ROP
analysis was performed at an early time (1e-6 sec), and the values presented are the percentages of
reactants converted into products. At 1500 K and 30 Torr, 66% of 1-C,oH; directly reacts into ACN + H,
nd 8.5% into 1-ETN + H. The fraction drops to 56% and 7.1% as the pressure increases to 300 Torr,
because the direct pathways to bimolecular products are pressure-dependent and less favored at
high pressure. In contrast, the formation of 1-N2 and 1-N8 adducts accounts for more than five
times more 1-Cy4H; consumption at 300 Torr than at 30 Torr. On the CyoH; PES, there are two routes
converting 1-CyoH; into 2-CioH7: 1-CyoH7(+M)—2-C1oH5(+M) [major] and 1- CyoH;(+M)— 1-
methylenyl-1H-indene (C1oH;-3) —2-CyoH5(+M) [minor]. According to Mebel et al.’s calculations™,
the barrier to isomerization between 1-C;oH; and 2-CygH; is 60 kcal/mol. With the activation from
high temperatures, the direct isomerization overcomes this high barrier to consume 21% and 26% of
1-CyoH; at 30 Torr and 300 Torr respectively. Once 2-CoH; is generated, it diverges into several
pathways, but ends up with the same product, 2-ETN, which is the second most abundant product at
1500 K.

Relatively little is known about further reactions after ACN formation in naphthalenyl radical
HACA chemistry. By implementing H-abstraction reactions from ab-initio calculations and C-H bond
dissociation reactions in the current model, we have found that ACN reacts to produce four C;,H;
radicals: N1-CS38, N1-CS39, N1-CS40, and N1-CS41. The most important pathway is H-abstraction
involving H atom, which is not pressure dependent. Therefore, Figure 8 shows that the ROP of these
four radicals have no difference as pressure varies. The radicals then react with the second C,H, via
formally direct pathways to generate Cy4Hg isomers. All the C,4Hg isomers in Figure 8 have 6,6,5-
member ring structure like ACN, so they have stable thermochemical properties. As shown in the
PES in Figure 4, N1-CS51 (pyracyclene) is the most stable C,4Hg isomer, and its formation surpasses
the formation of N2-CS35 from N1-CS38. N2-CS30 formed from N1-CS39 has the highest
concentration in our simulation, since the H-abstraction from ACN into N1-CS39 is the fastest and
contributes large flux from ACN to N2-CS30.
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Figure 8. Important pathways and ROP analysis of 1-C,oH; + C,H, at 1500 K. ROP values are the percentages of reactants
converted into products, and evaluated at t = 1e-6 sec. The values in blue are for 30 Torr, and red for 300 Torr.

Product Formation and Pathway Analysis of 2-Naphthalenyl Radical + Acetylene

The reaction of 2-C,oH; + C,H, was simulated with the same initial composition as the case of
1-CyoH; + C,H, at four T, P conditions. In Figure 9, time profiles of 2-C,oH; and a variety of products
are given up to 0.10 ms to observe the appearance of products of second C,H, addition at 1500 K. At
800 K, the rise of adducts including 2-N2 (direct adduct), 2-N8, and 2-N11 appears within 0.010 ms,
and starts to decrease after some time. Unlike the 1-C,oH; + C,H, reaction which was dominated by
the formation of ACN + H, reactions involving a second C,H, addition to the adducts from the first
C,H, addition are favored to generate PTR and ANT. After 0.05 ms in the model prediction, both PTR
and ANT with three fused benzene rings have the highest concentration compared to other products.
This behavior is different from Parker et al.’s experiments, where no PTR and ANT signals were
observed from room temperature to 1500 K.** In Parker et al’s work®?, the mass spectrum of
products of the 2-naphthylenyl + C,H, at 1000 K was measured, and at m/z 178 no peak clearly
above the noise was noticed. One possible reason is the small radical concentration due to slow
dissociation of iodonaphthalene at T < 1000 K. Lifshitz et al. estimated the dissociation rate constant
to be 4.84 s™ at 1000 K, so at that temperature only a tiny amount of naphthylenyl radicals would be
generated within the very short (<0.15 ms) residence time in Parker et al’s experiments. With the
small radical concentration in the reactor, the total product formation rate and so yield was reduced,
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and also the product distribution shifted, because some reaction pathways (e.g. the Frenklach
pathways from naphthalene to Cy4H;,) involve more than one radical.

However, the prediction of abundant PTR and ANT is consistent with our preliminary

{

measurements® using a flash photolysis/time-of-flight mass spectrometry (TOF-MS) apparatus®
from 600 K to 800 K and 10 to 25 Torr measuring the product formation of 2-C,oH; + C,H,. The radical
oncentration is expected to be much higher in the flash photolysis experiments compared to the

P

pyrolysis experiments under 1000 K. Clear peaks with time-dependence at m/z 178 belonging to PTR
and ANT are seen in the mass spectra within several ms; a detailed comparison between the current
model predictions and direct measurements at 800 K and other intermediate temperatures will be
reported in an upcoming publication.

Three newly calculated Cy;Hg isomers in this work, 2-N14, 2-N16, and 2-N17, have longer
lifetimes than other radical species. They are not easily accessible through the surrounding high
energy transition states, but that makes these deep wells less reactive as well. They start from
negligible concentration, and accumulate to the same level as 2-N2, 2-N8, and 2-N11 at t = 100 us.
The resonance-stabilized structures are responsible for their stability: 2-N14 is a benzylic radical,
while 2-N16 and 2-N17 have radical centers on a four-member ring stabilized by two aromatic rings.
In Figure 3, ACNV2+H are the third most stable bimolecular product channel after PTR+H and ANT+H.
Although we cannot see ACNV2 in Figure 9(a) and Figure 9(b), it is predicted to be formed about 1-
2% as much as PTR or ANT. According to our calculations, ACNV2 is mainly produced by the well-
skipping reaction of 2-N8 + C,H, — ACNV2 + H.

When the temperature is increased to 1500 K, 2-ETN becomes the most abundant product
followed by ACN, and the combined concentration of PTR and ANT is lower than the concentration
of 2-ETN by more than three orders of magnitude. Therefore, PTR and ANT are not shown in Figure 9.
Again, this product distribution is in qualitative agreement with Parker et al.’s experiments® in
which only m/z 152 signals were observed in the pyrolysis reactor at high temperatures, and no m/z
178 peaks were found due to the negligible amount of PTR and ANT. As in the case of 1-C,qH; + C,H,,
the 2-CyoH; + C,H, reaction is more likely to stay on the Cy;Hg PES and finally dissociate into
bimolecular products instead of reacting with a second C,H, at high temperatures. 2-ETN is formed
by the direct well skipping pathways or two-step routes with adducts 2-N2, 2-N8, or 2-N11 as
intermediates, shown in Figure 10. The pressure increase from 30 Torr to 300 Torr decreases the
consumption of 2-CygH; by the direct well skipping pathway from 76.7% to 54.3%. H-abstraction and
dissociation reactions involving 2-ETN potentially can produce PTR and ANT radicals on the C.4,Hg PES

28
I

as reported by Liu et al”®. This is the Frenklach pathway, important in phenyl radical HACA chemistry
for naphthalene formation. However, in the case of 2-C,oH;, only two out of seven H-atom sites lead
to formation of the additional aromatic ring. The remaining five sites can undergo H-abstraction or
dissociation reactions, but further C,H, addition will not form an extra six-member ring. In Figure 10
ROP analysis, the pathways related to ANT and PTR only compose 22.7% at 1500 K, 30 Torr (23.6% at
1500 K, 300 Torr) of the 2-ETN consumption, which results in less ANT and PTR formation than

naphthalene formation in the analogous case of phenyl radical + C,H, at combustion-like
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temperatures.
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Figure 9. Simulated species concentration profiles starting from 2-C,4H; + C,H,. (a) 30 Torr, 800 K, (b) 300 Torr, 800 K, (c)
30 Torr, 1200 K, (d) 300 Torr, 1200 K.

The formation of ACN from 2-C,oH; + C,H, was experimentally measured by Parker et al.”®,

but there were no previous kinetic models supporting the measurement. Here we use the
comprehensive model to discover three pathways. First, the isomerization from 2-CyoH; to 1-CyoH,
(including the route with the intermediate C,oH;-3) followed by the formally direct pathway of 1-
CyoH; + C,H,. Second, a direct formally direct pathway from 2-C,oH; + C,H, to ACN + H. Third, 2-N8 is
generated from 2-CyoH; + C,H,, then isomerizes to 1-N11 which can directly form ACN + H. The first
pathway is preferred at high pressures, because the isomerization from 2-C,yH; to 1-CyoHy is the
critical step, and the fraction of 2-C,4H; consumption via isomerization to 1-C;oH; increases from 12%
at 30 Torr to 18% at 300 Torr. After 1-C,oH; appears in the model, several pathways become
available though most of them end up with ACN + H. The second pathway is represented by the
second reaction in Table 1. Although this formally direct pathway across the overall C;,Hg PES
exhibits faster kinetics at low pressures, it is a minor channel accounting for less than 1% the 2-C;oH;
consumption at 1500 K and 30 Torr. The third route has three steps - 2-C;gH; + C,H,(+M) — 2-
N8(+M), 2-N8(+M) — 1-N11(+M), and 1-N11(+M) — ACN + H(+M) - and the first two steps favor
high pressure conditions. Similar to the first pathway, once C;,Hq isomers such as 1-N11 on the 1-
CyoH; + C,H, network are formed, ACN is expected to be the final product. Therefore, an increase in
ACN abundance is shown in Figure 9 as pressure increases at 1500 K.
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Ci14Hs formation was also observed in the 2-Ci0H; + C,H, experiment by Parker et al.?® As
seen in Figure 9, two Cy4Hg isomers N1-CS46 and N2-CS30 are predicted by our model to form in
noticeable amounts, more than other Cy4Hg or C4Ho species. Despite the consistency with Parker et
al.’s experiment, the pathway of their formation is surprising. The secondary reaction of ACN in

{

Figure 10, instead of the major product 2-ETN, results in the Cy4Hg products. In comparison, Kislov et
al. predict all C14Hg products are derived from 2-ETN*. Future experiments that can distinguish

somers will be helpful to validate the prediction in this work.

P

Figure 10. Important pathways and ROP analysis of 2-C,oH; + C,H, at 1500 K. ROP values are the percentages of reactants
converted into products, and evaluated at t = 1e-6 sec. The values in blue are for 30 Torr, and red for 300 Torr
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Conclusions
A pressure-dependent model describing naphthalenyl radical (1-C,oH; and 2-C,oH;) HACA
chemistry has been developed including Cy,Hg, C14Hs, and Cy4H;4 PESs as well as other reactions

{

important over a wide range of T, P conditions considered in this work. Numerous new species and
transition states have been calculated to explain the unexpected results of Parker et al.’s
experiments®” at combustion-like temperatures. In the previous experiments, ACN was measured

P

tarting from 2-CyoH; + C,H,, but the reaction pathways responsible for its formation were unclear.
Here, a new bridge species, N-shared, was found to connect two entry points on the overall Cy,Hqg
PES, and reaction pathways on a validated C,oH; PES based on ab-initio calculations are shown to
enable ACN formation. At high temperatures, formally direct reactions such as 2-CyoH;(+M) — 1-
CioH7(+M) and 2-CioH7 + C,H,(+M) — ACN + H(+M) exhibit pressure-dependent kinetics and play an
important role in formation of the stable bimolecular products, ACN + H.

In Parker et al.’s experiments, at the highest temperatures perceptible C;4H; signals were
measured, but no Cy4H4 signals corresponding to PTR and ANT were observed either from 2-C,oH; +
C,H, or 1-CyoH; + C,H,. At lower temperatures (e.g. 1000 K) both 2-C;oH; + C;H, or 1-CyoH; + C,H,
were measured to yield mostly C;,Hs products, with only a very weak peak close to the noise level at
the mass of C;4H,o and even less Cy4Hg signal.

In the present work we have created a more comprehensive high-accuracy model for this
chemistry. The pressure-dependent network on the Cy,Hq PES has been extended by combining the
calculations of Liu et al.® with new calculations. Moreover, H-abstraction reactions have been
calculated and implemented in the model to connect multiple PESs and improve the accuracy of
predicted product distributions. The model-predicted concentration of C,4Hg isomers starting from
both 1-C;oH; + C,H, and 2-Cy4H; + C,H, at high temperatures dominates over the concentration of
PTR and ANT, which is consistent with Parker et al.’s experimental measurement. The previous
experimental work by Parker et al. did not detect significant PTR and ANT production in the
temperature range between room temperature and 1500 K. However, it is important to keep in
mind that the experiments of Parker et al. at low and intermediate temperatures had very low
radical concentrations because the thermal radical formation is much lower at low temperatures.
Because the radical concentration is so small in their low temperature experiments, the total
product formation rate and so yield is reduced, and also the product distribution shifts, because
some reaction pathways (e.g. the Frenklach pathways from naphthalene to C,4,Hy,) involve more
than one radical. The present calculations predict which fraction of the radicals go to different
products at different conditions, and our calculations predict that around 800 K a significant fraction
of the 2-CyoH; radical will go to the three-fused-benzene-ring species PTR and ANT if the radical
concentration is in the range of our model. Our interpretation is that the Frenklach HACA pathway to
PTR and ANT does actually run at 800 K in systems with high enough radical concentrations, but
those products were not detected in the low temperature Parker et al. experiments because the
radical concentration was so small at their conditions. Unlike the Parker et al. experiments, our
preliminary experiments detected products at m/z 178.°> We are doing further experimental work

Author Manuscri

in our lab using flash photolysis to generate higher radical concentrations to test this prediction of
our model; those experimental results will be reported separately.
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