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cal C;oH;00+ (A200.), which undergoes further propagation and/or chain
branching reactions. The thermochemistry of intermediates and transition state
structures is investigated as well as the identification of all plausible reaction
pathways for the A2+ + O, / A2+ + O systems. Structures and enthalpies of for-
mation for the involved species are reported along with transition state barriers
and reaction pathways. Standard enthalpies of formation are calculated using
ab initio (CBS-QB3) and DFT calculations (B3LYP, M06, APFD). The reaction
of A2+ with 30, opens six main consecutive reaction channels with new ones
not currently considered in oxidation mechanisms. The reaction paths comprise
important exothermic chain branching reactions and the formation of unsatu-
rated oxygenated hydrocarbon intermediates. The primary attack of 20, at the
A2. radical has a well depth of some 50 kcal mol~! while the six consecutive
channels exhibit energy barriers below the energy of the A2 radical. The kinetic
parameters of each path are determined using chemical activation analysis based
on the canonical transition state theory calculations. The investigated reactions
could serve as part of a comprehensive mechanism for the oxidation of naphtha-
lene. The principal result from this study is that the consecutive reactions of the
A2e radical, viz. the channels conducting to a phenyl radical C¢Hse, CO,, CO
(which oxidized to CO,) and C,H, are by orders of magnitude faster than the
activation of naphthalene by oxygen (A2 + O, — A2« + HO,).
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1 | INTRODUCTION

It is well accepted that one essential pathway for the
growth of polycyclic aromatic hydrocarbons (PAH) dur-
ing fuel rich (sooting) combustion comprises a repetitive
H-abstraction-C,H,-addition and subsequent formation of
six-membered rings, the so-called HACA mechanism."?
We hypothesize that similar repetitive reaction sequences
are taking place during the oxidation/decomposition of
large PAHs being present in soot particles or forming
the basic structural graphene-like units stacked in pri-
mary soot particles, respectively. The assumption is that
the oxidation may follow a repetitive reaction sequence
through the mass loss via C,H, and CO, resulting in
the successive diminution of a six-membered ring. This
reaction scheme, exemplified with the coronyl-radical is
schematically illustrated in Figure 1.

The first steps of the oxidation of aromatic hydrocar-
bons and their radicals with different numbers of rings as
occurring in the reaction sequence given in Figure 1 by
molecular oxygen (30,) has been examined in a previous
study.®> The results point to similarities in the oxidation
behavior of different PAHs supporting the above hypothe-
sis. Continuing the work carried out in,> the detailed reac-
tion pathways for the oxidation of the 1-napthyl-radical,
which is the last but one species in the reaction sequence,
by oxygen (30, and O) are investigated in this study with
the help of computational methods. Similar investigations
on larger aromatics will be reported in separate studies in
preparation. The oxidation of the phenyl-radical has been
presented in refs.*>

The formation and oxidation of naphthalene has been
addressed in various studies. Mebel et al.’ investigated
experimentally and via quantum chemistry calculations
the formation of naphthalene by the growth of smaller
molecules or radicals such as benzene, phenyl, cyclopen-
tadienyl, and so on. With the help of ab initio calculations,
Chu et al.” developed and proposed a pressure-dependent
reaction mechanism describing the HACA chemistry for
both 1- and 2- naphthyl radicals (1-C;,H; and 2-C;oH;)
including C;,Hy, C4Ho, and Cy4H;; potential energy sur-
faces over a wide range of temperature and pressure
conditions and tried to explain the unexpected experimen-
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tal results of Parker et al.® Comandini et al.’ studied the
energy surfaces for the radical/z-bond addition reactions
between different single-ring aromatic hydrocarbons. Con-
cerning naphthalene oxidation, only little data is available.
In several studies,'*'* the focus is on the investigation
of reactions of naphthalene and/or naphthyl with the
hydroxyl radical OH. Some studies report the reaction of
naphthyl with 0,."°"!7 These studies put weight on the pri-
mary reactions but not on details of the degradation of
the first aromatic ring. Zhou et al.'® investigated potential
energy surfaces (PESs) of the reactions of 1- and 2-naphthyl
radicals with molecular oxygen. Their calculations show
the expected barrier-free formation of naphthylperoxy rad-
icals. The subsequent reaction steps of the chemically
activated 1- and 2-C;pH,00+ (A200+) peroxy radicals
investigated in Ref. 18 are the elimination of an oxy-
gen atom leading to the formation of 1- and 2-naphthoxy
radicals, respectively. These can undergo unimolecular
decomposition producing an indenyl radical + CO. Addi-
tionally, they investigated the ipso addition of the oxygen
atom to the ring leading to bicyclic intermediates which
then decompose to CqH; (indenyl) + CO,, 1,2-C;oH¢O,
(1,2-naphthoquinone) + H, and 1-C4H,0 (1-benzopyranyl)
+ CO. Kislov et al."” reported about the O-O scission in
A100. and A200- to phenoxy and naphthoxy radicals.
They state that the general trends in the oxidation kinetics
of phenyl and naphthyl radicals are similar.

In the present study, a detailed mechanistic investiga-
tion of the oxidation of the 1-naphthyl radical by 30O, and O
is performed with focus on the main reaction pathways of
the degradation of the first aromatic ring leading to phenyl,
acetylene, CO, and CO.

2 | COMPUTATIONAL METHODS

2.1 | Quantum chemistry calculations -
ab-initio and density functional methods

Molecular properties of the species involved in the A2
+ O, / A2 + O and A2« + O, / A2« + O systems are
determined using the Gaussian 16°*?' program suite. DFT
methods, viz. M06,°>?* the newly developed APFD?** and

-8B Th-0b-cb-¢

FIGURE 1

Hypothetical reaction sequence for the oxidation of coronene.
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the B3LYP? %’ are used for the calculations along with the
CBS-QB3%*? ab-initio method. Structural parameters for
all molecules are optimized using B3LYP, M06 and APFD
with 6-311G(d,p) basis set. Harmonic vibration frequencies
and zero-point vibrational energies (ZPVE) are computed
at the same level. The optimized geometry parameters
are used to obtain total electronic energies.”>*’ The 6-
311G(d,p) set is chosen because it has a comparatively large
basis set and it is still reasonable for structure optimiza-
tion and force constant calculations of the molecules in
this study. The B3LYP/6-311G(d,p) method has been tested
in several studies. For example, Mebel et al.3% have shown
that the B3LYP/6-311G(d,p) method gives similar energies
compared to those obtained at higher level calculations
(G2M(RCC,MP2)) for a number of unsaturated peroxy
species, where the final total energies obtained from G2
theory are effectively at the QCISD(T)/6-311+G(3df,2p)
level. Peterson et al.*! have recommended the use of B3LYP
for geometry and frequencies in several CBS calcula-
tions. The density function calculated geometries are often
selected and serve as an accurate structure for higher-level
composite method calculations.

In this work, special focus is given to the APFD method
because of comparable accuracy as B3LYP or M06. This is
probably due to the developed function to avoid the spu-
rious long-range attractive or repulsive interactions that
are found in most density functional theory (DFT) mod-
els. Austin et al.>* report that this method provides a sound
baseline for the addition of an empirical dispersion cor-
rection term, which is developed from a spherical atom
model (SAM). They found that the accuracy of APFD is
comparable to that of B2PLYP-D3 and CCSD(T), when the
aug-cc-pVTZ basis is used, however at much lower compu-
tational cost. The results from APFD are used in this study,
because, APFD has been improved and is more accurate
compared to the previous DFT methods. Further, APFD
can handle large molecules, and by using a single method,
the errors in the calculations due to the method are the
same for all compounds.

The present study considers a two-ring system and is
part of a series of future calculations in which the num-
ber of rings will be increased gradually towards larger
polycyclic aromatic hydrocarbons as model molecules for
graphene layers, which are assembled in primary soot par-
ticles. This justifies the use of DFT methods (in particular
APFD) which are, in contrast to CBS-QB3, affordable and
permit handling of large molecules at low computational
costs.

It has been shown that the use of a DFT method
combined with isodesmic or homodesmic reactions yield
reasonable accurate energies.’>*> Whenever possible, the
calculations in this study are based on isodesmic reac-
tions, in which the unknown formation enthalpies of the
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considered species are coupled to experimental or previ-
ously evaluated enthalpies of formation, needed in the
isodesmic analysis. Transition state structures were iden-
tified by their single imaginary frequency, whose mode of
vibration connects the reactant and the product.

The entropies and heat capacities for the compounds
(radicals and transition state structures) are based on the
calculated vibration frequencies, moments of inertia, sym-
metry, spin degeneracy, and optical isomers. (All values are
available from the authors upon request.) Frequencies and
moments of inertia from the optimized APFD/6-311G(d,p)
structures were used to calculate the contributions to
entropy and heat capacity on the basis of formulas from
statistical mechanics and by use of the SMCPS code.** Tor-
sional frequencies are not included in the contributions to
entropy and heat capacities, but are determined on each
internal rotor analysis. Hindered internal rotor contribu-
tions to entropy and heat capacities are determined at
B3LYP/6-31G(d,p) using the Rotator program.*

The thermodynamic properties calculated in this study
are converted into the NASA polynomial format (avail-
able in the supplementary material) using THERMFIT.**
With the help of ThermKin** the forward rate constants,
k(T), based on the canonical transition state theory (CTST)
are determined. The developed set of reactions is listed in
Table 1.

2.2 | Nomenclature

The nomenclature used in this work is as follows: Y(A)
indicates a cyclic structure, A or AJ represents a radi-
cal site on the structure, D indicates a double bond (CDO
is C O), TS is a transition state structure, and, for exam-
ple, Y(C5)DO represents a cyclic five-membered carbon
atom ring with a double bond to an oxygen on a ring car-
bon atom. The transition state structures of the continuing
reactions for each reaction path are numbered according
to the respective reaction path TSI1-1, TS1.1-1 ... for TS1
and consecutive paths, TS2-1, TS2.1-1 ... for TS2 and con-
secutive paths etc... as illustrated in Figures 4-14. The
structures of the involved species and the corresponding
nomenclature are illustrated in detail in Table A in the
appendix.

3 | RESULTS AND DISCUSSION

The initial step of the oxidation of this class of molecules
is through the abstraction of a C-H hydrogen through
radicals such as H, OH, O, OOH, CH; present during com-
bustion at reasonable concentration levels. For example,
the abstraction reaction with OH is slightly exothermic
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a-A2e p-A2e

FIGURE 2 structure of A2+ in a- and 3-C,oHje.

and exhibits low energy barriers in the order of 10 kcal
mol~!. In non-flame conditions at temperatures in the
range around 1000 K the concentration level of these radi-
cals is very low and the H-abstraction occurs mainly by O,.
The reaction C,Hg + O, — C;oH;+ + OOH exhibits a high
barrier of some 70 kcal mol~, relative to the stable naph-
thalene molecule. The H-abstraction from naphthalene by
O, results in radical sites, C;oH;+ (A2¢), in a- or S-position
(see Figure 2).

Quantum chemistry calculations indicate that both rad-
icals, a-A2e« (1-naphthyl) and $-A2. (2-naphthyl), have the
same standard enthalpy of formation of ~ 97 kcal mol~'.
The energy barrier for the H-abstraction by 0, estimated
with ~70 kcal mol~! is similar to that for larger aromatic
hydrocarbons. This has been shown for aromatic hydrocar-
bons containing four rings*® and for a series of polycyclic
species containing up to seven rings.’

Figure 3 depicts the major reaction channels of the
oxidation of the 1-naphthyl radical (A2.) indicating two
classes of oxidation reactions: A2« + O, and A2« + O.
Almost all reactions conduct to the formation of phenyl
radicals, CO and acetylene. The different reaction channels
are discussed in deeper detail in the following subsections.
The 1-naphthyl radical isomer is chosen for the present
study, because the oxygen of the peroxy radical can interact
with the adjacent ring in contrast to the 2-naphthyl radical.
To verify that no important reaction channel is missing,
the possible pathways of the 8-C,;,H;00¢« (2-naphthyl) iso-
mer have been roughly investigated. These results reveal
that the 8-C;oH,00¢ isomer reacts approximately likewise
to a-C;oH,00- on similar energy levels and forming the
same main product species as resumed in Figure A of the
supplementary material.

3.1 | Enthalpy of formation, A H,

298’

entropy S°(298) and heat capacities

Using the four methods mentioned in Section 2.1,
enthalpies of formation of the several compounds resulting
from A2« + O, and A2« + O, as well as the corresponding
transition state structures are calculated. Detailed results
of the calculation of the enthalpies from the four meth-
ods B3LYP, M06, and APFD with 6-311G(d,p) basis set and
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the CBS-QB3 ab-initio method are listed in the supple-
mentary material, Table SM2 to SM8. Structures of the
identified species are illustrated in Table A in the appendix
to this paper. Equally well, the entropies 5(2)98 and heat
capacities Cp(T) for all radicals, intermediates and final
products of the A2+ + O, / A2« + O reaction system
are calculated and listed in the supplementary material

Table SMO.

3.2 | Reactions of naphthyl radical A2.
(CyoH;+) with O,

3.21 | Formation of a stable peroxy radical
A200¢ (Channel 1)

The reaction of molecular oxygen with A2« results in a per-
oxy radical A200-. The formation of the stabilized A200«
radical is an important intermediate reaction step occur-
ring at low and high temperatures. Similar to reaction
systems such as phenyl + O, or butanone-yl + 0,,>~%" it
takes place without energy barrier. The formation of the
chemically activated naphthyl-peroxy [A200+]* occurs
with nearly 50 kcal mol ! excess of energy allowing six con-
secutive reaction channels with barriers below the energy
of the initial state A2+ + O,. The calculated energy for
the dissociation of the naphthyl-peroxy radical (A200¢)
to naphthyl + O, in dependence on the C-OO bond dis-
tance in comparison with the corresponding bond cleavage
for the phenyl-peroxy radical (C4HsO0O¢) is illustrated
in Figure B of the supplementary material. The APFD
(DFT) calculations reproduce the same energy for the two
reaction systems and indicate that there is no barrier in
addition to the endothermicity of the C-OO dissociation
reaction. This result is also in concordance with those of
Zhou et al.'® and Park et al.'®

The primary pathways resulting from the further reac-
tions of the peroxy radical A200s, see Figure 4, include:

Channel 1.1: Addition of the oxygen radical to the
adjacent carbon atom of the same ring via TS1.1-1

Channel 1.2: Ipso addition of the oxygen radical via
TS1.2-1

Channel 1.3: Addition of the oxygen atom to adjacent
carbon atom of the neighbor ring via TS1.3-1

Channel 1.4a: Hydrogen abstraction by the oxygen
atom from neighbor carbon atom of the same six
membered ring via TS1.4a-1

Channel 1.4b: Hydrogen abstraction by the oxygen
atom from the neighboring carbon atom of the
adjacent six membered ring via TS1.4b-1

Channel 2: RO—O bond cleavage via TS2-1.
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FIGURE 3 Major reaction channels for a-A2+ + O, and a-A2+ + O.
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FIGURE 4 Potential diagram for primary consecutive reactions channels for A200+ (APFD/6-311G(d,p) calculations).
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3.2.2 | Formation of A2¢YC202 through
addition of the oxygen atom to the adjacent
carbon atom (Channel 1.1)

The addition of the oxygen from the peroxy radical to the
adjacent carbon atom of the same ring via TS1.1-1 consti-
tutes one of the consecutive reactions involving the peroxy
radical, Channel 1.1. This reaction involves the double
C = C bond opening in the phenyl ring with an addi-
tional energy of ca. 44 kcal mol™! relative to the initial
peroxy A200. radical, see Figure 5. The reaction results
in an unstable four membered ring, A2.YC202, at approx-
imately 91 kcal mol~'. However, this relatively high energy
level along this reaction path is still below the energy of
the initial state A2« + O,. Due to the high strain inside
the four-membered ring in A2.YC202 the weak O-O bond
breaks easily via TS1.1-2 forming a more stable radical,
A20+CDO. Due to the relative low energy of this interme-
diate species of 18.6 kcal mol~!, the energy release of this
step amounts to 72 kcal mol~!.

The oxygen radical site in ortho-A20.DO has two
adjacent carbon atoms and consequently two alternative
transformation reactions via TS1.1-3 and TS1.1-4 are pos-
sible. The calculations indicate a facile attack of the oxygen
radical via TS1.1-3 with only 3.3 kcal mol~! at the adjacent
carbon atom followed by an intra-molecular rearrange-
ment to a seven membered ring AIYCDOOC-.CC at low
energy (—3.6 kcal mol ™). Further reactions of this species
are discussed and illustrated in Section 3.2.3 and Figure 6.

The other plausible reaction is the addition of the oxy-
gen radical via TS1.1-4 to the adjacent carbon not bonded
to the oxygen. This requires some 8 kcal mol~! and forms a
bicycle A2.DOYC20 at relatively low energy of 12.5 kcal
mol~! (see potential diagram in Figure 5 and illustra-
tion in Table A). This energy is 34.3 kcal mol™! below

SEBBAR ET AL.

TS1.1-10

Figure 6

Channel 1.1: Formation and further reactions of A2.YC202 (APFD/6-311G(d,p) calculations).

that of the peroxy radical. A2eDOYC20 rearranges via
TS1.1-5 to A1YC20C.CDO by opening the bicycle over
an energy barrier of some 13 kcal mol~!. The excess of
energy gained by the system then favors further disso-
ciation of A1TYC20C.CDO by opening the ring through
TS1.1-6 with about 28.2 kcal mol~'. A sequence of disso-
ciation reactions with higher energy barriers follows: The
elimination of C,H, takes place via a relatively high barrier
of 46 kcal mol™! (TS1.1-7) to A1.CDOCDO. This radical
species releases some energy by undergoing H-abstraction
(TS1.1-8) to a more stable isomer AICDOC«DO lying some
26 kcal mol~! lower. The last two reaction steps consist of
two CO eliminations via TS1.1-9 and TS1.1-10 to a phenyl
radical.

After formation of ATYCC.CDOCDO a ring closure can
take place over ca. 11 kcal mol~! (TS1.1-11) followed by
a barrierless C-C bond dissociation (TS1.1-12) to a stable
A1YC5DO + CH = 0.

3.2.3 | Formation of A2+YCO2 through ipso
addition of the oxygen atom to the ring
(Channel 1.2)

The second pathway is the addition of the oxygen in the
peroxy radical via TS1.2-1 to the ipso position (Channel
1.2). The resulting dioxirane-naphthyl radical A2+YCO2
(see Figures 6 and 7) has a bicyclic structure with a
three-membered peroxy ring. It is formed via TS1.2-1 with
68.4 kcal mol~'. This energy barrier is about 30 kcal mol ™
below the A2« + O, entrance channel and only 20.9 kcal
mol~! above the stabilized A200- radical which is in
excellent agreement with the 20.7 kcal mol™! calculated
at G3 level in Ref. 18 The weak peroxide bond in the
strained three-membered ring cleaves and one of the oxy-
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gen atoms links to the closest carbon, while the other
oxygen forms a C = O double bond. A little barrier of
4.7 kcal mol~! versus 13.2 kcal mol~! from'® relative to
A2¢YCO2 (TS1.2-2) is necessary for the formation of the
relatively stable ATYCDOOC.CC. These reactions corre-
spond with those reported in Ref. 18 The energy difference
between A2.YCO2 and A1YCDOOC«CC (—3.6 kcal mol ™)
amounts to approximately 62 kcal mol~!, in agreement
with 60.4 kcal mol~! from.'®

This last adduct (ATYCDOOC.CC) undergoes the ring-
opening of its seven-membered ring via TS1.2-3 through

+ Z.CO
=
*C0 16126 405
T51.2-4 0
404 5 f151.2-10

: .E

Channel 1.2: Formation and further reactions of A2+YCO2 (APFD/6-311G(d,p) calculations).

TS1.2-7b
TS1.2-8b 449 o
Ts1.26 38 :
TS1.2-4b * Ty
0 36.5 . +CO Figure 6

Channel 1.2 con’t: Formation and further reactions of A2+YCO2. (APFD/6-311G(d,p) calculations).

27.3 kcal mol~! versus 33.3 kcal mol~! reported in Ref. 18
and resulting in 1,2-naphthoquinone + H. However, the
calculated energy barrier for the back reaction, closure
of the seven-membered ring, at 6.5 kcal mol™ is in good
agreement with the G3 value of 6 kcal mol™ from Ref. 18
The energy released by the exothermic reaction allows a
series of subsequent elimination reactions. A first CO elim-
ination TS1.2-4 (22.4 kcal mol~! relative to AIC30C+DO)
is taking place resulting in A1.C3DO which undergoes an
exothermic and barrier-less intramolecular H-abstraction
(TS1.2-5) to a more stable isomer A1C2C+«DO. Some 32 kcal

85UB017 SUOWILLIOD 3A1IID) 3|edldde 8Ly Ag pausenoh 8. S3jolfe YO ‘8Sn J0 S3|nI 04 AR1q1T 8UIUO /8|1 UO (SUORIPUOD-PUR-SLLBIWI0D" A3 | 1M A RRIq 1 RU1IUO//SARY) SUORIPUOD PUe SWiS L 83U} 89S *[7202/T0/60] Uo ARiqIaulluo A8|1M 4 INYisul Jeuns|ey Aq 202 T2 UIM/Z00T 0T/I0p/wod A3 1m Al puluo//:sdny Wwoly papeo|umod ‘0 ‘T091.60T



INTERNATIONAL JOURNAL OF 2

* | WILEY . CHEMICAL KINETICS}

mol~! are released to the system and favor a second CO
elimination requiring via TS1.2-6 37 kcal mol ! to AICDC»
+ CO. The latter radical eliminates C,H, (TS1.2-7) lead-
ing to a phenyl radical. As reported and described in Zhou
et al.,'”® an alternative path for A1C30C+DO is a new
C-C bond formation via TS1.2-8 forming AIODA1O« at
21.3 kcal mol™!. This last intermediate undergoes a H-
shift through 10.8 kcal mol™ (TS1.2-9) to a lower energy
intermediate A2¢DODO lying at —4.4 kcal mol~! fol-
lowed by a H-elimination (TS1.2-10) to the final product
1,2-naphthoquinone (A2DODO). Overall the values calcu-
lated in this work are in very good agreement with Ref.
18 except the A1C30C-DO calculated at 18.6 kcal mol~!
which is lower by 5 kcal mol~! than in Ref. 18 However, the
value determined using the group additivity of the RMG
program®' results in similar low energy of 16.5 kcal mol .

ATYCDOOC-«CC can undergo an internal C-C bond for-
mation (via TS1.2-11) inside the seven-membered ring,
resulting in a five-membered ring and a four-membered
ring through a 34.0 kcal mol~! energy barrier relative to
A1YCDOOC.CC which is in excellent agreement with Ref.
18 The tricyclic radical A1TYC5+YC30DO lying at 14.5 kcal ™!
breaks the YC30DO ring through ca. 11 kcal ! (via TS1.2-
12) leading to the intermediate A1YC5YOC+DO which
breaks easily the C-O bond (via TS1.2-13) to form CO, and
indenyl radical.

Alternatively, one of the oxygen atoms of A2+YCO2 links
to the carbon common to the second ring (TS1.2-2b) with
a C O double bond formation (Figure 7). A barrier of
12 kcal mol~" relative to A2YCO2 (TS1.2-2b) is required
for the formation of ATYCDOOC«CCb. As reported in Ref.
18 two paths are available to this relatively stable inter-
mediate. The first one is through the ring opening of
ATYCDOOC-«CCb via (TS1.2-3b) followed by the attack of
the radical on the C O bond to the formation of a bicycle
A1YC5.0CDO (TS1.2-4b). This last intermediate loses CO
almost without barrier (TS1.2-5b) to A1YC5.0. A detailed
discussion is reported by Zhou et al. in Ref. 18 In this
work further dissociation reactions of A1YC5+0 have been
investigated: A1YC5+0 can undergo an internal C-C bond
formation (TS1.2-6b), losing CO simultaneously and form-
ing a five-membered ring which opens resulting in the
A1C30C.DO radical over some 44 kcal mol™! (TS1.2-7b).
A1YC5.0 can also directly open to A1C30C+DO (TS1.2-
8b). Further reactions of A1C30C+DO are described in
Figure 6.

Similarly to the path described in Figure 6,
A1YCDOOCCCb can undergo the same internal C-C
bond formation (via TS1.2-9b) inside the seven-membered
ring, to ATYC5+YC30DOb through 34.4 kcal mol~! energy
barrier relative to A1YCDOOC.CCb, here again in
excellent agreement with Ref. 18 The tricyclic radical
A1YC5.YC30DOb breaks the C-O bond of the YC30DO

SEBBAR ET AL.

ring through only 2.1 kcal mol~! (TS1.2-10b) leading to
A1YC5CO2. which dissociates easily (TS1.2-11b) to form
CO, and the indenyl radical.

3.2.4 | Formation of A2+YC302 through
addition of oxygen atom to adjacent ring
(Channel 1.3)

Figure 8 illustrates the intermediate species resulting from
the attack of the terminal oxygen in the peroxy group at
the nearest carbon atom situated on the adjacent ring.
From this addition, a relatively stable five-membered ring
intermediate, A2¢YC302, is formed with an enthalpy of
formation of 65.2 kcal mol~! via an energy barrier of 32 kcal
mol~! (TS1.3-1) relative to A200s.

This intermediate reacts in a number of subsequent
steps, starting by breaking the weak and strained O-
O bond via TS1.3-2 (only 8.6 kcal mol~! relative to
A2¢YC302) and forming a lower energy bicyclic radical,
A1.DOA1YC20 (20.2 kcal mol™!). We note that, unlike in
the previously discussed channels, the two oxygen atoms
are no longer on the same ring after the addition reaction.
This new formed intermediate can open the bicycle over a
23.2 kcal mol™! barrier (TS1.3-3) followed by an opening
of one ring (TS1.3-4) to AIDODC+C3DO at an energy level
of 63.6 kcal mol~'. A further reaction sequence involves an
exothermic hydrogen-shift from the vinyl group to the car-
boxylic group to a lower energetic isomer RC3+DO at an
energy level of 21.6 kcal mol~!. Further reaction steps of
RC3.DO involve elimination of CO and C,H, via TS1.3-
5 and TS1.3-6, respectively. Alternatively to TS1.3-4, a
hydrogen elimination can take place via TS1.3-8 to a stable
product 0-A1IDOA1DO.

Unlike in the previously discussed reaction
channels instead of the phenyl radical, a methylene-
cyclohexadienyl-ketone radical (A1+DODC) is formed.
Further reactions of this intermediate are not investigated
in this study. We note that channel 1.3 is not forming a
phenyl radical.

3.2.5 | Formation of A2¢OOH through
intramolecular H-abstraction by the oxygen
atom (Channel 1.4)

The formation of a reactive ortho-hydroperoxy-naphthyl
radical A2¢0O0H-a occurs via TS1.4a-1 through the
intramolecular abstraction of the hydrogen from the same
ring as the peroxy group. The formation of A2¢OOH-a
occurs through a loose cyclic five-membered ring structure
(Figure 9). This abstraction has a barrier which is 14.3 kcal
mol~! below the entrance channel and is accessible to
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the chemically activated naphthyl-peroxy radical A20Oe..
In a subsequent step the OH-group is transferred from
A2.00H-a to the radical site on the carbon atom of
the same ring via TS1.4a-2 (9.3 kcal mol~!). This step
is connected with a release of energy to the system of
approximately 70 kcal mol~! and the formation of a cyclic
hydroxyl-ketone radical, A1A1«OHDO, at an energy level
of —22.7 kcal mol . The available excess of energy enables
a second hydrogen transfer reaction via TS1.4a-3 (55 kcal
mol™!) resulting in A1A10+DO. The latter undergoes fur-
ther reaction via TS1.4a-4 forming the same intermediate
species AIYCDOOC.CC as appearing in channel 1.2, see
Section 3.2.3.

A second reaction sequence involves the abstraction of
a hydrogen from A200-. from the adjacent ring (TS1.4b-
1). The hydrogen moves from the neighboring ring to the
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Channel 1.3: Formation and further reactions of A2YC302 (APFD/6-311G(d,p) calculations).
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75.9
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56.5

TS1.4b-3

Figure 12

Channel 1.4: Formation and further reactions of A2¢OOH (APFD/6-311G(d,p) calculations).

oxygen radical of A200. through a six-membered ring
structure. This forms the hydroperoxide radical A2¢OOH-
b at approximately the same energy level of 76.8 kcal mol ™!
as the A2.OOH-a isomer. Surprisingly, no saddle point has
been calculated for this abstraction reaction. The calcula-
tions show also that the energy of TS1.4b-1 is lower than
that of TS1.4a-1. This difference can be easily explained by
the structure of both transition states: TS1.4b-1 involves
a six-membered ring structure while TS1.4a-1 a more
strained five-membered ring. The difference in the struc-
ture of the transition states, however, cannot explain the
barrier-less hydrogen abstraction via TS1.4b-1.
Calculations for subsequent reaction steps of the
A2:00H-b isomer (Figure 9) indicate a transition state
structure TS1.4b-2 for the intramolecular transfer of the
hydroxyl group OH to the radical site on the adjacent ring
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FIGURE 10 Channel 1.4b (continued): Formation and further reactions of AIDOYC50+ (APFD/6-311G(d,p) calculations).

(14.5kcal mol™!), resulting in a low energetic A1«OHA1DO
at an energy level of —18.2 kcal mol~!. This species rear-
ranges by moving the hydrogen of OH via TS1.4b-3 to
allow the formation of a C O double bond and resulting
in AIDOA1+DO at an energy level of 2.7 kcal mol™'. Fur-
ther reactions of AIDOA1.DO consist of a ring opening
and a CO elimination through TS1.4b-4 (54 kcal mol™')
and TS1.4b-5 (57 kcal mol 1), respectively resulting in the
radical species AIDOYC5e.

A possible subsequent reaction of A1IDOYC5e is the
addition of an oxygen atom to the cyclopentadienyl ring
of the AIDOYC5. forming A1DOYC50e., as illustrated in
Figure 10 and Table A. As previously established, the oxy-
gen addition proceeds without barrier with an excess of
energy of 50 kcal mol~! (TS1.4b-6).

This oxygen radical of the AIDOYC50. intermediate
attacks the adjacent carbon by breaking the double bond
and forming a bicycle A1IDOYC5.YC20 over a barrier of
only 3 kcal mol~! (TS1.4b-7) immediately followed by the
opening of the bicycle over 7.4 kcal mol~! (TS1.4b-8). The
formation of the radical intermediate AIDOYC20Cs at an
energy level of 7.3 kcal mol ™! releases 28 kcal mol~!, which
is sufficient to open the first ring via TS1.4b-9 requiring
50 kcal mol~!. The elimination of CO and C,H, then takes
place via TS1.4b-10 and TS1.4b-11 to 2-50DYC6e, which
is a resonance stabilized phenoxy radical. As can be seen
in Figure 10, the CO elimination taking place via TS1.4b-
11 proceeds via a high energy barrier. In parallel, another
path at lower energy is possible through the formation of
a fused-tricylic radical over ca. 42 kcal mol~! (TS1.4b-26).
The strained tricyclic radical (YC5.COYC3DO) undergoes
the easy opening of the three-membered ring (TS1.4b-27)
to form YC5COC«DO lying at 64.1 kcal mol . This last rad-
ical eliminates CO over only 4 kcal™' (TS1.4b-28). After
an intramolecular H-shift (TS1.4b-29) via a 46 kcal mol~!

energy barrier, a second CO elimination is taking place
(TS1.4b-30) resulting in a cyclopentadienyl YC5« + CO.

The further addition of an oxygen atom to 2-5-ODYC6e
radical takes place as expected without barrier and releases
66 kcal mol~! of energy (see Figure 11). Subsequent reac-
tions of this phenoxy radical, 2-5-ODYC6Qe., follow the
same scheme as the previous ones: forming a bicycle
over a barrier of 12 kcal mol~' (TS1.4b-13), followed by
the formation of a 7-membered ring radical 250DYC6+0
at an energy level of —1.2 kcal mol™ via TS1.4b-14.
Opening the 7-membered ring requires a comparatively
high energy of 43 kcal mol™! (TS1.4b-15) relative to
250DYC60. and results in ODC4DOC2. at an energy
level of 26.9 kcal mol~'. This species undergoes a series
of elimination reactions starting with C,H, elimination
(TS1.4b-16), CO elimination (TS1.4b-17) and C-C bond
scission (TS1.4b-18) to the final products C,H, + CH O.

The other plausible path for the 2-5-ODYC60. rad-
ical is the intramolecular H-shift over only 6.3 kcal
mol~! (TS1.4b-19) to form ODA1.DO at —14.3 kcal mol~!.
A favorable subsequent reaction is the formation of a
three-membered ring ODYC5.YC3DO over 25 kcal mol™!
(TS1.4b-20). The radical ODYC5.YC3DO lying at 3.5 kcal
mol~! opens the strained three-membered ring (TS1.4b-
21) via 4 kcal mol™!, to form a more stable ODYC5C+«DO
at —11.8 kcal mol™'. The subsequent reactions are CO
elimination (TS1.4b-22), opening of the five-membered
ring (TS1.4b-23) via some 30 kcal mol™! and a series of
eliminations to the final products C,H,, 2CO and CH, =
CH..

Since oxygen is available in the system, abstraction reac-
tions of one hydrogen by O, or O are also taking place
leading to para-quinone + HO, and para-quinone + OH,
respectively (this last reaction is not represented in the
diagram but is included in Table 1).
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3.2.6 | Formation of A2¢DO through RO-O

bond cleavage (Channel 2)

The dissociation of the peroxy A200- radical to A20« +
O is calculated to be 31.3 kcal mol~! endothermic rela-
tive to the stabilized A200- radical but still 19 kcal mol~!
below the initial state A2« + O,. O-O bond dissociation
reported in Ref. 18 is at 29.1 kcal mol~! at B3LYP/6-311G**
level and 28.9 kcal mol~! at G3 level which is ca. 2 kcal
mol~! lower than our calculations. The calculations indi-
cate no saddle point (TS2-1) for this reaction. This result
is similar to that obtained for phenyl and other radicals
in previous studies.*>*>*3 The 0-O bond cleavage has a
loose transition state and is important in combustion. Due
to the possible resonance between the oxygen radical and
the phenyl ring, a C O double bond is formed and the rad-
ical site moves to the ring. The radical A20. rearranges
to a more stable A2¢DO. The energy value of the A2¢DO
radical (24.3 kcal mol™) is in excellent agreement with
the G3-value from Zhou et al.'”® Subsequent reactions of
the naphthoxy radical (A20¢) or A2.DO are examined and
discussed in Section 3.3.

3.3 | Reactions of 1-naphthyl radical A2.
(C10H7') With O

Figure 3 illustrates the main reaction channels resulting
from the addition of an oxygen atom to A2« (A2+ + O). The
primary adduct A20. rearranges to a more stable A2¢DO.
All subsequent reactions listed in Figure 3 conduct mainly
to a phenyl radical, CO and acetylene. The addition of the
oxygen atom to A2e and the primary pathways resulting
from the further reactions of the peroxy radical A20-, see
Figure 3, include:

Channel 3: Addition of an oxygen atom to A2.
forming A20+ and A2.DO (TS3-1)
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Channel 1.4b (continued): Formation and further reactions of 2-5-ODYC60+ (APFD/6-311G(d,p) calculations).

Channel 3.1: Further reactions of A2¢DO (TS3.1-1)

Channel 3.2: Further reactions of A2¢DO (TS3.2-1)

Channel 3.3: Further reactions of A2¢DO (TS3.3-1)

Channel 3.4: Addition of an oxygen atom to A2¢DO
forming A20+DO (TS3.4-1)

The different reaction paths are described in detail in the
following sections.

3.3.1 | Addition of an oxygen atom to A2
forming A20.« and A2+DO (Channel 3)

In Table A the formation of A2.DO is illustrated through
the dissociation of A20-0O« to A20+ (which rearranges to
A2¢DO) + O (TS2-1). Assuming that some oxygen atoms
are available in the system, the second plausible formation
pathway of A2.DO constitutes the addition of an oxygen
atom directly to the naphthyl radical A2+ (TS3-1) as illus-
trated in Table A. The calculated barrier for the oxygen
addition via TS3-1 reveals ca. 12 kcal mol~! relative to
the A2« + O entrance channel, while 32 kcal mol™! are
required for O-0 dissociation (TS2-1). However, for these
two competitive pathways, the energy level of the entrance
channel A2« + O is at 158 kcal mol~! versus A200- at
47.5 kcal mol~!, which may determine strongly the occur-
rence of the channel. In this study both reactions are
considered.

332 |
3.0

Further reactions of A2¢DO (Channel

The intermediate species A2+DO undergoes a transforma-
tion via a bicyclic structure (A2+YC20) over a relatively
high energy barrier of 63.1 kcal mol™! (TS3.1-1) relative to
A2+DO, see Figure 12. Breaking the strong C O double bond
explains the magnitude of this barrier. The channel leading
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to the formation of an indenyl radical is different from that
identified and reported in Ref. 18 Zhou et al. have identified
the direct formation of a fused tricyclic compound contain-
ing a cyclopentene ring through a similar barrier 61.1 kcal
mol~! (at B3LYP/6-311G** level). This last intermediate lies
at 61.7 and 57.7 kcal mol~! at B3LYP/6-311G** and G3 levels
respectively above A2+DO which is slightly higher than the
identified A2.YC20 in this work at 56.2 kcal mol~!. Inves-
tigation of the formation of the fused tricyclic compound
is reported in Section 3.3.4.

Once formed, A2+YC20 opens the bicycle and forms
without saddle point (TS3.1-2) a seven-membered ring
A1YC.OC3 at an energy level of 108.6 kcal mol~!. The
latter species opens the seven-membered ring via TS3.1-
3 to form A1DCDOC3. at approximately the same level
of energy. Subsequent reactions of AIDCDOC3. involve
two paths. The first path is a CO elimination over ca.
43 kcal mol~! barrier (TS3.1-4) forming an indenyl radical
AIYC5..

The cyclopentadienyl ring of the indenyl radical A1YC5e
can be attacked by a further oxygen atom forming
A1YC50e., see Figure 13. This addition proceeds without
barrier and releases an excess of energy of near 66 kcal
mol—1 (TS3.1-5). The intermediate A1YC50. rearranges
through its resonance structure to an energetically lower
isomer Al¢YC5DO via a low barrier of 5.2 kcal mol™!
(TS3.1-6). A1« YC5DO with the radical site inside the phenyl
ring undergoes ring-opening of the five-membered ring
over a low energy barrier of ca. 9 kcal mol™" (TS3.1-7) to
the isomer A1C2C«DO, see Figure 13. The subsequent reac-
tions of this species leading to phenyl, CO and C2H2 occur
also in Channel 1.2 and are described in Section 3.2.3 and
Figure 6.

Channel 3.1, Channel 3.2, and Channel 3.3: Formation and further reactions of A2¢DO (APFD/6-311G(d,p) calculations).
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FIGURE 13 Channel 3.1 (continued): Oxidation of A1YC5« to

formation and further reactions of A1YC50+ (APFD/6-311G(d,p)
calculations).
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3.2)

Further reactions of A2¢DO (Channel

The reaction Channel 3.2 is identical with Channel 3.1 up
to the species AIDCDOC3.. The second path available to
the A1IDCDOC3. radical is through an internal rotation
of the vinyl group followed by an H-shift over an energy
barrier of some 32 kcal mol~! (TS3.2-1), see Figure 12
and the subsequent formation of a triple C=C bond. This
is followed by the elimination of CO over TS3.2-2 to
form A1.C2TC. Here again, the radical with a resonance
structure transfers the H-atom (see Figure 12) from the
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propargyl-group (CH2C=CH) to the phenyl ring. This step
requiring an energy of some 36 kcal mol~! (TS3.2-3) forms
the A1C+CTC isomer at lower energy.

334 |
3.3)

Further reactions of A2¢DO (Channel

A plausible subsequent reaction of the naphthoxy radical
A2.DO (similarly to Ref. 18) is the formation of a fused tri-
cyclic radical A1eYC5YC3DO via a 57.3 kcal mol~! energy
barrier (TS3.3-1) which is in very good agreement with the
57.8 kcal mol~! value (G3 calculations) reported by Zhou
et al.,'® see Figure 12. The radical A1YC5-YC3DO is lying
59.6 kcal mol~! above A2¢DO, which is higher by 1.9 kcal
mol~! than the value reported by Zhou et al. This last
radical opens the strained three-membered ring (TS3.3-2)
barrierless, while Ref. 18 reports a 0.5 kcal mol™! energy
barrier to form a more stable A1TYC5C.DO at 24.8 kcal
mol~! relative to A2+DO.

The subsequent reaction constitutes CO elimination
(TS3.3-3) via a 28.9 kcal mol ! energy barrier above A2:DO
versus 31.9 kcal mol™! at G3 level from Zhou et al. The
resulting products, indenyl radical A1YC5s + CO, are
formed at 15.7 kcal mol~' (14.5 kcal mol~! in Ref. 18) above
the naphthoxy radical A2+DO.

3.3.5 | Addition of an oxygen atom to A2.DO
forming para-A20+DO (Channel 3.4)

In Sections 3.3.2-3.3.4 (Channel 3.1-3.3), the transforma-
tion and decomposition reactions of the naphthalenoxy-
radical ortho-A2¢DO have been reported. To explore all
plausible reactions during the oxidation of A2, the addi-
tion of an oxygen atom to the A2.DO radical (TS3.4-1) has
been examined (Channel 3.4, see Figure 14 and Table A
for illustration). The oxygen can be added to a carbon
atom in ortho- or para- position relative to the C-O site,
see Figure 14. The meta-position is not favored because
of missing resonance inside the ring and, therefore, has
not been considered in this study. The ortho-addition
of the oxygen atom gives the same intermediate species
as appearing in Channel 1.1 (Figure 5) and Channel 1.2
(Figure 6). The subsequent reactions of these species
have been discussed in Sections 3.2.2 and 3.2.3. The para-
addition of the O-atom to A2+DO releases 61 kcal mol™
excess energy, which favors subsequent reactions. The
radical para-A20+DO lying at 18.3 kcal mol~!, under-
goes an easy electron rearrangement and forms a bicy-
cle over TS3.4-2 (ca. 5 kcal mol™) to A2DOC.YC20
at an energy level of 15.2 kcal mol~!. This reaction
step is followed by ring opening reactions and finally

. INTERNATIONAL JOURNAL OF
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C,H, and CO eliminations and formation of the phenyl
radical.

As shown previously in Figures 10-12, para-A20.DO
may undergo an intramolecular H-shift (TS3.4-9) to form
ODA1.DOALl, lower in energy than A20+DO at —9.6 kcal
mol~. Similar to the channels described in Figures 10-12,
the formation of a fused-tricyclic compound is taking place
over ca. 35 kcal mol~! (TS3.4-10) followed by the barri-
erless opening of the three-membered ring (TS3.4-11) to
form A10DYC5.DO at —6.2 kcal mol~!. The subsequent
reactions are CO elimination (TS3.4-12) followed by the
opening of the five-membered ring via a relatively high
barrier of 63 kcal mol~! (TS3.4-13). Two CO and C,H,
elimination reactions lead to the final products C4Hse +
2CO + C,H,.

4 | REACTION RATE COEFFICIENTS

The reaction rate coefficients reported in this study were
estimated using the canonical transition state theory (TST)
and are listed in Table 1. The ThermKin code** is used to
calculate the rate coefficients of the elementary reactions
given in the modified Arrhenius form, see Table 1, for the
temperature range from 300 to 2000 K

k=A TP .exp(—E,/T).

From the kinetic analysis, high-pressure rate constants
for each reaction are obtained from the calculated ener-
gies, vibration frequencies, and structures. The modified
Arrhenius parameters are determined from least squares
regression analysis. Entropy differences between the reac-
tants and transition states are used to determine the
pre-exponential factors A via canonical TST.

Table 1 lists the calculated kinetic parameters for the
activation reactions of A2 involving O, and O, OH, H, HO,

A2 + O (OH, H,HO2) — A2 - +OH (H20, OH, H202).

High-pressure-limit kinetic parameters for the forward
reactions of A2. for the reactions involving O,

A2-+0, - A200 -

A200- — Products

as well as involving O

A2-4+0 - A2-DO

A2 - DO — Products
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TABLE 1
No

O 0 N O U1 A WD

—_ = = =
w NN = O

14
15
16
17
18
19
20

21
22
23
24
25
26

27
28
29
30
31
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Reactions

Reactions starting with A2

A2 + 02 = A2] + HO2

A2+ HO2 = A2J + H202

A2+ OH = A2J + H20

A2+ 0 =A2]+ OH

A2 +H=A2] + H2

Reactions starting with A2J
Channel-1

A2] + 02 = A200J

Channel 1.1

A200] = A2JYC202

A2JYC202 = A20JCDO
A20JCDO = A2DOYC20CJ
A2DOYC20CJ = A1YC20CJCDO
A1YC20CJCDO = A1CCICDOCDO

A1CCJCDOCDO = A1JCDOCDO + C2H2

A1JCDOCDO = A1CDOCJIDO
A1CDOCJDO = A1CJDO + CO
A1CJDO = A1J + CO
AICCJCOCO = A1YC50JCO
A1YC50JCO = A1YC5DO + HCO

A20JCDO = A1YCDOOCIJCC
Further reactions in Channel 1.2

Channel 1.2

A2007] = A2JYCO2

A2JYCO2 = A1YCDOOCJCC
A1YCDOOCICC = A1C30CIDO
AIC30CJDO = A1JC3DO + CO
A1JC3DO = A1C2CJDO
A1C2CJDO = AICDCJ + CO
AICDCIJ = AlJ + C2H2

Reactions based on Ref. 18
Reaction resulting from Figure 6
A1YCDOOCIJCC = A1YC5JYC30DO
A1YC5JYC30DO = A1YC50CIDO
A1YC50CJDO = A1YC5J 4+ CO2
A1C30CJDO = A10DA10J
A10DA10J = A2JDODO
A2]JDODO = A2DODO + H
Reactions resulting from Figure 7
A2JYCO2 = A1IYCDOOCJCCB
A1YCDOOCIJCCB = A1YC5JYC30DOB
A1YC5JYC30DOB = A1YC5CO2J
A1YC5CO2J = A1YC5J + CO2
A1YCDOOCICCB = A1YC5JOCDO

SEBBAR ET AL.

A

7.1468E+01
1.0344E4-01
5.3763E+02
4.7817E+08
3.1864E+10

4.1336E+00

6.3318E+11

4.0633E+12
9.7646E+12
2.0841E+12
1.2189E+12

8.9536E+11
3.8021E+11
2.2066E+13
1.2154E+14
1.9450E+12
1.8998E+12
2.9910E+12

8.4937E+11
4.5442E+12
1.4034E+11
1.4575E+13

3.1351E+10

4.7566E+13
3.3201E+13

2.0250E+13
2.5000E+15
9.1934E+14
1.0397E+09
1.5588E+14

7.5203E+10

5.4468E+14
2.9466E+13
2.7325E+15
1.7897E+14
3.4238E+14

b

2.98
3.48
2.91
1.04

.80

2.99

0.320
0.176
—0.09
0.30
0.77
0.75
0.54
0.31
0.507
—0.1
0.3
0.04

0.35
0.14
0.24
0.41
0.56
0.46
0.74

1.30
1.09
1.32
3.69
1.35
3.09

1.34
1.32
1.04
1.20
1.43

Calculated reaction rate coefficients® for the reactions discussed in Section 3. For CHEMKIN use a radical is identified with “J.”

Ey

69.60
17.45
—7.34
22.33
12.87

—1.568

44.27
—3.68
3.96
13.39
28.61
46.37
4.39
8.58
25.06
11.42
0.53
9.05

21.41

5199
27.86
22.98
—3.02
37.76
44.41

34.47
11. 08
1.55
6.78
8.65
38.82

12.85
34.78
2.64
—1.65
42.46

(Continues)
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TABLE 1 (Continued)
No Reactions
32 A1YC5JOCDO = A1YC5JO + CO
33 A1YC5JO = A1JC3DO
34 A1YC5JO = A1YC50]
35 A1YC50] = A1JC3DO
Channel 1.3
36 A200J = A2JYC302
37 A2JYC302 = A1JDOA1YC20
38 A1JDOA1YC20 = A1DOA10J
39 A1DOA10J = A1IDODCJIC3DO
40 A1DODCIC3DO = RC3JDO
41 RC3JDO = A1IDODCC2J + CO
42 A1DODCC2J = A1JDODC + C2H2
43 A1DOA10J = O*A10A10
Channel 1.4
Channel 1.4a
44 A200J = A2JOOH-a
45 A2JOOH-a = A1IAIJOHDO
46 AlA1JOHDO = A1A10JDO
47 AlA10JDO = A1YCDOOCJCC
Channel 1.4b
48 A2007J = A2JOOH-b
49 A2JOOH-b = AIJOHA1DO
50 A1JOHA1DO = A1DOA1JDO
51 A1DOA1JDO = A1JDOC4DO
52 A1JDOC4DO = A1IDOYC5J + CO
Addition of an oxygen atom to A1IDOYC5J
53 A1DOYC5J + O = AIDOYC50]
54 A1DOYC507] = AIDOYC5JYC20
55 A1DOYC5JYC20 = A1IDOYC20CJ
56 A1DOYC20CJ = A1IDOC2JCDO
57 A1DOC2JCDO = AJDOCDO + C2H2
58 A1JDOCDO = 250DYC6J + CO
59 A1JIDOCDO = YC5JCOYC3
60 YC5JCOYC3 = YC5COCIDO
61 YC5COCJDO = YC5JCDO + CO
62 YC5JCDO = YC5CIDO
63 YC5CIDO = YC5J + CO
Addition of an oxygen atom to 250DYC6J
64 250DYC6J + O = 250DYC60]
65 250DYC60] = 250DYC6JYC20
66 250DYC6JYC20 = 250DYC6JO
67 250DYC6JO = ODC4DOC2J
68 ODC4DOC2J = ODC3CJDO + C2H2
69 ODC3CJDO = ODC3J + CO
70 ODC3J = HCO + C2H2
71 ODYC60J25 = ODA1JDO

INTERNATIONAL JOURNAL OF
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A

1.4520E+15
2.6467E+16
2.0894E+14
2.1930E+15

1.4626E+11
1.9762E+12
8.1461E+12
3.9404E+12
2.2917E+13
3.9115E+13
9.7567E+12
1.3855E+11

8.2030E+10
4.5277E+08
9.1078E+11

2.9910E+12

1.6254E+10
1.1519E+-09
3.8098E+11
1.1541E+13
7.7931E+11

1.5676E+07
1.7444E+12
2.3528E+12
1.3096E+14
8.4027E+11
2.0722E+12
1.0070E+12
1.2421E+13

2.7014E+12
7.1032E+11

1.4157E+12

1.0128E+07
5.4568E+12
1.4086E+12
2.9596E+11
3.3708E+11
5.0254E+13
1.0139E+12
4.9618E+11

1.27
1.28
135
1.26

0.42
0.402
0.184
0.51
—0.69
0.503
0.736
1.086

0.719
1.505
0.468
0.045

0.876
1.346
0.468
0.430
0.879

1.391
0.154
0.244
—0.344
0.573
0.782
.45
.088
.352
375
331

1.482
0.028
0.336
0.691
0.726
0.561
0.867

421

WILEY-*

Ey4
0.73
41.84
44.50
16.79

32.57
9.06
23.77
26.00
—5.88
41.43
42.18
5.53

36.35
10.94
54.35

9.03

27.56
16.38
58.87
54.29
56.99

—4.72
3.36
7.90

55.12
11.47

82.40
42.27
10.53
42.60
46.38
2.59

—11.38
12.74
6.62
49.26
19.51
36.05
29.41
6.73

(Continues)
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TABLE 1

No
72
73
74
75
76
77
78
79

80

81

82
83
84
85
86
87
88

89
90
91

92
93
94

95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112

aThe units of A factors and rate constants, k, are s™! for unimolecular reactions and cm® mol™ s™! for bimolecular reactions. E, in kcal mol ™.

INTERNATIONAL JOURNAL OF

(Continued)

Reactions

ODA1JDO = OYC5JYC30
OYC5JYC30 = ODYC5CIDO
ODYC5CJIDO = ODYC5J + CO
ODYC5J = CDCCDCCJO
CDCCDCCJO = CDCCDCJ + CO
CDCCDCJ = C2H3 + C2H2
ODYC60J25 + O = QUINONE + OH
ODYC60J25 + 02 = QUINONE + HO2
Channel 2

A200J = A2JDO + O

Channel 3

A2] + O = A2]DO

Channel 3.1

A2JDO = A2JYC20

A2JYC20 = A1YCJOC3
AIYCJOC3 = AIDCDOC3J
A1DCDOC3J = A1YC5J + CO
A1YC5J + O = A1YC50]

Al1YC50J = A1JYC5DO
A1JYC5DO = A1C2CIDO
Channel 3.2

AIDCDOC3J = A1CJOCCTC
Al1CJOCCTC = A1JC2TC + CO
A1JC2TC = A1CJCTC

Channel 3.3

A2JDO = A1IJYC5YC3DO
A1JYC5YC3DO = A1YC5CIDO
A1YC5CJIDO = A1YC5J + CO
Channel 3.4

A2JDO + O = A20IDO

A20JDO = A2DOCJYC20
A2DOCJYC20 = A1IYCDOC20CJ
AIYCDOC20CJ = A1ICDOCDOC2J
AICDOCDOC2J = ODCAICJIDO + C2H2
ODCAICIDO = A1JICDO + CO
A1JCDO = A1CJDO

Al1CJDO = A1J + CO

A20JDO = ODA1JDOA1
ODA1JIDOA1 = AOYC5JC30
AOYC5JC30 = A10YC5CJO
AIOYC5CJO = A10DYC5J + CO
AIODYC5J = A1ICIDOCDC
A1CIDOCDC = A1JCDC + CO
A1JCDC = A1CDCJ

A1CDCJ = AlJ + C2H2

A20JDO + O = ODA2DO + OH
A20JDO + 02 = ODA2DO + HO2

SEBBAR ET AL.

A b E,
3.0051E+11 264 25.79
9.3505E+12 .059 4.85
1.3523E+12 .379 4.78
3.0695E+12 .383 27.07
1.1819E+14 470 39.19
2.8541E+12 1.013 44.09
7.9520E+02 2.767 —22.49
1.7711E+02 2.755 —3.22
3.0873E+12 0.48 31.83
3.0216E+07 1.10 10.87
3.0961E+12 0.21 63.53
5.4892E+11 0.59 27.20
1.0082E+12 0.49 13.46
2.0480E+13 0.69 43.78
1.0667E+07 140 —6.51
2.4293E+11 0.45 5.57
8.1425E+12 0.18 9.45
1.9278E+11 0.499 32.09
5.0515E+12 1.46 24.38
3.3502E+10 0.71 32.201
5.0918E+11 0.55 56.17
8.3313E+12 0.006 —4.44
4.0755E+12 0.35 —0.57
1.8390E+-05 1.764 —19.85
5.6870E+12 0.017 0.61
1.7018E+12 0.344 11.22
1.7165E+11 0.88 36.69
1.1039E+12 0.688 21.34
2.3868E+14 0.456 24.70
1.1652E+11 0.606 26.91
1.2154E+14 0.507 25.06
7.7508E+10 1.025 9.58
1.4699E+11 .388 35.51
6.2531E+12 .0608 0.00
1.9310E+12 .391 6.73
4.0971E+12 294 30.54
7.1370E+14 481 26.13
3.6127E+10 .656 21.25
8.2314E+11 1.291 44.11
7.0262E+406 1.611 —10.59
4.0910E+02 2.772 4.78
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Channel 1.2

A keal mol!

U)

Channel 1.4

so*o

79.3 T83.4-1

T83.42 O TS3.4-3

55 2. G/stef/@
20 H o./\

18.3

15.2

100 ortho-: addmon
W
N @o — = CCO T53.4- s

Channel 1.1
63.9 s
TS34-5‘ Z o

60 &
para-addition 57.6

T183.4-7

107.9

L4 T53.4-16
T53.4-8 @ +CH+2c0 348

824

81.5

o
T153.4-15

+CyH,

153.4-12 -7.1
0.05

FIGURE 14 Channel 3.4: Oxidation of A2.DO to formation and further reactions of A20+DO (APFD/6-311G(d,p) calculations).

as illustrated in Figures 5-14 are presented. Also, reactions
of O, and O in the subsequent reactions are included (see
Figures 10, 13, and 14).

In order to adjust the nomenclature to the CHEMKIN
format, all radicals labelled in Section 3 by “«” are now
identified with “J” in Table 1.

5 | SUMMARY AND CONCLUSIONS

The reaction of the 1-naphthyl radical C;yH;+ (A2¢) with
molecular and atomic oxygen, as part of the oxidation
reactions of naphthalene up to the species C4¢Hse, CO
and C,H,, is examined using ab-initio and DFT quantum
chemistry calculations. The calculations were performed
employing different computational methods, viz. three
DFT (B3LYP, M06 and APFD) as well as CBS-QB3.

Enthalpies of formation of the species as well as transi-
tion state structures involved in the investigated reaction
systems A2s + O, / A2+ + O have been calculated. The
kinetic parameters of each path are determined using
chemical activation analysis based on canonical transition
state theory calculations. Determination of the reaction
rate coefficients for the different reactions enables a pri-
mary sight on the importance of the different reaction
paths.

The primary attack of O, on the naphthyl radical leads
to a peroxy radical C;H,00+ (A200+), which undergoes
further propagation and/or chain branching reactions. The
reaction of A2« with 30, opens a number of main con-
secutive reaction channels with new ones not currently
considered in oxidation mechanisms. The reaction paths
comprise important exothermic chain branching reactions
and the formation of unsaturated oxygenated hydrocarbon

intermediates. The primary attack of O, at the A2« radical
has a well depth of some 50 kcal mol~! while the six con-
secutive channels exhibit energy barriers below the energy
of the A2 radical.

The investigated reactions could serve as part of a com-
prehensive mechanism for the oxidation of naphthalene.
The principal result from this study is that the consecutive
reactions of the A2. radical, viz. the channels conducting
to a phenyl radical C¢Hse, CO,, CO (which oxidized to
CO,) and C,H, are by orders of magnitude faster than the
activation of naphthalene by oxygen (A2 + O, — A2+ +
HO,). The results support the hypothesis that the path-
ways producing CO, phenyl and C,H, may constitute a
repetitive reaction sequence for the successive diminution
of six-membered rings also in larger polycyclic aromatic
hydrocarbons.
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APPENDIX
TABLE A Structures and nomenclature of intermediate species, transition states (TST), and products of channels 1 to 3.
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Channel 3.4: Formation and further reactions of A20eDO
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