Fuel 365 (2024) 131217

Contents lists available at ScienceDirect

Fuel

journal homepage: www.elsevier.com/locate/fuel

Full length article

A computational chemistry study on the evolution of oxygen functional
groups during char burnout

Ozlem Yonder?, Gunnar Schmitz >, Rochus Schmid ¢, Bastian Schnieder ?, Christof Hattig **

a Lehrstuhl fiir Theoretische Chemie I, Ruhr-Universitdt Bochum, D-44780, Bochum, Germany

b Lehrstuhl fiir Theoretische Chemie II, Ruhr-Universitit Bochum, D-44780, Bochum, Germany

¢ Computational Materials Chemistry Group, Ruhr-Universitdt Bochum, D-44780, Bochum, Germany

d Research Center Chemical Sciences and Sustainability, Research Alliance Ruhr, D-44780, Bochum, Germany

ARTICLE INFO ABSTRACT

Dataset link: https://doi.org/10.5281/zenodo.1 Oxygen functional groups (OFGs) within char play an important role during char burnout. They either already

0514181 exist in the solid fuel and facilitate initiation reactions or they are formed as intermediates that open up
Keywords: fast reaction pathways with low barriers. This study aims to provide an atomistic-level understanding of the
Combustion evolution of OFGs during char burnout. One of the major motivations behind this study is to provide functional

group-specific reaction mechanisms which can be used to develop predictive physicochemical models of char
oxidation. For our investigation of char burnout reactions at the OFGs, we use an automated reaction discovery
tool based on reactive molecular dynamics simulations and quantum mechanical refinement of the reactions.
The model OFGs comprise aldehydes, carboxylic acids, alcohols, anhydrides, quinones, furans, dioxins, pyrones,
and lactones. We observe that radicals play an important role in initiating the combustion of these species.
OFGs perturb the aromaticity of carbon rings and facilitate their opening and the decomposition into smaller
carbon-containing species, such as CO, CO,, formyl radicals and formaldehyde, leaving behind free radical
sites, which can further react with less reactive gas-phase species such as O,.

Oxygen functional groups
Kinetic mechanism
Char oxidation

1. Introduction

Carbon capture, storage, and utilization technologies are crucial for
achieving carbon neutrality targets to mitigate the irreversible impacts
of climate change on ecosystems, biodiversity, and human systems.
These technologies involve capturing carbon dioxide (CO,) emitted
from industrial processes, power plants, and other sources, and either
storing it underground or utilizing it in other ways. One promising tech-
nology is oxy-fuel combustion, which involves burning fossil fuels with
pure oxygen instead of air, producing a concentrated stream of CO,
that can be captured easily. Therefore, the development of predictive
models for solid fuel combustion reactions is of great importance for
advancing oxy-fuel combustion carbon capture technologies. However,
the combustion of solid fuels such as coal and biomass is complex
and at an atomistic level poorly understood. Additionally, a detailed
understanding of the underlying atomistic mechanisms is still lacking.
To address this gap, this study aims to contribute to the microkinetic
modeling of (bio)-char combustion, such as those presented in the
physicochemical model of char oxidation in Ref. [1], by exploring
reaction networks, with a particular focus on investigating the role of
oxygen functional groups in the early steps of char combustion.
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Oxygen functional groups (OFGs) play a crucial role in the oxida-
tion of carbon-based fuels. They are already present in the solid fuel
and accelerate initial combustion steps, but they are also formed as
intermediates during combustion [2-4]. OFGs commonly found in chars
include dioxins, phenols, lactones, pyrans, carboxylic acids, carboxylic
anhydrides, peroxides, and cyclic ethers [5]. The molecular structure
of (bio-)char consists of a mixture of pyrogenic amorphous carbon,
turbostratic crystallites, and pore space [6]. It has been observed that
amorphous chars include pyrones, anhydro sugars, phenols, furans, as
well as small (poly)aromatic units [6]. At higher charring intensities,
turbostratic crystallites are formed, preserving aromatic, aliphatic, and
oxygen-containing components [6].

The evolution of the oxygen functional groups during the oxida-
tion of carbon materials has also been investigated in several stud-
ies. X-ray absorption near-edge structure (XANES) spectra for three
different carbon materials have shown that acenaphthylene char pro-
duces carbonyl-type and acid/anhydride-type surface complexes dur-
ing oxidation, low-rank coal char containing phthalic anhydride and
carboxylic acid functional groups forms aromatic ketones, and coal-
char containing acid/anhydride species forms carbonyl species [7].
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Fig. 1. The selected molecules to model different OFGs.

Temperature-programmed desorption experiments have also revealed
that acidic groups like carboxyl groups and lactones release mainly
CO, upon heating, whereas less acidic phenols, carbonyls, and pyrones
release mainly CO or CO + CO, [5].

In this study, we investigate the combustion of selected phenan
threne-sized molecules with OFGs as shown in Fig. 1. Our aim is to gain
an atomic-level understanding of the evolution of OFGs during char
burnout, which can improve the accuracy and predictability of kinetic
models of char oxidation. These molecules are chosen to prototype
the combustion of aromatic building blocks of char near the common
oxygen functional groups. These are in particular, phenanthrene-2-
carbaldehyde (A) as an aldehyde, phenanthrene-2-carboxylic acid (B)
as a carboxylic acid, phenanthrene-2-ol (C) as an alcohol, naphtho[1,2-
clfuran-1,3-dione (D) and dibenzo[c,e]oxepine-5,7-dione (E) as ex-
amples for anhydrides, phenanthrene-9,10-dione (F) as a quinone,
dibonzo[b,d]furan (G) as a furan; dibenzo[b,e][1,4]dioxine (H) as a
dioxin, and naphtho[2,1-b]furan-2(1H)-one (I) and 6H-benzo[c]chro
men-6-one (J) as examples for pyrones and lactones.

To explore the chemical space of combustion reactions, we employ
reactive molecular dynamics (MD) simulations as they overcome the
constraints imposed by chemical intuition and enable efficient au-
tomation. While systematic combinatorial approaches, such as the one
proposed in Chemoton [8,9], would provide a complete exploration
of possible elementary reaction steps, they are computationally not
feasible for such complex systems. Reactive MD simulations provide
an efficient alternative for reaction discovery that focuses on the most
likely reaction pathways.

Among the methods which can be used for the purpose of re-
active MD simulations, semi-empirical density functional theory is
widespread. For instance, GFN2-xTB has been employed to simulate
cyclohexane combustion by five dioxygen molecules [10]. On the other
hand, reactive force fields can be employed at larger scales and thus
realistic char models, such as those presented in Ref. [11], although it
lacks information on the electronic structure. It has been shown that
when combined with a refinement at the quantum chemistry level,
the reactive force field ReaxFF [12,13] generates chemically intuitive
reactions [14-16]. In the current study, we have used an automated
workflow [16] that uses ReaxFF [12,13] to discover combustion reac-
tions and refine them using quantum chemistry methods at the level
of density functional theory (DFT) and coupled cluster (CC). The use
of quantum chemistry refinement enables the computation of reaction
and activation free energies that are essential to obtain the kinetic data
needed for constructing kinetic models.

The following sections are structured as follows: First, we describe
the details of the methodology in Section 2. The main findings are
presented in Section 3, which includes a brief description of the compo-
sition of the combustion atmosphere and followed by the presentation

of the initial steps of combustion for each OFG, including their mecha-
nisms as well as the reaction and activation energies. Finally, the main
conclusions are given in Section 4. The rate constants for reactions with
a significant barrier are reported in Appendix A.

2. Methods

For the studied model systems, reactive molecular dynamics (MD)
simulations were done with an in-house Python interface to the
LAMMPS Molecular Dynamics Simulator [17] employing the re-
implementation of the reactive Force-Field ReaxFF [18]. The ReaxFF
simulations have been run using the “CHO” parameterization for
combustion as published in Ref. [13], at 2000K via a Nosé-Hoover
thermostat, with a step size of 0.1 fs for 500 000 time steps (0.5 ns) in
a cubic simulation box with a side length of 20 A. The simulation box
always contained one molecule of the functionalized polyaromatic, 40
0, molecules, and 10 OH* radicals.

For each of the initial molecules 5 MD simulations were done
and analyzed for the results reported below. For the analysis of the
MD trajectories, the refinement of the electronic structure, the search
of transition state structures and the corresponding minima, and the
calculation of the reaction rate constants, we have used the automated
workflow described in Ref. [16]. We have particularly focused on the
reactions which occur near the OFGs. When a bond breaking/formation
event detected at the ReaxFF level of theory could not be refined
automatically (using density functional theory (DFT/TPSS-D3/SVP)),
we investigated it manually, and only the rest of the steps have been
done with the automated scheme [16].

The quantum chemical calculations for the refinement were per-
formed with the TURBOMOLE program package [19] version7.6 [20]
and version 7.7 [21]. All DFT calculations included Grimme’s D3 disper-
sion correction [22] and were done with the ridft and rdgrad modules
of TURBOMOLE. For the initial refinement of the electronic structure,
we used the TPSS meta GGA exchange—correlation functional [23] and
the SVP basis set [24] together with the corresponding optimized aux-
iliary basis sets for the resolution-of-the-identity approximation from
Ref. [25]. The final DFT calculations were done with the hybrid meta
GGA exchange—correlation functional TPSSh [26] and the TZVP [27]
basis set together with the corresponding optimized auxiliary basis sets
for the resolution-of-the-identity approximation from Ref. [28]. The
TPSSh/TZVP harmonic vibrational frequencies have been scaled with
the factor of 0.9874 that was optimized for TPSSh/6-31+G(d,p) to fit
the experimental zero-point vibrational energies (ZPE) [29].

To obtain accurate electronic energies, explicitly correlated coupled-
cluster singles and doubles calculations with perturbative connected
triples [30,31], CCSD(F12*)(T*), were carried out at the optimized
TPSSh/TZVP geometries using TURBOMOLE’s ccsdf12 module [19].
For these calculations we used restricted open-shell Hartree-Fock
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(ROHF) reference wavefunctions that were obtained with the dscf
module [32]. The cc-pVDZ-F12 orbital [33], density-fitting auxiliary
[34,35], and complementary auxiliary basis sets [36] are used with
the recommended exponent [33] y = 0.9 for the correlation factor of
the geminals, exp(—yr;,). Benchmark calculations and a comparison
with experimental data for the H-abstraction reactions of benzene,
naphthalene, and phenanthrene with H atoms carried out in Ref. [37]
showed that this combination of methods provides an accuracy of about
+5 kJ/mol for reaction and activation energies, which is difficult to
achieve otherwise for reactions of molecules with the size studied in
the current work.

The reaction and activation energies provided in Section 3 at both
levels of theories, i.e. TPSSh-D3/TZVP and CCSD(F12*)(T*)/cc-pVDZ-
F12, include zero point vibrational energy contributions (E,pj) cal-
culated at the TPSSh-D3/TZVP level of theory unless stated otherwise.
The reaction energies are calculated as

products educts

E,. ., = Z (Eeri + Ezpg,) = Z (Eeri + Ezpg:) @

1 1
and the activation energies as

educts

Eii =(Eeors+Ezpers) — Z (Eeri+ Ezpgy) 2
7

where E, is the electronic energy and T.S stands for transition state
structure. For non-unimolecular reactions, the reaction and activation
energies are calculated with respect to non-interacting educt or product
species at infinite distance. For a few of the studied reactions the
reactants can form intermediate van der Waals (vdW) complexes with
binding energy larger than a subsequent activation barrier. In these
cases the reference energy for non-interacting reactants results in “neg-
ative” activation barriers. For these cases, we also determined at the
TPSSh-D3/TZVP level of theory the binding energies for the vdW com-
plexes and the activation energies with respect to the vDW complex.
These results are given in the tables below in parenthesis. An example
for this is the H-abstraction from phenanthrene-2-carbaldehyde with
a hydroxyl radical (A0 + OH* —» A2 + H,0), as can be seen in
Table 1 where the activation energy with respect to the non-interacting
reactants at the TPSSh-D3/TZVP level of theory is —16.8 kJ/mol. When
the van der Waals complex of the reacting species is optimized and the
activation energy is calculated with respect to the vdW complex of the
educts, the value increases to 8.2 kJ/mol.

3. Results and discussion
3.1. Combustion atmosphere

Hydrogen abstraction reactions, especially with hydroxyl radicals,
are very important during combustion reactions in generating reactive

organic radicals or reactive intermediates such as alkyl or hydroperoxyl
radicals or hydrogen peroxide [38,39].

RH+ OH* — R+ H,0 3
ROH + OH+ — RO+ + H,0 (€)]
ROH + O, — RO+ + HO,- (5)
ROH + HO,+ — RO+ + H,0, (6)
H202 — 20H- (7)

Although rarely during the initial stages of combustion, the formation
of highly reactive atomic species is also observed in the reactive MD
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simulations. For example, in some trajectories an oxygen atom was
formed via the reaction of two hydroxyl radicals,

OH-+ OH+*— H,0+ 0 )
or a hydrogen atom via decomposition of a hydroperoxyl radical.
HO,+ — H-+0, )

Both are known from experimental studies, see e.g. Ref. [39] and
references therein. At later stages of combustion, also small species
containing carbon atoms are observed in the combustion atmosphere
such as CO, CO,, formyl radicals, formic acid, formaldehyde, and
other small hydrocarbons. Some of the elementary reaction steps which
release these gases can also be seen in the following sections. For
example, aldehydes release CO, formyl radicals, formic acid, and for-
mate radicals (Section 3.2). Carboxyl acid, carboxylic anhydrides, and
lactones release CO, (Sections 3.3, 3.5, and 3.9). These observations
are in accordance with previous findings which suggest the release of
CO, for more acidic groups such as carboxylic species and lactones, and
the release of CO or CO/CO, mixtures [40] from less acidic phenols,
carbonyls, and pyrones. At the end of the simulations, upon complete
combustion, the atmosphere is mostly composed of H,0, CO,, and O,.

In the following paragraphs we present the results for the initial
steps of the oxidation of different OFGs. We usually present the ox-
idation mechanisms until they have lead to (a) a new OFG, (b) the
removal of the OFG, or (c) the opening, shrinkage, or expansion of a
first ring. For some examples we included a few additional steps to give
an indication how the oxidation can continue, e.g. for phenantrene-2-
carboxylic acid we included the addition of O, to the aryl radical as
a general further step than can follow the formation of radical sites in
the aromatic framework.

3.2. Aldehydes

The series of reactions that phenanthrene-2-carbaldehyde (A) un-
derwent in the MD simulations is illustrated in Fig. 2. Table 1 pro-
vides the corresponding reaction and activation energies obtained after
the refinement at the TPSSh-D3/TZVP (E,, prr and E,, prr) and
CCSD(F12*)(T*)/cc-pVDZ-F12 (E,., cc and E,,, cc) level of theories.
The importance of aldehydes in combustion is known in the literature
since a long time. Salooja has studied experimentally the ignition
behavior of aliphatic aldehydes [41]. A mechanism for the pyrolysis
and oxidation of benzaldehyde as a model for aromatic aldehydes has
recently been proposed by Namsyl et al. based on experimental results
[42]. Computational results at the level of DFT/B3LYP/6-311G* have
recently been published by Qi et al. for phenylacetaldehyde [43].

Phenanthrene-2-carbaldehyde reacts initially mostly with OH- rad-
icals which either coordinate to the aldehyde carbon atom or abstract
the H atoms from the aldehyde group. The addition of OH: to the
aldehyde group initiates unimolecular rearrangement reactions that
lead to the release of formyl (CHO*) and formate (HCOO-*) radicals,
formic acid (HCOOH), but also of H,O and CO. The aldehyde group
can transform into other oxygenated functional groups (OFGs), such as
alcohol (phenanthrene-2-ol, A6) and carboxylic acid (phenanthrene-2-
carboxylic acid, A3). It has been previously established that oxidation
of benzaldehyde forms benzoic acid at ambient temperature [3]. The
presence of free OH+ radicals in the combustion atmosphere may
facilitate this process. Another significant intermediate in the oxidation
of the aldehyde group is the 2-phenanthrenyl radical, A4.

The intermediate A2 can be formed in various ways, e.g., by directly
abstracting the hydrogen atom with an OH- radical from the aldehyde
group (A0 + OH+ —» A2 + H,0) or by adding OH- to the aldehyde
group and then dehydrating it in a second step. The former pathway
has practically no barrier and should be the preferred pathway, which
is in agreement with the reaction scheme proposed for the oxidation of
benzaldehyde [3]. When the OH- radical attaches to the intermediate
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Fig. 2. The reactions of phenanthrene-2-carbaldehyde.

Table 1

TPSSh-D3/TZVP and CCSD(F12*)(T*)/cc-pVDZ-F12 results for reactions of phenanthrene-2-carbaldehyde in kJ/mol.
Reaction E i prr E,n.orr Egercc E,qncc
A0 + OHe —» A2 + H,0 -16.8 (8.2) —-98.0 -11.3 -116.0
A0 + OH- — Al 9.0 —65.0 29.3 -54.5
Al - A2 + H,0 66.8 -32.6 99.1 —-58.5
A2 + OH* - A3 Barrierless —425.1 -451.6
A2 - A4 + CO Barrierless 119.8 98.2
Al - A4 39.6 29.2 43.3 20.6
Al - A5 69.1 8.1 70.4 0.6
A5 — A6 + CHO- 155.6 10.1 171.6 3.6
A5 — A4 + HCOOH 69.8 21.1 91.2 20.0
Al + OHe —» A7 + H,0 Barrierless -386.9 —431.0
A7 — A4 + HCOO- Barrierless 381.6 444.9
Al - A8 72.3 19.8 110.7 1.4
A8 — A6 39.0 -3.0 58.4 1.5
A6 + CHO* - A9 24.8 -28.3 44.6 -30.8
A9 + O, —» A10 + HO;e -8.7 (0.7) 17.2 44.2 99.7
Al0 - Al1l 79.9 47.6 112.0 60.6

A2, phenanthrene-2-carboxylic acid A3 is produced with a high energy
release of 451.6 kJ/mol.

The formation of the 2-phenanthrenyl radical (A4) occurred through
four different pathways. The most favorable path is the removal of
formic acid from intermediate Al, which leads to the formation of
radical A4 with an activation barrier of 43.3 kJ/mol. Another pathway
involves the rearrangement of the intermediate Al to A5, followed
by the release of formic acid (A5 — A4 + HCOOH). This pathway
is less favorable because the latter step requires a relatively high
activation barrier of 91.2 kJ/mol. The direct elimination of CO from
the radical A2 is highly endothermic, requiring 98.2 kJ/mol en-
ergy. Lastly, A4 can be formed by oxidizing the intermediate Al

further to form phenanthrene-2-yl-formate (A7) very exothermically
by —431.0 kJ/mol, followed by the elimination of the formate group
highly endothermically by 444.9 kJ/mol.

3.3. Carboxylic acids

The reaction of aromatic carboxylic acids with radicals lead to the
release of CO,, similar as their thermal decomposition in pyrolysis [44].
While the pyrolysis can lead to the respective aryls or the aryl radicals,
we find that when the decarboxylation is initiated by the attack of a
radical preferentially the aryl radicals are formed. These aryl radical
are known to react with molecular oxygen to peroxy radicals which
open pathways for radical chain branching reactions [45,46].
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Table 2
TPSSh-D3/TZVP and CCSD(T*)(F12*)/cc-pVDZ-F12
phenanthrene-2-carboxylic acid in kJ/mol.

results for reactions of

Reaction E i pFr E,snpFr Eqercc E,incc
BO + OH- — Bl + H,0 Barrierless -73.2 —42.3
Bl - B2 + CO, 38.5 10.7 18.8 —-24.5
B2 + O, — B3 Barrierless -186.0 -190.4

In agreement with these observations, we find that Phenanthrene-
2-carboxylic acid (B) reacts, e.g., with an OH radical exothermically
releasing 42.3 kJ/mol energy, and hydrogen is abstracted from the
OFG. Then the CO, is released forming the 2-phenanthryl radical (B2)
with an activation barrier of 18.8 kJ/mol and a reaction energy of
—24.5 kJ/mol. The latter radical can react, e.g., with molecular oxygen
to a reactive organic peroxy radical (see Fig. 3 and Table 2).

3.4. Alcohols

As example for aromatic alcohols, we investigated the combustion
of phenanthrene-2-ol (C). The reactions observed in the MD simula-
tions are depicted in Fig. 4 and the corresponding reaction energies
are given in Table 3. The oxidation of aliphatic alcohols has been
studied a lot in the literature both experimentally and theoretically.
Detailed mechanisms are available e.g. for ethanol [39] and n- and
iso-propanol [47]

Similar as for aldehydes and carboxylic acids, also the combustion
of phenanthrene-2-ol is initiated by the attack of a hydroxyl radical. It
either abstracts a hydrogen from the hydroxyl group of phenanthrene-
2-ol forming the corresponding phenolate radical C1, or is attached to
the neighboring free carbon forming the intermediate C6. Both, the

—OH and the —O- group perturb the aromatic z-system and thereby
facilitate addition reactions at the «-C atom [37,48].

If to C1, in a consecutive step upon H-abstraction, another hydroxyl
radical adds at the a-C atom, the closed-shell species C2 is formed.
From the species C2, abstraction of another hydrogen atom leads to the
formation of species C3, which then easily rearranges with an activation
barrier of only 27.1 kJ/mol to species C4, which resembles a lactone,
thereby releasing 160.7 kJ/mol energy (cmp. Fig. 4 and Table 3).
Alternatively, if species C2 overcomes a barrier of 150.4 kJ/mol, the
C-C bond between the two partially oxidized atoms (cmp. Fig. 4) can
break to form in an endothermic reaction species C5 (see Table 3). Both
species, C4 and C5, have one aromatic ring less than the original educt
Co.

Energetically similar to the ring opening of C2, species C6 can rear-
range and form species C7 with an activation barrier of 135.6 kJ/mol.
At the following step, the three-membered ring opens with a smaller
activation barrier of 49.7 kJ/mol releasing 12.8 kJ/mol energy. A
reaction similar to this is the pathway leading to the release of CO from
the oxyradical C1. This reaction has previously been studied for the
phenoxy radical in great detail experimentally and theoretically [49,
50]. In a previous systematic study, we have also investigated the effect
of the polyaromatics’ size and site type on reaction mechanisms and
energies [37]. Here, we additionally present the CCSD(T) energies for
the corresponding oxyradical, C1. The polycyclic radical C9 is formed
by overcoming an activation barrier 193.5 kJ/mol, which is larger than
that for the reaction of C6 to C7. The cyclo-propanone moiety of C9
opens to form species C10-R with an activation energy of 37.2 kJ/mol
and releasing 63.2 kJ/mol energy. Subsequently, a CO molecule is
eliminated from the carbonyl radical with a small activation barrier of
13.9 kJ/mol and an energy release of 105.8 kJ/mol.
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Table 3

TPSSh-D3/TZVP and CCSD(T*)(F12*)/cc-pVDZ-F12 results for reactions of phenanthrene-2-ol in kJ/mol.
Reaction E e pFr E,n.0FT Egercc E, e
CO + OH- - C1 + H,0 Barrierless -129.5 -133.0
Cl + OHe - C2 Barrierless —200.6 -231.2
C2 + OH+ - C3 + H,0 Barrierless -43.0 -24.1
C3 —» C4 18.9 -146.2 27.1 -160.7
C2 - C5 119.7 45.9 150.4 54.8
CO + OH - C6 Barrierless -77.9 -81.7
C6 — C7 128.1 87.7 135.6 94.4
C7 - C8 45.2 -4.7 49.7 -12.8
Cl - C9 183.0° 165.4° 193.5 173.2
C9 — C10-R 31.17 —43.2% 37.2 -63.2
C10-R —» C11 + CO 14.0¢ -39.44 20.8 -52.2
C9 - Cl10-L 54.0° 10.4° 58.1 -9.6
C10-L - C11 + CO 5.8 -92.9% 13.9 —-105.8

2 The TPSSh-D3/TZVP structures and energies are taken from Ref. [37].

Table 4

TPSSh-D3/TZVP and CCSD(F12*)(T*)/cc-pVDZ-F12 results for reactions of naphtho[1,2-c]furan-1,3-dione in kJ/mol.
Reaction E 1 prr E, v prr Eqercc E,ncc
DO + H,0 —» D2 128.5 1.6 160.5 7.6
DO + H* —» D1 72.8 -108.8 122.9 -85.1
D1 + OHe — D2 Barrierless -374.5 -416.4
D2 + OHe — D3 + H,0 Barrierless -58.7 -22.4
D3 + OHe — D4-T + H,0 Barrierless —-42.1 -11.5
D4-T — D5-T + CO, 29.7 -14.9 11.4 —47.3
D5-T — D6-T + CO, 56.4 315 317 -9.1
D3 + OHe —» D4-S + H,0 Barrierless —41.5 -11.5%
D4-S — D5-S + CO, 33.4 -242.4 34.0 —241.8%

2 The CCSD(T) calculation of the open shell singlet D4-S species requires a two-determinant approach. However, because, at the unrestricted
DFT/TPSSh-D3/TZVP level of theory, the singly occupied molecular orbitals of the D4-S look very similar to those of the D4-T (see Appendix B)
and the energy difference between D4-S and D4-T is practically non-existent, one can draw the conclusion that the electrons in these orbitals
are not interacting. Therefore, for the species D4-S, the ROHF-CCSD(T) energies of the D4-T are used, to calculate the CCSD(T) energies of the

involved reactions.
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Fig. 5. The reactions of naphtho[1,2-c]furan-1,3-dione.

3.5. Anhydrides

We studied the combustion of two carboxylic anhydrides:
Naphtho[1,2-c]furan-1,3-dione (D), also known as 1,2-naphthalic anhy-
dride, features a 5-membered ring, and dibenzo[c,e]oxepine-5,7-dione
(E), also known as 2,2’-biphenyl dicarboxylic anhydride, a non-planar
molecule with the carboxylic anhydride functional group located in a
7-membered ring.

Carboxylic acids anhydrides are, compared to alcohols, aldehydes,
and carboxylic acids, more difficult to oxydize. This is e.g. exploited in
the synthesizes of phthalic acid anhydride by oxidation of o-xylene [51]
or naphthalene [52].

As depicted in Fig. 5, we found in agreement with these observations
for naphtho[1,2-c]furan-1,3-dione (DO), a higher analog of phthalic
acid anhydride, at the anhydride group under combustion conditions
only reactions that start with the formation of the respective dicar-
boxylic acid (D2) either by the direct addition of water or in a two-step

mechanism via D1 by the consecutive addition of a H atom and an
OH- radical. In gas phase, the direct addition of water requires an
activation energy of 160.5 kJ/mol, as listed in Table 4. This reaction
has been found during the quantum chemical refinement step and is
not a reaction originally detected in the ReaxFF simulations. While
searching for the transition state structure for the reaction D1 + OH-
— D2, the initial structure converged during an optimization to the
saddle point for D1 + H,0 — D2. The two-step mechanism via the
intermediate D2 (see Fig. 5) involving the consecutive addition of a H
atom and an OH- radical has a lower barrier of 122.9 kJ/mol, showing
that the initiation via a radical addition is easier. But it requires
of course that the corresponding radicals are present in the reaction
atmosphere. During the combustion of organic fuels these radicals are
formed e.g. through reactions (4)-(9) (see also Ref. [39]). Similar to
the hydrogen abstraction from phenanthrene-2-carboxylic acid (BO +
OH+« —» Bl + H,0), also the dicarboxylic acid D2 reacts with OH*
radicals, leading after two consecutive H-abstractions to the formation
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Table 5
TPSSh-D3/TZVP and CCSD(F12*)(T*)/cc-pVDZ-F12
dibenzo[c,e]oxepine-5,7-dione in kJ/mol.

results for reactions of

Reaction E e pFT E, .\ per Egercc E once
EO + H* - E1 7.9 -111.7 39.2 -90.4
El - E2 25.5 -11.2 44.5 -20.1
E2 — E3 + OH* Barrierless —-415.6 —444.8
EO — E4 + CO, 177.4 -79.0 2189 -72.7
EO + OH+ — E5 5.7 -37.7 30.6 -27.5
E5 - E6 11.3 -89.6 42.3 —64.8

of species D4. Since the spin 1/2 species D3 and a OH- radical (also
spin 1/2) can couple to singlet or triplet spin states both of them have
been investigated. The singlet (D4-S) and the triplet intermediate (D4-
T) release both consecutively, two CO, molecules and form D5-S and
D6-T, again similar to the phenanthrene-2-carboxylic acid (B1 — B2 +
CO,).

The reactions of dibenzo[c,e]oxepine-5,7-dione (E) is also initiated
via a radical addition, as illustrated in Fig. 6. Specifically, the acyl
group of E undergoes exothermic addition of a hydrogen atom to its
oxygen atom, forming intermediate E1 with an activation energy of
39.2 kJ/mol, as indicated in Table 5. E1 then readily undergoes ring
opening (E1 — E2) with a relatively low activation barrier of 44.5
kJ/mol. Upon reaction with an OH- radical, E2 forms a dicarboxylic
acid (E3).

Alternatively, the attack of a hydroxyl radical at the anhydride
group in dibenzo[c,e]oxepine-5,7-dione also leads to a ring-opening in

Table 6
TPSSh-D3/TZVP and CCSD(F12*)(T*)/cc-pVDZ-F12
phenanthrene-9,10-dione in kJ/mol.

results for reactions of

Reaction E get oFT E, noFT Eqetcc E ncc
FO + H,O0 — F2 183.2 25.6 157.7 -30.4
FO + H* —» F1 Barrierless —269.5 —-250.0
F1 + OHe — F2 Barrierless —224.7 —267.2
F1 + OH* — F3 36.6 17.0 60.6 25.9
FO + OHe* — F4 Barrierless —-60.4 -62.8
F4 — F5 57.8 -76.9 110.5 -74.5

a two-step mechanism. First, the intermediate E5 is formed exothermi-
cally with an activation energy of 30.6 kJ/mol releasing 27.5 kJ/mol
energy. In the next step, the ring containing the anhydride group opens
exothermically passing 42.3 kJ/mol of activation barrier and releasing
64.8 kJ/mol energy, leading to the formation of species E6.

In addition, ReaxFF simulations have indicated that dibenzo[c,e]oxe
pine-5,7-dione can release a CO, molecule directly, although this re-
action has a higher activation barrier of 218.9 kJ/mol. If the di-
rect CO, release reaction does occur, it leads to the formation of
9H-fluoren-9-one (E4), a ketone (see Table 5).

3.6. Quinones

Quinones are known as important intermediates in the combustion
of polycyclic aromatic hydrocarbons and an important contribution to
atmospheric pollution that originates from combustion. Detailed reac-
tion mechanisms are, however, only available for the benzoquinones as
part of the combustion mechanisms for toluene [53] and benzene [54].
As example for quinone groups in PAHs, we investigated phenanthrene-
9,10-dione (F) for which the reactions are shown in Fig. 7 and the
energies are given in Table 6. Similar to the initiation reaction for
the anhydride D (DO + H,0 — D2), also the transition state structure
for the reaction of phenanthrene-9,10-dione with a water molecule
to species F2 was found during the quantum chemical refinement,
while in the reactive MD simulation only the two-step pathway via the
intermediate F1 was observed. The direct addition of H,O to a carbonyl
(G=0) group has a relatively high activation barrier of 157.7 kJ/mol.
Along the radical pathway [55], a hydrogen atom is added in the first
step to the oxygen of one of the carbonyl (G=O) groups, resulting in
intermediate F1. This step is exothermic and practically barrierless,
releasing 250.0 kJ/mol of energy. In the second step, OH- is added to
the carbon of the C-OH group, leading to the formation of F2. This step
is also practically barrierless and exothermic, releasing 267.2 kJ/mol of
energy. Alternatively, the hydroxyl radical can add to the neighboring
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Table 7
TPSSh-D3/TZVP and CCSD(F12*)(T*)/cc-pVDZ-F12
dibenzo[b,d]furan in kJ/mol.

results for reactions of

Reaction E 1 prr E, cnoFT Egercc E,nce
GO + OHe - G1 -5.1 (7.5) —62.2 17.6 -67.1
Gl - G2 52.4 —40.6 75.4 -36.3
GO + OHe - G3 Barrierless —65.3 -70.5

carbonyl group and form species F3 with an activation energy of 60.6
kJ/mol and a reaction energy of 25.9 kJ/mol.

When OH- attacks the carbon located in a benzene ring next to the
carbonyl (C=0) group, it forms intermediate F4 exothermically, releas-
ing 62.8 kJ/mol of energy without significant barrier. Subsequently, the
ring containing the quinone functional group breaks exothermically,
releasing 74.5 kJ/mol of energy with a barrier of 110.5 kJ/mol. The
preference for opening the middle ring, instead of the benzene ring,
may be due to the fact that the middle ring is not aromatic and
contains weaker carbon bonds. The resulting product, F5, contains an
acyl radical site and a carboxylic acid functional group.

3.7. Furans

For studying the initial steps for combustion of furan compounds,
i.e. systems with aromatic five-membered rings that contain an oxygen
hetero atom in the ring, we used dibenzo[b,d]furan (G) as example (see
Fig. 8 and Table 7). Furan itself and the alkyl-substituted derivatives 2-
methylfuran (MF2) and 2,5-dimethylfuran (DMF) play important roles
for liquid biofuels. Thus, their synthesis and combustion has recently
attracted a lot of interest in the literature [56-60]. Less is known
about the combustion pathways of furan groups in polycyclic aromatic
hydrocarbons (PAHs). They have mostly been studied in the context
of polychlorinated dibenzofurans (PCDFs) which are toxic and car-
cinogenic pollutants that can formed during waste incineration [61].
Marquaire et al. [62] proposed a mechanism for the oxidation of
dibenzofuran with O, in the gas phase based on experimental data that
was later refined by Ziegler-Devin et al. [63] and Tritz et al. [64] but
without giving reaction rates or activation energies for the elementary
steps.

For our model compound G we find that similar to the reaction FO
+ OH+ — F4 in quinones (F), a hydroxyl radical can add to the carbon
next to the O atom in the furan ring, which then leads after a rearrange-
ment reaction to the opening of the furan ring. However, in the furan
the initial addition of the OH- radical at this site has a small barrier of
17.6 kJ/mol and is less exothermic, releasing 67.1 kJ/mol of energy,
compared to the corresponding reaction in quinone (F) (see Fig. 11 and
Table 10). Alternatively, OH radicals can add to the benzene ring two
positions further away, forming G3 in a barrierless exothermic reaction.
In difference to the first pathway, the latter reaction happens barrier-
less. This is agreement with the mechanism proposed in Refs. [63,64]
where the initial attack also happens preferentially at the carbon atoms
that are not part of the furan ring.

Fuel 365 (2024) 131217

Table 8
TPSSh-D3/TZVP and CCSD(F12*)(T*)/cc-pVDZ-F12
dibenzo[b,e][1,4]dioxine in kJ/mol.

results for reactions of

Reaction E i pFT o Eqeicc E ncc
HO + OHe - H1 Barrierless -92.0 -94.8
H1 - H2 43.4 -33.3 72.8 -22.0
H3 — H4 35.0 12.8 40.5 6.9
H4 + OHe —» H5 Barrierless -222.8 -211.2
H5 — H6 321 -2.7 54.0 14.0
H6 — H7 7.5 -2.0 8.8 11.3
H7 — H8 137.3 116.1 148.3 100.4
H8 — H9 + H10 92.8 85.4 127.9 86.1
3.8. Dioxins

Similar as aromatic furans, also aromatic dioxins have in the lit-
erature mostly studied in the context of the environmental problems
caused by the respective polychlorinated or polyflourinated compounds
(PCDDs and PFDDs). Zeng et al. have reported in Ref. [65] a de-
tailed mechanism for the first steps of the OH-initiated oxidation of
di-fluorinated dibenzo[b,e][1,4]dioxine based on results from DFT cal-
culations.

For (the non-haloginated) dibenzo[b,e][1,4]dioxine (H), which
serves as example for dioxines, the addition of a hydroxyl radical at
the carbon next to one of the oxygen heteroatoms (see Fig. 9) is, as
for quinones barrierless. The addition of the hydroxyl radical leads in
this case to intermediate H1 and is exothermic with an energy release
of 94.8 kJ/mol (cmp. Table 8). Subsequently, the ring containing
the oxygen atoms opens, forming H2 with an activation barrier of
72.8 kJ/mol and a reaction energy of —22.0 kJ/mol. This ring opening
pathway resembles those observed for quinones (FO + OH+ — F4 — F5)
and furans (GO + OH* - G1 — G2). Both of these steps have also been
found by Zeng et al. in Ref. [65] at the DFT level for the di-fluorinated
compound with similar values for the reaction energies, however, with
a small barrier for the initial OH- addition.

In one of the ReaxFF MD simulations the expoxide H3 was formed.
This species rearranges into the oxepine H4 with a barrier of 40.5
kJ/mol. An OH- radical can then add without significant barrier
to the carbon next to the O atom in the oxepine ring to form HS5,
thereby releasing 211.2 kJ/mol of energy.. After this radical addition,
the ring containing the oxepine functional group can open in a rear-
rangement reaction with an activation barrier of 54.0 kJ/mol and a
reaction energy of 14.0 kJ/mol. This ring-opening of the oxepine ring
is again similar to the pathways observed for quinones, furans, and
the dioxin group. The resulting intermediate, H6, rearranges to H7
and then undergoes another ring opening to form the species H8. The
unimolecular reaction leading to H8 has a relatively large activation
barrier of 148.3 kJ/mol and is endothermic by 100.4 kJ/mol. Following
that, the species H8 can break into two fragments, one of which is
cyclohexa-3,5-diene-1,2-dione (H10), also known as 1,2-benzoquinone.
The other one, H9, is a reactive radical that undergoes further reactions.
This reaction is endothermic by 86.1 kJ/mol with a high activation
energy of 127.9 kJ/mol.

3.9. Lactones and pyrones

Lactones and pyrones are known intermediates in the atmospheric
oxidation of aromatic hydrocarbons [66]. Thermodynamic and kinetic
data for their oxidation is, however, scarce in the literature. Some
results based on experimental and computational investigations are
available for a-pyrone without annealed aromatic rings as part of a
mechanism [67] for the combustion of furfural, a model for liquid
biofuels.

For naphtho[2,1-b]furan-2(1H)-one (I), the example lactone chosen
for this study, a direct release of CO, in a single reaction step (pathway



0. Yonder et al.

Fuel 365 (2024) 131217

o +OH oM o
X O—0D—CLiz
(0] (6] O
HO H1 H2

dibenzo[b,e][1,4]dioxine

H H
o <9 0 +OH o} 0 o) o
OO T S 2 e — s
/
o o\ o~/ H o\ —H
H3 H4 H5 H

benzo[5,6][1,4]dioxino[2,3-c]oxepine

6

’ . .
0 -\(go o o
+ C OH —=—— R —
o = o C OH o
H A
H H7
H10 H9 H8

cyclohexa-3,5-diene-1,2-dione

Fig. 9. The reactions of dibenzo[b,e][1,4]dioxine.

naphtho[2,1-b]furan-2(1H)-one

o™

Fig. 10. The reactions of naptho[2,1-b]furan-2(1H)-on.

Table 9
TPSSh-D3/TZVP and CCSD(F12*)(T*)/cc-pVDZ-F12 results for reactions of naptho[2,1-
blfuran-2(1H)-on in kJ/mol.

Reaction EqepEr E, et Eqercc E, . cc
10 - I1 + CO, 399.7 308.1 422.5 314.6

1 - 12 3.9 -115.4 4.9 -107.7
10 + OH* —» 14 12.6 -161.6 65.9 -159.1

I0 to I1 in Fig. 10) was observed in one of the ReaxFF MD simula-
tions. However, the refinement of the reaction pathway with electronic
structure methods showed that for this reaction an activation barrier of
422.5 kJ/mol must be overcome (cmp. Table 9).

The most important pathway for the initial combustion steps of
the lactone starts with the addition of OH-* to the carbonyl C atom
of the lactone group. For the lactone, this addition leads to a ring
opening which forms the product 14 in the same elementary reaction
step, with an activation barrier of 65.9 kJ/mol and a reaction energy
of —159.1 kJ/mol.

As an example for pyrones, we investigated the combustion of 6H-
benzo[c]chromen-6-one (J). The observed reactions are depicted in
Fig. 11. Our results show that as for lactones the OH- radical attacks
the carbon atom of the carbonyl (G=O) group which leads directly to an
opening of the ring with the pyrone group, similar to what was found
above for lactones. This reaction occurs as an initial step (pathway JO
— J6), but also after oxidation reactions at the aromatic rings that lead
to a structure functionalized with a peroxide group in the bay region
(pathway J4 — J5). As can be seen from the results listed in Table 10,
the activation and reaction energies are similar for the two cases.

Table 10
TPSSh-D3/TZVP and CCSD(F12*)(T*)/cc-pVDZ-F12 results for reactions of 6H-
benzo[c]chromen-6-one in kJ/mol.

Reaction E et prT E, cnDFT Egercc E, ncc
JO + OH* - J6 23.9 -113.5 49.6 -113.8
JO+ 0 - J7 28.5 -110.8 68.2 -83.8
JO + OH* — J1 Barrierless -74.2 -75.8
J1 + O, = J2 + HO,- 8.3 -9.1 43.4 —-104.2
J2 + OH* - J3 Barrierless -76.4 -75.7
J2 + OH+ - J8 + H,0 11.7 -12.6 34.3 -26.5
J4 + OH* — J5 21.4 -129.7 46.2 -131.4

The species J4 is formed through a pathway which is initiated by
the addition of an OH radical to the benzene ring in meta position to
the O atom in the pyrone ring. A hydrogen atom is then abstracted from
J1 leading to an alcohol functional group in J2. Subsequently, another
OH- radical can add at the neighboring bay region carbon and forms
the species J3. Alternatively, the OH- radical can abstract a H atom at
this position which leads to the aromatic radical J8.

4. Conclusions

In this study, we have investigated the atomistic combustion path-
ways of common oxygen functional groups existing within (bio)char
using a combined reaction discovery workflow with reactive MD sim-
ulations together with an automated analysis using the findR soft-
ware [16] and quantum mechanical refinement with density functional
theory and coupled cluster calculations.

For the reaction discovery by ReaxFF simulations, we used a com-
bustion atmosphere, containing the fuel model, molecular oxygen,
and, in addition, hydroxyl radicals. To accelerate the reactive MD, it
was run at elevated temperature and pressure. In general, in the MD
simulations, a pool of additional small species is formed as reaction
products from the oxygen molecules and OH- radicals such as HO,-,
H,0,, as well as H,O. Although rarely, atomic oxygen and hydrogen
were, after some time, present in the combustion atmosphere. In addi-
tion, the degradation of the fuel molecule produces carbon-containing
species such as CO, CO,, formaldehyde, formic acid, and other small
hydrocarbons, but also reactive organic radicals, in particular formyl
and formate radicals.

Less oxidized oxygen functional groups are often converted to more
oxidized OFGs during the combustion. For example, the aldehyde group
is easily oxidized to a carboxylic acid group, which can then decompose
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under the release of CO,. Such reactions generate free radical sites
(R*) or, e.g. after the addition of a hydroxyl radical, alcohols (R-OH).
In turn, alcohol groups can be oxidized e.g. to lactone-like species.
Carboxylic anhydrides are transformed into dicarboxylic acid groups
which can then again release CO,. Additionally, OFGs integrated in
rings or bonded to aromatic rings play an important role in breaking
aromatic carbon frameworks. They facilitate the addition of radicals, in
particular of OH-, to neighboring carbon atoms. Once the aromaticity
of a ring is broken it is easily degraded. This has been observed e.g.
for furans, oxepines, quinones, lactones, and pyrones. The perturbation
of the aromaticity eases further reactions at the so activated positions
which eventually leads to the opening of the carbon rings.

Aldehydes, carboxylic acids, aromatic alcohols, quinones, furans,
and dioxines react — in difference to unfunctionalized aromatic com-
pounds like benzene [68] - barrierless with OH- radicals to reactive
intermediates with radical sites in aromatic rings. These radical sites
can react with molecular oxygen to peroxy radicals which are highly
reactive intermediates in combustion that can lead chain branching
reactions [69-71]. Through these pathways, oxygen functional groups
facilitate the combustion of char by perturbing the aromaticity, ac-
tivating neighboring carbon atoms, and by opening reaction pathways
with low barriers to reactive intermediates and radical chain branching
reactions.

Besides the general observations of the atomistic reaction mecha-
nisms of OFGs in char, this work also provides a database of reliable
reaction energies and barriers for a wide range of relevant reactions in-
volved in these processes. This dataset can thus serve as a basis for more
compact generalized reaction models for char combustion by sensitivity
analysis or kinetic Monte Carlo approaches. In addition, combustion
rates of (bio)char with different content of specific OFGs can be es-
timated based on the computed rate parameters. Overall, the results
demonstrate that a combined workflow of reactive MD, automated
reaction discovery, and refinement by electronic structure methods can
provide mechanistic data for combustion modeling beyond mere fitting
to often scarce experimental data.
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Appendix A. Rate constants

Reaction rate constants have been calculated for all reactions with
significant barriers using transition state theory as described in detail
in Refs. [16,37]. The partition functions have been calculated by a
slightly modified quasi-rigid rotor and harmonic oscillator (QRRHO) ap-
proximation [37,72] that accounts approximately for hindered internal
rotations, with the rotational constants and vibrational frequency from
TPSSh-D3/TZVP. The transmission coefficients have been calculated
using the high temperature limit of the Eckart tunneling correction [73]
with imaginary frequencies from TPSSh-D3/TZVP and electronic acti-
vation energies from CCSD(F12*)(T*)/cc-pVDZ-F12. The rate constants
were calculated for the temperature range of 300-3000 K and then, for
a compact representation of the temperature-dependent results, fitted
to the modified Arrhenius expression:

K(T) = AT" exp(—E/T) (A1)

where T and E are in units of Kelvin. The following tables list the
fitted values for In A, n, and E. The structures for all compounds and
transition states and their energies are available in Ref. [74].
A.1. A: Phenanthrene-2-carbaldehyde

See Table A.11.
A.2. B: Phenanthrene-2-carboxylic acid

See Table A.12.

A.3. C: Phenanthrene-2-ol

See Table A.13.
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Table A.11
Rate constant parameters for phenanthrene-2-carbaldehyde.
Reaction step InA n E Units of k(T)
A0 + OHe —» A2 + H,0 Barrierless
AO + OHe - Al 11.5 1.908 2752.8 cm® mol~! s7!
reverse 29.6 0.1915 10402.5 1/s
Al - A2 + H,0 28.78 0.2197 12140.2 1/s
reverse 2.97 2.634 17579.3 cm® mol™! s7!
A2 + OH+ — A3 Barrierless
A2 - A4 + CO Barrierless
Al — A4 + formic acid 31.175 —-0.00281 5548.07 1/s
reverse 7.278 1.981 2271.61 cm?® mol~! s71
Al - A5 26.31 0.465 8529.4 1/s
reverse 25.2 0.602 8410.5 1/s
A5 - A6 + CHO- 25.7 0.617 20158.4 1/s
reverse 4.2 2.30 18540.9 cm?® mol~! s7!
A5 — A4 + formic acid 32.0 -0.0183 11 349.6 1/s
reverse 9.25 1.85 8192.0 cm® mol™! s7!
Al + OH- - A7 + H,0 Barrierless
A7 — A4 + HCO,- Barrierless
Al - A8 27.04 0.4448 13506.32 1/s
reverse 27.06 0.3159 13185.64 1/s
A8 — A6 + CHO-* 27.73 0.3418 7208.44 1/s
reverse 5.31 2.27 5945.0 cm?® mol~! s7!
A6 + CHO* —» A9 7.99 1.9348 4507.64 cm® mol~! s7!
reverse 28.73 0.2903 9342.89 1/s
A9 + O, = Al0 + HO,e Barrierless
Al10 - All 27.92 0.3783 13733.61 1/s
reverse 23.17 0.6626 5978.01 1/s
Table A.12
Rate constant parameters for phenanthrene-2-carboxylic acid.

Reaction step InA n E Units of k(T)

BO + OH+ — B1 + H,0 Barrierless

Bl — B2 + CO, 30.43 0.1467 2693.96 1/s

reverse 6.01 2.5282 4573.43 cm® mol~! s7!

B2 + 0, — B3 Barrierless

Table A.13
Rate constant parameters for phenanthrene-2-ol.
Reaction step InA n E Units of k(T)
CO + OHs — C1 + H,0 Barrierless
Cl + OH* —» C2 Barrierless
C2 + OH* — C3 + H,0 Barrierless
C3 - C4 27.83 0.4218 3481.47 1/s
reverse 27.57 0.5386 22894.05 1/s
C2 - C5 28.08 0.3990 18327.11 1/s
reverse 21.14 0.8241 11083.01 1/s
CO + OHe* — C6 Barrierless
Cc6 — C7 26.02 0.5200 16 366.18 1/s
reverse 28.82 0.1731 5099.40 1/s
C7 —» C8 29.40 0.1293 6178.90 1/s
reverse 24.86 0.6374 7539.18 1/s
A.4. D: Naphtho[1,2-c]furan-1,3-dione A.7. G: Dibenzo[b,d]furan
See Table A.14. See Table A.17.
A.5. E: Dibenzo[c,e]oxepine-5,7-dione A.8. H: Dibenzo[b,e]dioxine
See Table A.15. See Table A.18.
A.6. F: Phenanthrene-9,10-dione A.9. I: Naptho[2,1-b]furan-2(1H)-one
See Table A.16. See Table A.19.
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Table A.14

Rate constant parameters for naphtho[1,2-c]furan-1,3-dione.

Fuel 365 (2024) 131217

Reaction step InA n E Units of k(T)
DO + H,0 — D2 1.95 2.7728 17 868.70 cm® mol™! s7!
reverse 23.47 0.9296 18364.54 1/s
DO + H —» D1 17.72 1.6669 13599.50 cm® mol! s71
reverse 19.41 1.3420 24162.69 1/s
D1 + OHe - D2 Barrierless
D2 + OHe* - D3 + H,0 Barrierless
D3 + OH* —» D4-T + H,0 Barrierless
D4-T — D5-T + CO, 30.45 0.1288 1780.82 1/s
reverse 4.96 2.6426 6416.33 cm? mol™! s7!
D5-T — D6-T + CO, 30.95 0.0343 4211.58 1/s
reverse 6.41 2.5363 4285.85 cm? mol! s7!
D3 + OHe — D4-S + H,0 Barrierless
D4-S — D5-S + CO, Not calculated

Table A.15

Rate constant parameters for dibenzo[c,e]oxepine-5,7-dione.
Reaction step InA n E Units of k(T)
EO0O + H — E1 19.15 1.5680 4083.00 cm?® mol! s7!
reverse 25.51 0.7882 15531.02 1/s
El - E2 29.89 0.0738 5630.34 1/s
reverse 22.33 0.7899 7666.90 1/s
E2 — E3 + OHe Barrierless
EO — E4 + CO, 26.51 0.6306 26 606.84 1/s
reverse 0.24 3.0888 34166.34 cm® mol! s7!
EO + OHe* - E5 7.18 2.4013 2804.34 cm? mol™! s7!
reverse 31.23 0.0477 7399.81 1/s
E5 — E6 28.91 0.3403 5376.95 1/s
reverse 15.93 1.6575 12673.36 1/s

Table A.16

Rate constant parameters for phenanthrene-9,10-dione.
Reaction step InA n E Units of k(T)
FO + H,0 — F2 -1.67 3.2377 17 089.78 cm® mol! s71
reverse 27.87 0.4336 22307.80 1/s
FO + H —» F1 Barrierless
F1 + OHe* —> F2 Barrierless
F1 + OHes - F3 7.85 2.2131 5878.08 cm® mol! s7!
reverse 29.74 0.0931 4402.11 1/s
FO + OHe* —> F4 Barrierless
F4 - F5 27.23 0.4072 13417.58 1/s
reverse 19.56 1.2351 2115.04 1/s

Table A.17

Rate constant parameters for dibenzo[b,d]furan.
Reaction step InA n E Units of k(T)
GO + OH- - G1 12.89 1.8359 1471.47 cm?® mol~! s7!
reverse 32.95 —-0.1537 10645.75 1/s
Gl - G2 29.96 0.0539 9277.35 1/s
reverse 23.78 0.6633 13337.82 1/s
GO + OH* —» G3 Barrierless
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Table A.18

Rate constant parameters for dibenzo[b,e]dioxine.

Fuel 365 (2024) 131217

A.10. J: 6H-benzo[c]chromen-6-one

Reaction step InA n E Units of k(T)
HO + OH- — H1 Barrierless
H1 — H2 30.00 0.0959 9010.60 1/s
reverse 22.81 0.7387 11243.21 1/s
H3 — H4 28.58 0.2342 5055.29 1/s
reverse 27.27 0.2893 4053.62 1/s
H4 + OH* —» H5 Barrierless
H5 — H6 27.24 0.3894 6657.13 1/s
reverse 24.57 0.4167 4645.79 1/s
H6 — H7 28.69 0.1090 1183.69 1/s
reverse 28.36 0.3351 64.87 1/s
H7 — H8 30.62 0.1881 18297.96 1/s
reverse 23.25 0.6756 5650.68 1/s
H8 — H9 + H10 38.69 -0.7178 16070.73 1/s
reverse 10.84 1.2481 4591.58 cm? mol~! s7!
Table A.19
Rate constant parameters for naptho[2,1-b]furan-2(1H)-one.
Reaction step InA n E Units of k(T)
10 —» 11 + CO, 34.26 —0.0069 51553.08 1/s
reverse 3.56 2.8214 12208.54 cm?® mol~! s7!
n-12 28.07 0.1948 677.50 1/s
reverse 28.18 0.3203 13785.89 1/s
10 + OHe — 14 10.00 2.1191 7163.25 cm?® mol™! s7!
reverse 20.79 1.2329 27153.63 1/s
Table A.20
Rate constant parameters for 6H-benzo[c]chromen-6-one.
Reaction step InA n E Units of k(T)
JO + OHe - J6 8.62 2.1578 4994.20 cm?® mol~! s7!
reverse 23.66 0.7195 19616.61 1/s
JO+ 0 - J7 16.76 1.4613 7791.20 cm?® mol~! s7!
reverse 23.04 0.7217 18169.15 1/s
JO + OHe — J1 Barrierless
J1 + O, = J2 + HO,- 9.00 1.8878 4565.87 cm® mol! s7!
reverse 5.87 2.2228 16814.43 cm? mol™! s7!
J2 + OH+ - J3 Barrierless
J2 + OHe* - J8 + H,0 6.17 2.7558 2863.64 cm? mol™! s7!
reverse 0.62 3.1344 5637.19 cm® mol! s7!
J4 + OH* — J5 9.09 2.1182 4622.19 cm® mol~! s71
reverse 25.79 0.5054 21429.72 1/s
Table B.21

See Table A.20.

Appendix B. The electronic structure of D4-S and D4-T

The Table B.21 shows the singly occupied molecular orbitals (CSO)
of open-shell singlet (D4-S) and triplet species (D4-T) as well as the

total spin density of the individual molecules.
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