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H I G H L I G H T S

• Two primary pathways for epoxide for­

mation on char surfaces are revealed: via 

peroxo-bridge intermediates and direct 

atomic oxygen addition.

• Density functional theory calculations 

show low energy barriers for epoxide 

migration, indicating significant surface 

mobility during char oxidation.

• Structural defects on the char surface 

promote the transformation of epoxides 

into more stable oxygenated species like 

ethers and lactones, supporting experi­

mental XPS findings.
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A B S T R A C T

Char is considered as one of the most promising base-load fuels for sustainable heat and power generation. Recent 

XPS studies have identified epoxides as some of the most abundant oxygen functional groups during the initial 

oxidation stage of raw char. These surface oxides are highly reactive and have been reported to migrate across 

the surface, converting into ethers, lactones, and other oxygenated species at temperatures above 500 ◦C.

The present study investigates the formation, surface mobility, and subsequent transformation of epoxides 

in char by means of molecular dynamics simulations that are applied to several molecular models, employing 

the GFN2-xTB method for the potential energy surface. To determine activation and reaction energies of the key 

reaction pathways we employ density functional theory with the TPSSh functional and the def-TZVP basis set.

We identify two primary epoxide formation pathways: (i) the addition of molecular oxygen to edge radical 

sites, forming peroxo-bridges that subsequently cleave into alkoxy radicals and epoxides, and (ii) the direct 

addition of atomic oxygen to the char surface. We find low energy barriers for surface migration, indicating high 

mobility of epoxides. Additionally, in agreement with experimental observations, we find that structural defects 

can drive the conversion of epoxides into ethers and lactones.

Our results highlight the role of epoxy groups as surface oxides in the heterogeneous combustion of raw char.
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1 . Introduction

The global shift toward sustainable heat and power generation has 

highlighted biochar as a promising alternative to fossil fuels [1–3]. 

Pyrolytic conversion processes produce in addition to syngas and bio-oil, 

carbon-rich char (charcoal) as a suitable base-load fuel for electric­

ity and heat generation [3,4]. Many combustion studies have aimed 

to uncover the chemical nature of various heteroatomic functional 

groups [5,6], with oxygen being the most abundant heteroatom in the 

carbon structure of biomass-derived fuels [7]. During combustion in 

oxygen-containing atmospheres, char is converted into carbon diox­

ide (CO2) and carbon monoxide (CO) [8,9]. Molecular oxygen (O2) or 

oxygen-containing radicals such as hydroxyl radicals (HO∙) react at the 

edge of the carbon structure, forming highly reactive oxo-carbon in­

termediates [10,11]. Among these reactive intermediates, epoxides are 

reported to form particularly below 500 ◦C [5].

Cerciello et al. [12] investigated experimentally the evolution of oxy­

gen functional groups in raw char samples at different temperatures 

using X-ray photoelectron spectroscopy (XPS). They put forward the hy­

pothesis that epoxides are one of the most abundant oxygen-containing 

groups formed during the initial oxidation stage [12] and transform at 

higher temperatures into other oxygen functional groups such as pyrans 

and lactones. Although it is experimentally proven that epoxides form 

or temporarily exist in the carbon framework of chars during combus­

tion, the molecular mechanisms leading to the formation of these surface 

epoxides remain poorly understood.

An early contribution to the mechanistic insights was made by 

Incze et al. [13] using periodic density functional theory (DFT) calcula­

tions on graphite, which was populated with different amounts of atomic 

oxygen. By considering various sites for the population, it was found that 

direct placement on top of C–C bonds, leading to epoxy groups, is ther­

modynamically favored [13]. Furthermore, the intercalation of atomic 

oxygen into graphite was found to lead to more stable configurations 

than addition to the surface [13]. Later, Sánchez et al. [14] proposed 

reaction pathways that include epoxide formation reactions in a com­

putational study that aimed at the mechanistic understanding of CO2
evolution during char oxidation. They employed DFT calculations on 

a hydrogen-terminated graphene fragment with an unsaturated edge, 

used as a model for char. They observed that after consecutive addi­

tion of molecular oxygen to carbon atoms at the unsaturated edges, an 

epoxy group is formed on the basal plane of the graphene model. They 

proposed a reaction pathway with reasonable activation barriers that 

leads to the transformation of the epoxy group into a cyclic ether at the 

oxidized edge of the model system under CO2 elimination. Orrego et al. 

later published a follow-up study that focused on the naphthoxy radi­

cal [15]. This study showed that the addition of atomic oxygen (O(3P)) 

at the edge of the aromatic ring system can also initiate reaction path­

ways that lead to CO2 elimination. The formation of epoxides on the 

basal plane was identified as a key intermediate step in this process. 

Following this, Radovic et al. conducted a DFT-based study on a num­

ber of finite model systems and (periodic) graphene. They also observed 

surface epoxide formation via addition of oxygen species at reactive 

edge sites, such as carbenes, followed by spillover to the basal plane

[16,17]. 

The aforementioned studies, which relied on human-guessed re­

action mechanisms, have contributed significantly to the mechanistic 

understanding of epoxide formation and migration on graphenic sur­

faces. In the present work, we elaborate on this matter by taking a more 

systematic approach toward the identification of relevant reaction mech­

anisms. We employ reactive molecular dynamics (MD) simulations for 

reaction discovery, followed by a refinement of the discovered reactive 

species and pathways with accurate DFT calculations using the auto­

mated workflow developed by Schmitz et al. [18]. In the refinement, 

we employ state-of-the-art exchange-correlation functionals and ade­

quately sized basis sets to guarantee high quality thermodynamic and 

Fig. 1. Lewis structures of the constructed char molecules. System A: benzo

[𝑔ℎ𝑖]fluoranthene, B: naphtho[2,1,8,7-𝑘𝑙𝑚𝑛]xanthene, C: 1,7-dimethyl-11a𝐻-

12a,12a1-epoxybenzo[4,5]fluoreno[1,9,8-𝑐𝑑𝑒𝑓]cyclohepta[𝑖𝑗]isochromen-5-yl

radical.

kinetic results. We study three model systems, depicted in Fig. 1 and 

discussed further in Section 2.1, that display some of the geometric and 

compositional aberrations, that distinguish char from graphite [19].

For the present study, we modified the original reaction discovery 

workflow by changing the employed energy model for the MD simula­

tions from the reactive force field model ReaxFF [20] to the extended 

tight binding method GFN2-xTB [21]. Although widely applied in com­

putational investigations of combustion and pyrolysis processes [22–

24], ReaxFF was found in preliminary test calculations—summarized in 

the supplementary material to the present study [25]—to be incapable 

of describing the formation of surface epoxides. Specifically, ReaxFF 

overestimates the barriers for epoxide formation via O2 addition by up 

to 120 kJ/mol compared to DFT reference values. In contrast, GFN2-

xTB reproduces these barriers much more accurately. The validity of 

the GFN2-xTB method for high temperature conversion of aromatic hy­

drocarbons was recently demonstrated in the context of soot formation 

by Cong et al. [26]. To the best of our knowledge, this represents a novel 

approach in combustion studies and enables the exploration of reaction 

pathways that are unavailable in ReaxFF MD simulations.

We report the formation and decomposition mechanisms of epoxide 

groups, as well as thermodynamic data on their stability and reactivity. 

Furthermore, we provide results for shifts in the binding energies of the 

oxygen 1𝑠 core orbitals in ethers and epoxides that can be compared 

with experimental data from XPS spectroscopy which is widely used to 

identify oxygen surface groups in coal, char, or carbon-based residues. 

In the context of oxygen functional groups, XPS shifts allow one to dis­

tinguish between carbonyls, carboxylic acids, or epoxy groups [27,28]. 

The core-level shifts reported in this work can be used as a computa­

tional reference for experimentally measured XPS spectra of char and 

related materials. 

2 . Methods

2.1 . Char molecule construction

The model systems shown in Fig. 1 were derived from larger char 

models constructed using our previously developed methodology for 

generating realistic char models, as described by Angenent et al. [29,30]. 

The model systems B and C contain oxygen functionalities, whereas A

represents pure polyaromatic hydrocarbon regions. System C includes 

pre-existing radical sites to promote early addition events in the sim­

ulations. This is motivated by literature reports which suggest that 

hydrocarbon combustion is typically initiated by hydrogen abstraction 

reactions that lead to the formation of intermediate edge radicals [31,

32]. Furthermore, system C contains a surface-bound epoxide, which 

enables the study of possible migration reactions along the surface, re­

moving the dependence on dynamic epoxide formation. This system is 

specifically chosen to investigate epoxide migration on char-like surfaces 

that feature multiple aromatic deficiencies and aliphatic (–CH3) side 

chains.
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2.2 . Molecular dynamics simulations

All MD simulations were performed with the Large-scale 

Atomic/Molecular Massively Parallel Simulator (LAMMPS) program 

package [33] through the pylmps interface [34], which is interfaced 

to the xtb program package [35] and provides the GFN2-xTB [21] 

energies and forces. We considered several simulation environments 

for the char flakes. For systems A and B, we investigated their reaction 

dynamics in the presence of a single O(3P) radical, which was placed 

in the vicinity of the flake during setup. Respectively, ten independent 

MD simulations of this type were performed, all at 1500 K and without 

explicit boundary conditions or any additional spatial constraints. For 

system C, two different simulation environments were considered. 

Firstly, the bare flake was simulated in vacuum, i.e., without boundary 

conditions and without including other reactants, once at 1500 K and 

once at 2000 K. Secondly, a simulation of C in an O2 atmosphere was 

performed at 1500 K. The latter was set up by placing the char model

C in the center of a cubic box with a side length of 25 Å and populating 

the vacant space in the box with 12 O2 molecules at random positions 

using the PACKMOL software package [36]. To retain the O2 atmosphere 

in the MD simulation, we employed the spherical nanoreactor approach 

described by Grimme [37]. In this method, the simulated system is 

confined by a spherical potential, as illustrated in Fig. 2, which increases 

the number of intermolecular collisions and thereby the frequency of 

reaction events. The enhanced reactivity partially compensates for 

the higher computational cost of GFN2-xTB compared to ReaxFF. The 

nanoreactor potential was constructed by defining a sphere with a 

radius of 23 Å, placed with its center at the origin of the simulation 

cell, and adding a penalty to the systems potential energy for every 

atom that leaves the sphere. The penalty potential was set to zero 

within the sphere and defined as a quadratic function of the distance 

of the respective atom from the surface outside the sphere, ensuring 

continuity of both the potential energy and the forces. A harmonic 

force constant of 10 kcal mol−1Å−2 was used for the penalty potential. 

Beyond the nanoreactor potential, no explicit boundary conditions were 

employed.

Fig. 2. Illustration of the nanoreactor setup in an MD simulation of C in an O2
atmosphere. The nanoreactor region is indicated by a transparent sphere with a 

radius of 25 Å.

All simulations were carried out with an integration time step of 

0.1 fs and with an electronic spin equal to the sum of the number of 

present oxygen atoms and aryl radicals. The electronic temperature was 

always set to the respective target temperature of the system. Each sim­

ulation run consisted of a heating stage followed by a production stage. 

In the heating stage, the atomic velocities were initialized randomly 

from a Gaussian distribution to yield an initial temperature of 300 K. 

A Berendsen thermostat [38] was then applied to heat the system to 

the target temperature over 4 ps with a linear ramp during the first 

2 ps and a constant target temperature during the second 2 ps. In the 

nanoreactor simulations, this stage served the additional purpose of dy­

namically restraining the O2 molecules within the nanoreactor sphere. 

In the production stage, the heated system was propagated for 1 ns at 

constant temperature using chained Nosé-Hoover thermostats [39–42] 

with a chain length of 5.

All MD trajectories were analyzed using our in-house workflow pro­

gram described in Ref. [18]. For this study, the findR code was extended 

to compute bond orders based on a suggestion by Grimme et al. [43]. 

The program findR identifies reaction events in a trajectory and auto­

matically refines them at the DFT level. The identification of reaction 

events is based on a graph-theoretical analysis that screens the trajec­

tory stepwise for changes in the (undirected) molecular graph of the 

char model. Detected reaction events are stored in a database and ini­

tially optimized at the DFT/TPSS-D3/def-SVP level. If the molecular 

graph remains consistent after this optimization, the corresponding reac­

tants, products, and transition states are further optimized at the higher 

DFT/TPSSh-D3/def-TZVP level.

2.3 . Electronic structure calculations

All electronic structure calculations were performed using the

TURBOMOLE program package (version 7.6) [44]. The reactions tracked in 

the MD trajectories were refined with density functional theory (DFT) 

as a commonly used method to calculate reaction energies and barri­

ers [45]. For the DFT calculations the resolution-of-the-identity (RI-J) 

approximation [46] was used with optimized auxiliary basis sets [47] 

for the Coulomb matrix, and Grimme’s D3 dispersion correction [48] 

was included. In the first step, the structures from the high-temperature 

MD trajectory were optimized with the TPSS meta-GGA functional [49] 

and the def-SVP [50] basis set. To obtain more accurate geometries 

and electronic energies, a second refinement was performed using the 

meta-hybrid TPSSh functional [51] and the def-TZVP [52] basis set. The 

electronic reaction and activation energies (barriers) were calculated 

with Eqs. (1) and (2), respectively. The subscript TS denotes the tran­

sition state for a given reaction and the index 𝑖 is used for equilibrium 

geometries.

𝐸rxn =
products
∑

𝑖
(𝐸el,𝑖 + 𝐸ZPV,𝑖) −

reactants
∑

𝑖
(𝐸el,𝑖 + 𝐸ZPV,𝑖) (1)

𝐸act = 𝐸el,TS + 𝐸ZPV,TS −
reactants
∑

𝑖
(𝐸el,𝑖 + 𝐸ZPV,𝑖) (2)

Zero-point vibrational energies 𝐸ZPV were scaled by the factor of 0.9874
for a TPSSh functional reported in Ref. [53], and added to the electronic 

energies 𝐸el. Reaction pathways were generated and optimized using 

the chain-of-states method implemented in the woelfling module [54] 

of TURBOMOLE. The final transition-state structures were further opti­

mized with the trust-region image minimization algorithm [55] (statpt
module) and validated by intrinsic reaction coordinate calculations (DRC
module [56]).

To compute the core-level shifts of the oxygen 1𝑠 orbitals, molecular 

orbital eigenvalues were used to estimate the binding energies according 

to Koopmans’ theorem. This approximation allows only for a qualitative 

estimate of the binding energy, as it neglects contributions from orbital 

relaxation [57,58]. For open-shell systems, the eigenvalues of the 𝛼-spin 

MOs were used. The XPS shifts were computed at the DFT TPSSh-D3 
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level using the def-TZVP [52], and cc-pV5Z [59] basis sets for molecular 

geometries optimized at the same respective level of theory. All shifts are 

reported relative to the 1𝑠 binding energy of the epoxide oxygen in the 

reference systems used also in Ref. [5], to ensure consistent comparison 

with the results from the latter work.

2.4 . Visualization

The rendering of MD structures was realized using the Visual 

Molecular Dynamics (VMD) program package [60] in combination with 

the ray tracing library Tachyon [61]. All Lewis structures were visu­

alized using the ChemDraw [62] software tool, and the corresponding 

energy diagrams were generated using the mechaSVG [63] program 

package.

3 . Results and discussion

The trajectories of the GFN2-xTB MD simulations revealed two pos­

sible formation pathways for epoxide groups, starting with the addition 

of either O(3P) or O2 to the char model. Furthermore, we observed 

that epoxides tend to decompose into ethers or lactones at the edge of 

the char model. The underlying mechanisms will be discussed in the 

following. 

3.1 . Epoxide formation and migration

Char is a non-homogeneous, graphene-like residue characterized 

by various geometric distortions and defects in the aromatic ring sys­

tems [19,64]. To capture these effects, we used model system A, which 

contains a ring deficiency defect and a sufficiently large 𝜋-system to al­

low both epoxide formation at different sites and subsequent epoxide 

migration. MD simulations with GFN2-xTB were performed for system

A in the presence of a single O(3P) atom at 1500 K to study epoxide 

formation and migration. We assume the presence of reactive radical 

species, such as molecular oxygen (O2) and atomic oxygen, in the com­

bustion atmosphere. In addition to O2, atomic oxygen plays a crucial 

role in combustion chemistry [65], and simulations show that it read­

ily forms addition products with the char system. In the first reaction 

step, O(3P) attaches to the surface of system A, forming alkoxy radi­

cals (A2, A6, and A8). In subsequent steps, the oxygen atom migrates 

to vicinal carbon atoms and reacts to form epoxy functional groups (A3,

A5, A7, and A9). An exemplary MD trajectory in which this mechanism 

was observed is shown in Fig. 3, where the intermediate species and the 

simulation time at which they were formed are displayed.

The epoxide migrates on the surface of A throuh sequences of C-O 

bond dissociation, leading to alkoxy intermediates, followed by forma­

tion of a new C-O bond with a neighboring C atom. The MD simulations 

further revealed that the epoxy oxygen atom can insert into a carbon ring 

through the dissociation of the epoxy C–C bond, resulting in intermedi­

ate ether structures (A4, A10, and A11). Examples for the reaction steps 

involved in these two types of events — migration and ring insertion — 

are shown in Fig. 4.

A schematic overview of all discovered epoxide formation and migra­

tion pathways is depicted in Fig. 5. The corresponding refined reaction 

energies and activation barriers, relative to the reactants (A1+O(3P)), 

are presented in Fig. 6. These results reveal that the addition of O(3P) to 

the surface of A is a barrierless process, with reaction energies ranging 

from −47.8 to −76.8 kJ/mol, depending on the reaction site. All epox­

ide formation reactions are exothermic relative to the initial reactants. 

The elementary reaction steps with the highest barriers are the forma­

tions of ether bridges that yield seven-membered rings. For example, 

the conversion of A5 to A4 requires an activation energy of 93 kJ/mol 

and leads to a structure that is 33 kJ/mol higher in energy than the ini­

tial reactants (Fig. 6). In contrast, the insertion of the O atom into a 

five-membered carbon ring to form a pyran group is highly exothermic, 

releasing −247 kJ/mol. This suggests that the epoxides tend to migrate 

toward geometric defects—such as five-membered rings—and convert 

to ether (C–O–C) bridges. 

The relaxation of the pyran A10 to its singlet state yields system

B. Similar to system A, nanoreactor simulations with B exposed to an 

O(3P) atom were performed and analyzed. In these simulations, O(3P) 

was observed to add to various sites on B, followed by frequent migration 

events of the resulting epoxy groups on the surface. The discovered reac­

tion pathways initiated by the addition of O(3P) to B are shown in Fig. 7, 

and the corresponding refined energy profile is presented in Fig. 8. As 

previously observed for A, all oxygen addition reactions are barrierless. 

Thermodynamically, the most favorable pathway is the direct addition 

leading to species B11, releasing an energy of –97.6 kJ/mol relative to 

the reactants. Additionally, species B7 is a thermodynamically favorable 

intermediate, with an energy of –96.0 kJ/mol compared to the reactants. 

Species B7 was further investigated manually to explore the formation 

of a corresponding lactone functional group, yielding species B8. All 

reaction events depicted in Fig. 7 exhibit low energy barriers and are, 

with the exception of the conversion of B4 to B9, exothermic. These 

low barriers support the hypothesis of Levi et al. [5] that epoxy groups 

exhibit high surface mobility especially at elevated temperatures in the 

early stages of combustion processes. The energy profiles (Figs. 6 and 

Fig. 8) further indicate that in the presence of pyran rings epoxides can 

also convert to lactones. For system B, this is an exothermic reaction 

releasing −52.2 kJ/mol. We note, that no minimum on the DFT TPSSh-

D3/def-TZVP energy surface was found for the species B6, which was 

observed in the MD trajectory. 

The direct chemisorption of O2 has been reported to lead to surface 

oxides, where oxygen atoms are covalently bonded to the char surface it­

self [12,66,67]. The reaction of carbon with O2 typically begins with its 

addition to the carbon backbone, preferably at edges and defect sites 

Fig. 3. An exemplary epoxide formation mechanism for model system A, initiated by the addition of O(3P). Found in a GFN2-xTB MD trajectory for 1500 K with a 

nanoreactor setup.
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Fig. 4. An exemplary epoxide migration mechanism in A after addition of O(3P) and subsequent epoxide formation, discovered in a GFN2-xTB simulation conducted 

at 1500 K in a nanoreactor setup.

Fig. 5. Epoxide formation and migration reactions resulting from the addition of atomic oxygen onto benzo[ghi]fluoranthene, as observed in GFN2-xTB nanoreactor 

simulations at 1500 K. The two unpaired electrons (MS=3) are delocalized within the 𝜋-system. For clarity and compactness, the structures are depicted in one of 

their mesomeric resonance forms.

such as carbon-centered radicals [68,69]. In the nanoreactor simula­

tions of system C, containing such a radical site, in O2 atmosphere, the 

addition of O2 to the radical site was indeed observed, as seen in the 

MD snapshot shown in Fig. 9(a). The addition of O2 to an aryl radi­

cal site leads to a peroxo radical which subsequently reacts first with 

a neighboring carbon atom to form a five-membered ring (Fig. 9(b)) 

before the O–O bond breaks and an alkoxy radical forming an epoxide 

group (Fig. 9(c)). The existence of edge peroxyl groups has been reported 

for aliphatic chains (alkanes) during autoxidation events. In the present 

work, we observed only the addition of peroxyl groups to neighboring 

rings, rather than hydrogen atom abstraction as observed in previous 

combustion studies [11,69]. While we cannot rule out the occurrence of 

hydrogen abstraction reactions, we did not further pursue these paths 

as the focus of this study is the formation and mobility of epoxy groups.

The refined energy profile for this epoxide formation pathway is 

shown in Fig. 10. The formation of the epoxide group from the arylper­

oxo radical is a two-step mechanism where the first step, the formation 

of the peroxo bridge (C2 with a barrier of 110.3 kJ/mol is the time-

determining step. The subsequent rearrangement to an aryloxo radical 

and an expoxide has a small barrier of 20.0 kJ/mol and releases 

−152.6 kJ/mol. 

To confirm that this epoxide formation pathway is not an artifact of 

the complex chemical and electronic structure of the model system C, we 

investigated it also for a less complex system (D), shown in Fig. 11. The 
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Fig. 6. Reaction profile of system A with O(3P) (Fig. 5). Reaction energies and barriers (TS) are given relative to the reactants at DFT/TPSSh-D3/def-TZVP level in 

kJ/mol. The light gray lines mark the direct addition of atomic oxygen at different sites.

Fig. 7. Epoxide formation and migration reactions initiated by the addition of O(3P) to B, as observed in GFN2-xTB nanoreactor simulation at 1500 K. The two 

unpaired electrons (MS=3) are delocalized within the 𝜋-system. For clarity and compactness, the structures are depicted in one of their mesomeric resonance forms.

Fig. 8. Reaction profile of B with O(3P) (Fig. 7). Reaction energies and barriers (TS) are given relative to the reactants at DFT TPSSh-D3/def-TZVP level in kJ/mol. 

The light gray lines mark the direct addition of atomic oxygen at different sites.

reaction profile in Fig. 12, shows that for D the initial barrier for the per­

oxo bridge is almost 58.0 kJ/mol lower and the barrier for breaking the 

O-O bond is 30.2 kJ/mol higher. Still, the overall formation energy of the 

epoxide of −166.8 kJ/mol is close to the value found for C. These results 

indicate that the formation of epoxides via arylperoxo intermediates is 

a general mechanism for the formation of epoxides in char, although 

the barrier heights and reaction energies depend on the electronic and 

molecular structure and, in particular, on the flexibility of the latter in 

the region of the reaction site.

3.2 . Lactone formation

A pathway for the decomposition of epoxides in the vicinity of ether 

groups, e.g., pyran rings, is the rearrangement to a lactone followed by 
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Fig. 9. Epoxide formation mechanism observed in the GFN2-xTB nanoreactor simulation of system C in O2 atmosphere at 1500 K. The O2 molecules are not illustrated 

for clarity.

Fig. 10. Reaction profile of the epoxide formation in system C. All intermedieates are in a quartet state (MS = 4). Reaction and activation barriers are given relative 

to C in kJ/mol at DFT TPSSh-D3/def-TZVP level.

Fig. 11. Molecular geometries of subspecies D1-D3, derived from test system D, optimized at DFT TPSSh-D3/def-TZVP level.

Fig. 12. Reaction profile of the epoxy group formation in system D. All systems are in a doublet state (MS = 2). Reaction and activation barriers are given relative to

D1 in kJ/mol at DFT TPSSh-D3/def-TZVP level.
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Fig. 13. Lactonization event observed for system C in vacuum at 2000 K.

a subsequent ring opening reaction. This mechanism was for example 

observed for model system B (Fig. 7), where this pathway leads to the 

formation of a highly reactive terminal carbon radical center. A similar 

reaction pathway was found in the MD simulations of model system C in 

vacuum at 2000 K. The corresponding snapshots are shown in Fig. 13. 

No lactone formation was observed in MD simulations at 1500 K. This is 

in good agreement with the hypothesis proposed by Levi et al. [5], that 

at elevated temperatures, epoxides rearrange to form ether and lactone 

groups as inferred from the increased lactone signal in XPS spectra of raw 

char. Decomposition pathways of lactones were previously studied with 

electronic structure calculations by Yönder et al. [70] who investigated 

the effect of the lactone group during high-temperature combustion. 

They reported that lactones eliminate CO2 or undergo ring-opening re­

actions. Similar findings were also reported in a ReaxFF and DFT study 

by Xiang et al. [71]. 

3.3 . XPS shifts of epoxides and ether

Levi et al. [5] and Barinov et al. [72] reported DFT results for oxygen 

1𝑠 core-level shifts using Koopman’s theorem which they used to identify 

epoxy groups in oxidized carbonaceous compounds by comparing the 

calculated shifts with experimental XPS spectra. To compare with their 

results, we computed O 1𝑠 core-level shifts of ether and epoxy groups 

using Koopmans’ theorem. For this analysis, we included all ether groups 

from system B along with a number of aliphatic and mixed aliphatic-

aromatic ether species for comparison. For a summary of the individual 

systems and computed shifts the reader is directed to Fig. 14. Shifts are 

reported relative to the core binding energy for the epoxy oxygen in the

M24 epoxy model used as a reference in Ref. [5]. In the present work 

we re-optimized for consistency the structure of the M24 epoxy model 

with DFT/TPSSh-D3/def-TZVP.

For the epoxy groups located near the edge of system B the O 1𝑠 core 

binding energies are below the value for the M24 epoxy reference, with 

an average shift of −0.20 eV at the TPSSh-D3/cc-pV5Z level. Levi et al. 

[5] report for the O 1𝑠 core-level shifts of ethers a range of 0.2–1.5 eV 

relative to the M24 epoxy reference. 

As seen in Fig. 14, the results from the present work support the con­

clusion that aromatic ether groups exhibit positive shifts relative to 

epoxides. In addition to the aromatic ethers, we determined O 1𝑠 core 

level shifts also for dimethyl ether (DME) and the M24 ether model 

from Ref. [5], which represent non-aromatic ether groups. In the M24 

ether model the O atom is part of a seven-membered ring with a non-

aromatic 𝜋-system, while DME is a purely aliphatic ether. While the O 

1𝑠 core level shift for the M24 ether model is at the lower end of the 

range for ethers reported by Levi et al. [5] and still above the values 

for epoxides, the O 1𝑠 binding energy for the aliphatic DME is below 

that of the M24 epoxy reference and overlaps with the range obtained 

in the present work for epoxides. These results show that determining 

the exact nature of oxygen functional groups in coal and chars by XPS

spectroscopy remains a challenging task, particularly when both aro­

matic and aliphatic ether groups are present.

Fig. 14. Core-level O 1𝑠 binding energy shifts (in eV) for different epoxide and 

ether groups given relative to the reference epoxide system from Ref. [5]. The 

shifts were computed using Koopmans’ theorem at the DFT TPSSh-D3 level with 

the def-TZVP and cc-pV5Z basis set. Shifts for the epoxide and ether groups 

studied in the present work are presented in violin plots next to their mean 

𝑥. For comparison, shifts of additional ethers are displayed as separate data 

points (diisopropyl ether (DIPE), diethyl ether (DEE), dimethyl ether (DME), 

1-methylethoxybenzene (PhOiPr), anisol (PhOMe), and the M24-ether from 

Ref. [5].

4 . Conclusion

Using an automated, MD simulation-driven reaction discovery work­

flow, we identified two epoxide formation mechanisms in char-derived 

systems. The first mechanism is initiated by O2–addition to aryl radi­

cal sites and the second one by direct addition of O(3P) to unsaturated 

carbon groups. While previous studies suggested the possibility of these 

initial reaction steps, our approach eliminates most sources of human 

guesswork in the derivation of these. We were able to thermodynam­

ically characterize the evolution of the nascent epoxides up to their 

eventual decomposition. A particular evolution path we observed, was 

the migration of epoxides to the edge of five-membered carbon rings, 

forming pyrans and reducing ring strain in the process. A second epoxide 

can migrate by similar mechanisms into the vicinity of such a pyran ring 

and transform it into a lactone group. The latter two evolution mech­

anisms are overall exothermic. Furthermore, the low energy barriers 

obtained for the migration steps substantiate the previously postulated 

role of epoxides as oxygen reservoirs in char. These results provide 

insight into the possible fate of epoxide species in the combustion of 

char.
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The comparison of computed 1𝑠 core-level shifts for the investigated 

epoxides with those of ethers supports the notion that the peaks of aro­

matic ethers will appear in XPS spectra at higher energies than those 

for epoxides. On the other hand, peaks belonging to aliphatic ethers and 

epoxides apparently overlap, which complicates an unequivocal identi­

fication of epoxides by XPS spectroscopy. The developed computational 

models can be employed as such or in modified form for future studies on 

epoxides. The presented workflow can be extended further to character­

ize other intermediate species formed during char pyrolysis or burnout. 

The core-level shifts obtained in the current work, can serve as a ref­

erence for experimental studies to facilitate the analysis of XPS spectra 

of ethers in char, especially to differentiate peaks belonging to aromatic 

ethers from those originating from aliphatic ethers and epoxides.
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