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A B S T R A C T   

Elucidation of the reaction mechanism concerning the oxidation above the face and at the edge of 
a large, oxidized graphene (GO) cluster, namely C80H22O, by molecular oxygen in the first excited 
state (1Δg) was achieved with quantum mechanical calculations using the ONIOM two-layer 
method. Oxidation on the face of the aforementioned cluster leads to the formation of an 
ozone molecule, whereas oxygen molecule attack at the edge of the oxidized graphene surface 
either launches an ozonide —a five-membered ring species— formation during its outward 
approach or an 1,3-dioxetane —a four-membered ring species— production along its inward 
invasion. A detailed examination of the proposed pathways suggests that the ozonide formation 
should overcome almost one and a half times an adiabatic energy barrier with respect to the 
ozone production and is strongly exergonic by up to − 50.1 kcal mol− 1, supporting the experi-
mental findings that both compounds are critically involved in the explosive deoxygenation of 
GO. On the other hand, the 1,3-dioxetane alternative pathway is considered even more exergonic, 
although it requires an overwhelming adiabatic energy barrier of 29.8 kcal mol− 1 to accomplish 
its target.   

1. Introduction 

Carbon is undoubtedly one of the most significant elements in the periodic table due to its unique ability to form strong covalent 
bonds with other carbon atoms or heteroatoms, which in turn leads to a myriad of stable configurations and structures. In recent 
decades, the classical allotropes of carbon (diamond and graphite) were enriched with the discovery of entirely new carbon allotropes, 
such as fullerenes [1,2], carbon nanotubes [3], mesoporous carbons like Carbon Mesostructured by KAIST (Korea Advanced Institute of 
Science and Technology) Number 3 (CMK-3) [4], graphene [5], and graphene oxide (GO) [6]. The latter two have attracted significant 
attention due to their extraordinary properties [7] and their potential application in various technological fields. 
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GO was first synthesized in 1859 by Brodie [8], and various mechanisms have been proposed to elucidate its structure and synthesis 
since then [9–13]. However, it took researchers almost 150 years to grasp its importance [14]. Initially, GO was used as a starting 
material for graphene production [15] and more recently as a material with unique properties of its own [6], which have rendered it a 
valuable material in various applications [16,17]. For example, Hernández Rosas et al. have investigated the electronic and chemical 
properties of graphene, graphane, and graphene oxide and observed that graphene and graphane structures exhibit semiconductor 
behavior, while graphene oxide exhibits semi-metallic behavior; removing the carboxyl group from graphene oxide is predicted to 
induce a transition from semi-metallic to semiconductor behavior [18]. GO-based materials hold significant potential in biomedical 
applications as versatile nanocarriers, drug and gene delivery vehicles, phototherapy, bioimaging, biosensing, tissue engineering, 
antibacterial agents, sensors, membranes, photovoltaics, green catalysis etc. [19–25]. 

Attention has also been given to GO for its ability to produce deoxygenated single graphene sheets under thermal expansion 
(“thermal-shock”) [26]. GO is known to comprise a high number of oxygen-containing groups, and the number and type of those 
groups drastically affect the resulting exfoliated products during its thermal reduction [2,27–31]. Moreover, GO is highly energetic, 
thermally unstable and can readily undergo exothermic disproportionation reactions to produce chemically modified graphene under 
mild heating conditions [32]. To this end, the investigation of GO interactions with reactive oxygen species, such as molecular oxygen, 
has been the subject of several studies in order to understand its exposure to the environment [33,34]. In a published article by Qiu 
et al. [35], a detailed thermochemical and kinetic study of GO exothermic decomposition is presented, depicting spectroscopic and 
modeling evidence that epoxide groups are primarily responsible for the energetic behavior. This means that large samples of GO in 
certain storage and handling scenarios will be capable of self-heating and spontaneously decomposing, leading to high-volume gas 
release and explosive events. Although the explosive deoxygenation of GO has already been reported by Brodie [8] and was inves-
tigated further recently [35–38], a theoretical investigation of the possible mechanistic and energetic pathways of this explosive 
deoxygenation has not been reported to date. Therefore, it becomes clear that further work is mandatory to unravel mechanisms and 
kinetics involved in the explosive reduction process and fully characterize hazards associated with large-scale GO processing, while 
allow for its safe development and commercialization. 

In this study, we performed theoretical calculations using the ONIOM two-layer method, ONIOM2 [39–44], to elucidate the GO 
oxidation mechanism. Experimental observations [35] fully corroborate our results, which allow the oxidation of a GO analogue to 
proceed through epoxide groups’ molecular oxygen attack. As mentioned previously, experimental evidence indicates that epoxides 
elevate GO’s formation energy, driving exothermic decomposition, while oxidized carbons displaying exothermic decomposition 
employ oxygen ring-generating oxidants such as ozone and permanganate to produce reactive ozonides [35]. In support of this, our 
computations show that initiation of the oxidation/deoxygenation process advances via two main possible highly exothermic path-
ways leading to the formation of ozone and ozonide/1,3-dioxetane, respectively, whereas both routes are characterized by moderate to 
large energy barriers. Specifically, we predict the oxidation of internal epoxide groups through a modest adiabatic energy barrier 
(17.92 kcal mol− 1) leading to an exergonic formation of ozone equal to − 19.04 kcal mol− 1. As far as the edge epoxide groups are 
concerned, their interaction with molecular oxygen proceeds through a considerable adiabatic energy barrier equal to 26.44 kcal 

Fig. 1. Calculated model geometries of the graphene-oxide cluster (C80H22O) a) at the face and b) at the edge, respectively, at the ONIOM2: 
HSEH1PBE/cc-pVDZ//HF/3-21g level of theory. 
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mol− 1, leading afterward to ozonide formation with concomitant free energy release exceeding − 50 kcal mol− 1. The proposed 
mechanism is likely to occur by contributing to the intense burning of the oxidized graphene basal plane, while justifying available 
experimental results. 

2. Computational methods 

A model graphene-like nanosheet was constructed by 30 fused benzene rings arranged in a single atomic layer containing 80 carbon 
atoms, with the edges saturated by hydrogen atoms, corresponding to the molecular formula C80H22. It was then treated quantum 
mechanically as a graphene-oxide cluster, C80H22O, employing the ONIOM (our own N-layered Integrated molecular Orbital and 
Molecular mechanics) method [45–47]. ONIOM is a versatile, robust and constantly evolving method with wide applicability in the 
computational study of chemical problems [48–50]. Accordingly, the four central carbon rings and the epoxide-like group are 
computationally treated at a high level of accuracy by implementing density functional theory (DFT) [51], whereas the rest of the 
system is taken into account at the Hartree-Fock (HF) level of theory [52] to further reduce the required computational time and 
resources, and to adequately represent the surrounding system (Fig. 1). The total energy of the system can be expressed, within the 
framework of the ONIOM2 methodology (i.e. two layers) developed by Vreven and Morokuma [53], as: 

EONIOM2 =Ehigh
model + Elow

real − Elow
model, (1)  

where real denotes the entire system, treated at the low level, and model denotes the part of the system of which the energy is calculated 
at both the high and low levels of theory (eq. (1)). As is always the case, the size of the model domain and that of the overall system (real) 
under study, plus the low level of theory implementation of the whole domain versus the high one, and, finally, the type of interaction 
between the two layers (mechanical versus electrostatic embedding) result in a compromise between accuracy and computational 
efficiency. 

Representation of the high level of theory was achieved by the hybrid full Heyd-Scuseria-Ernzerhof functional (HSEH1PBE) 
[54–60], an excellent selection for quantitatively studying structure-function relations and the effects of chemical substitutions in 
graphene and its derivatives [61,62], in conjunction with Dunning’s cc-pVDZ basis set [63,64]. The surrounding graphene environ-
ment was included by using the less expensive Hartree-Fock (HF) method [65–68] coupled with Pople’s 3–21g basis set [69–71]. All 
calculations were carried out by means of the Gaussian 09 Quantum Chemistry Package (Revision D.01) [72]. All geometries were 
calculated with a tight criterion geometry optimization. Vibrational frequencies were calculated at the same levels of theory to further 
identify and validate the nature of the stationary points (0 negative eigenvalues of their analytic Hessian matrix for minima and 1 for 
transition states), while additional intrinsic reaction coordinate (IRC) calculations were performed to properly indicate corresponding 
reactants and products for each transition state. The vibrational modes and the corresponding frequencies are based on a harmonic 
approximation (HO), which was accomplished for all calculated structures at the HSEH1PBE/cc-pVDZ//HF/3-21g level of theory. 
Zero-point energies (ZPE) were included to correct calculated energetics for all modes, resulting in the vibrationally adiabatic potential 
energy value, VG

a , for each stationary point. Finally, inclusion of enthalpic and entropic corrections at 298 K leads to free energy values 
for each available point, allowing for a proper consideration of the activation energy for each participating elementary reaction. 

The second point is the proper consideration of the singlet-triplet molecular oxygen energy gap (1Δg)O2-(3Σg
− )O2. This value is 

experimentally established to be 22.5 kcal mol− 1, although several ab initio and DFT methodologies, for example CCSD(T) and B3LYP 
calculations, yield an energy splitting of (1Δg) O2-(3Σg

− ) O2 close to 30 kcal mol− 1 [73–80]. Multireference methods, for example 
CASPT2 [74–81], or use of complex type orbitals [75,76] lead to a proper description of (1Δg) O2 and a correct description of the singlet 
potential energy surface (PES). 

For the calculation of the excited electronic state of O2, we employed the approach described in the work of Decharin et al. [82]. 
Specifically, the O2 excited state was calculated as the single-point energy using spin-unrestricted DFT at the triplet-optimized O2 
structure. The electronic configuration of the converged SCF wavefunctions was confirmed by the <S2> values. The spin-contaminated 
open-shell singlet total energy is corrected by using a spin-projection method reported by Yamaguchi et al. [83]. This treatment yields 
a singlet-triplet energy difference of 20.5 kcal mol− 1 for molecular oxygen according to the scheme: 

Scheme 1. Proposed reaction mechanism leading to the oxidation/deoxygenation above the face (face mechanism) of the C80H22O cluster (GO) by 
singlet (1Δg) molecular oxygen (O2) resulting in C80H22 and ozone (O3) at the ONIOM2: HSEH1PBE/cc-pVDZ//HF/3-21g level of theory. 
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Fig. 2. Oxidation/deoxygenation reaction mechanism above the face (face mechanism) of the a) C80H22O graphene oxidized cluster (GO) by singlet 
(1Δg) molecular oxygen (O2) via the b) TS1-face transition state formation leads to the c) C80H22 graphene cluster (P-face) and ozone (O3) evolution 
at the ONIOM2: HSEH1PBE/cc-pVDZ//HF/3-21g level of theory. 
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1Espin− corrected− DFT =
1EUDFT +

1〈S2〉
3〈S2〉 − 1〈S2〉

[1EUDFT − 3EUDFT
]
, (2)  

where 1Espin− corrected− DFT is the spin-corrected energy of the closed-shell singlet and, 1EUDFT and 3EUDFT denote the closed-shell singlet 
and the open-shell triplet energies, respectively (eq. (2)). 

3. Theoretical study of oxidation/reduction-deoxygenation of GO 

3.1. Molecular geometry 

A detailed investigation of the reaction mechanisms leading to the oxidation/deoxygenation above the face (face mechanism) 
(Scheme 1, Fig. 2) and at the edge (edge mechanism) (Scheme 2, Figs. 3 and 4) of a large graphene oxidized cluster (C80H22O) by 
singlet (1Δg) molecular oxygen is presented. Singlet oxygen, an excited form of molecular oxygen, is considered a milder choice of an 
oxidizing agent not expected to cause permanent damage, e.g. rapture of the carbon cluster, when added to the graphene oxide surface 
[84]. Meanwhile, the (1Δg) O2 is expected to react smoothly with GO leading exothermically to the respective product [85,86]. All 
calculated structures are also provided as xyz files. 

The face mechanism exothermically leads to reduction of GO and ozone, O3, formation via a four-membered transition state (abbr. 
TS1-face) structure (Fig. 2). Initially, as the singlet O2 molecule (O1–O2) approaches an oxygen atom (O3) lying on the GO surface, the 
atomic oxygen entity is simultaneously engaged in terminating one of its surface bonds (O3–C4) and creating a new one (O3–O2) with 
the invading O2 molecule, as a precursor to ozone’s formation. The TS1-face transition state species remarkably illuminates this 
process, while allowing ozone’s emergence and restoration of graphene surface’s planarity (abbr. P-face). TS1-face geometry is 
characterized by an O1–O2 distance equal to 1.224 Å, an O2–O3 distance of 1.797 Å, an O1–O2–O3 angle equal to 111.040◦, an 
O2–O3–C5 angle equal to 112.049◦ and an O1–O2–O3–C5 almost planar dihedral angle equal to 13.237◦ (Fig. S1). 

Participation of the dual edge mechanism includes initial attack of a singlet O2 molecule at the edge of the oxidized graphene 
surface, which either launches an ozonide—a five-membered ring species—formation during its outward approach (Fig. 3) or an 1,3- 
dioxetane—a four-membered ring species—evolution along its inward invasion (Fig. 4). 

Along the outward approach of the excited O2 molecule (O1–O2) at the edge of the oxidized graphene surface, the diatom exhibits 
its preference to land on top of the plane while simultaneously bonds its nearest oxygen atom (O1) with two terminal carbon atoms 
(C3–C4) already bearing an oxygen atom (O5) on the bottom planar side (Fig. 3). The other molecular oxygen atom (O2) remains intact 
facing the outward side of the reaction field. Oxidation proceeds through the TS1-outward edge transition state elucidation, where the 

Scheme 2. Proposed reaction mechanism leading to the oxidation/deoxygenation at the edge (edge mechanism-outward approach) of the C80H22O 
cluster (GO) by singlet (1Δg) molecular oxygen (O2) at the ONIOM2: HSEH1PBE/cc-pVDZ//HF/3-21g level of theory, resulting in ozonide and 1,3- 
dioxetane formation along its outward and inward approach, respectively. 
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O1 atom adopts an equidistant position from C3 and C4 equal to 1.966 Å and allows for the formation of an equilateral triangle with the 
two carbon atoms. The O1–O2 distance elongates to 1.262 Å while the C3–O1–C4 angle embraces a value equal to 54.616◦ and the 
C3–O5–C4 one advances 18◦ with respect to its initial GO value (Fig. S2). As a result, a similar minimum-outward (abbr. MIN-outward) 
intermediate structure emerges, where the O1–O2 distance further extends to 1.447 Å, the C3–O1–C4 angle escalates to 82.360◦ and 
the C3–O5–C4 one amplifies to 88.739◦. The O5 atom retains an equidistant position from C3 and C4 equal to 1.394 Å at the TS1- 
outward structure, which slightly elongates to 1.407 Å at the minimum-outward equilibrium point. Both terminal carbon atoms 
(C3 and C4) discard their mutual bonding upon the TS1-outward edge transition state formation and until the ozonide evolution 
(Fig. S3). Since the minimum-outward intermediate arrival, the so far nonparticipating in the reaction O2 atom initiates its encounter 
in the terrain as it approaches the C4 terminal atom and simultaneously departs from its O1 partner. The whole rearrangement leads to 
the TS2-outward edge transition state emergence, an ozonide’s precursor, where the O1–O2 bond stretches to 1.502 Å, the O1–C3 
distance reduces to 1.406 Å and the O2 atom advances towards the C4 one (Fig. S4). The O5–C3 bond lengthens to 1.443 Å and the 
O5–C4 one shrinks to 1.342 Å. In addition, the O1–C3–O5 angle adopts a 100.300◦ value and the O2–C4–O5 one turns equal to 
89.691◦, whereas the C3–O1–O2–C4 dihedral angle emerges to 73.209◦ (Fig. S4). Finally, the reaction scheme leads to the ozonide 
formation (abbr. P-outward), a five membered ring species which sequentially comprises O1–O2–C4–O5–C3 atoms, attached almost 
vertically to the GO plane via the two carbon atoms. Therefore, the O1–O2 bond dwindles to 1.433 Å, the O1–C3 one extends to 1.439 
Å while the O2–C4 shrinks to 1.407 Å, and the O5–C3 distance reduces to 1.402 Å whilst the O5–C4 increases to 1.391 Å. Both the 

Fig. 3. Outward oxidation/deoxygenation reaction mechanism at the edge (edge mechanism-outward approach) of the a) C80H22O graphene 
oxidized cluster (GO) by singlet (1Δg) molecular oxygen (O2) proceeds outwardly via the b) TS1-outward formation to the c) MIN-outward inter-
mediate evolution, which further advances to the d) TS2-outward introduction and, finally, to the e) ozonide (P-outward) release at the ONIOM2: 
HSEH1PBE/cc-pVDZ//HF/3-21g level of theory. 
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O1–C3–O5 and the O2–C4–O5 angles rise to 106.598◦ and 103.611◦, respectively, although the C3–O1–O2–C4 dihedral angle di-
minishes to 35.751◦ (Fig. S5). 

Similarly, the inward alternative collision of 1Δg O2 (O1–O2) molecules with terminal carbon atoms (C3–C4) of the GO surface 
occurs on top of the reaction plane (Fig. 4). In detail, the closest molecular oxygen atom (O1) approaches in between the selected 
carbon atoms (C3–C4), which already carry an oxygen atom (O5) on the other planar side, while the other molecular oxygen atom (O2) 
faces towards the inward side of the GO plane. Subsequently, the TS1-inward edge transition state evolves, where the O1 and O5 atoms 
are positioned 2.010 Å and 1.391 Å equidistantly from the C3 and C4 atoms, respectively, and mirror plane with respect to the GO 
level, both adopting equilateral geometries where the arising C3–O1–C4 angle equals 54.802◦ and the C3–O5–C4 one elongates to 
83.374◦ (Fig. S6). It is worthwhile to mention the C3–C4 bond cleavage upon the transition state unveiling and until the dioxetane 
formation. The O1–C3–O5–C4 dihedral angle deduces a − 14.359◦ value, resembling a rhomboid shape, whereas the O1–O2 distance 
extends to 1.256 Å (Fig. S6). Afterward, the minimum-inward intermediate develops (abbr. MIN-inward), while retaining similar 
structural characteristics to the TS1-inward edge stationary point. Major geometrical differences to its predecessor include further 
extension of the O1–O2 bond to 1.404 Å, the C3–O1–C4 angle rise to 82.870◦ and the C3–O5–C4 one widening to 90.563◦, shrinkage of 
the O1–C3/C4 bonds to 1.511 Å and stretching of the O5–C3/C4 ones to 1.407 Å, and further reduction of the O1–C3–O5–C4 dihedral 
angle to − 20.073◦ (Fig. S7). Next reaction step consists of the TS2-inward edge transition state evolution, 1,3-dioxetane’s precursor, 
where the O2 atom initiates its transfer on top of the adjacent terminal carbon ring and among C6 and C7 atoms. O1–C3 bond elongates 

Fig. 4. Inward oxidation/deoxygenation reaction mechanism at the edge (edge mechanism-inward invasion) of the a) C80H22O graphene oxidized 
cluster (GO) by singlet (1Δg) molecular oxygen (O2) proceeds inwardly via the b) TS1-inward development to the c) MIN-inward intermediate 
evolution, which further advances to the d) TS2-inward formation and, finally, to the e) 1,3-dioxetane (P-inward) appearance at the ONIOM2: 
HSEH1PBE/cc-pVDZ//HF/3-21g level of theory. 
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to 1.538 Å whereas the O1–C4 one shrinks to 1.481 Å, and similarly the O5–C3 extends to 1.417 Å while the O5–C4 dwindles to 1.392 Å 
(Fig. S8). Both C3–O1–C4 and C3–O5–C4 angles adopt values almost equal to their TS2-inward counterparts, whilst the O1–C3–O5–C4 
dihedral angle slightly reduces to − 17.652◦ (Fig. S8). The inward edge reaction path concludes with the 1,3-dioxetane arrival (abbr. P- 
inward) and the O2 bounce on top of the GO plane and amongst the C6–C7 bond. The O1–C3 and O1–C4 bonds shrink to 1.426 Å and 
1.416 Å, respectively, although the O5–C3 and O5–C4 ones spread to 1.428 Å and 1.416 Å, correspondingly. The C3–O1–C4 angle 
adopts a value of 85.040◦ and the C3–O5–C4 one shrinks to 84.972◦. Accordingly, the O2–C6 and O2–C7 bonds slightly elongate by less 
than 0.01 Å and the C6–O2–C7 angle assumes a 62.280◦ value. The O1–C3–O5–C4 dihedral angle further diminishes to − 14.715◦

establishing a vertical position for 1,3-dioxetane with respect to the GO plane (Fig. S9). 

3.2. Reaction energetics 

Energies reported in this article are relative Born-Oppenheimer (classical) ones, VMEP, adiabatic ground-state (classical ones with 
zero-point energy correction) ones, Va

G, and free energy ones, Go. All calculated energetics and vibrational frequencies characterizing 

Table 1 
Calculated reaction energetics (in kcal mol− 1) for the forward (ΔV‡,for

MEP, ΔVa,‡
G,for and ΔGo,‡

for) and backward (ΔV‡,back
MEP , ΔVa,‡

G,back and ΔGo,‡
back) associated 

barriers of the face mechanism, leading to the reduction of GO and O3 formation along the minimum energy path, at the ONIOM2: HSEH1PBE/cc- 
pVDZ//HF/3-21G level of theory. The overall zero of energy for the forward and backward barriers is set at the reactants and products level, 
respectively.  

Face mechanism  

ΔVrxn
MEP ΔVa,rxn

G ΔG0
rxn 

GO + O2 → P-face + O3 − 18.31 − 16.78 − 19.04  
ΔV‡,for

MEP ΔV‡,back
MEP ΔVa,‡

G,for ΔVa,‡
G,back ΔGo,‡

for ΔGo,‡
back 

GO + O2 → P-face + O3 17.24 35.55 17.92 34.70 27.48 46.52  

Fig. 5. Calculated i) relative Born-Oppenheimer (classical), VMEP, ii) adiabatic ground-state (classical ones with zero-point energy correction), Va
G, 

and iii) free energy, Go, profiles of the C80H22O graphene oxide cluster (GO) oxidation/deoxyganation mechanisms by singlet (1Δg) molecular 
oxygen (O2) a) above the face (red), namely GO + O2 → TS1-face → P-face + O3, b) at the edge site through the outward approach (blue), spe-
cifically GO + O2 → TS1-outward → MIN-outward → TS2-outward → P-outward, and c) at the edge site throughout the inward invasion (green), 
precisely GO + O2 → TS1-inward → MIN-inward → TS2-inward → P-inward, along the reaction coordinate, s, and at the ONIOM2: HSEH1PBE/cc- 
pVDZ//HF/3-21g level of theory. Reactants, GO + O2, are always considered as the reference state. 
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each stationary point on the calculated minimum energy path (MEP) are reported in Tables S1 and S2. 
In detail, Table 1 reports all considered reaction energetics, namely ΔVrxn

MEP, ΔVa,rxn
G and ΔGo

rxn for the aforementioned face 
mechanism leading to reduction of GO and O3 formation along the minimum energy path, and the corresponding forward (ΔV‡,for

MEP, Δ 

Va,‡
G,for and ΔGo,‡

for) and backward (ΔV‡,back
MEP , ΔVa,‡

G,back and ΔGo,‡
back) barrier heights. 

Seemingly, the face mechanism exhibits an 17.92 kcal mol− 1 adiabatic forward barrier height and an 34.70 kcal mol− 1 adiabatic 
backward one, which proclaims reaction’s ΔVa,rxn

G equal to − 16.78 kcal mol− 1 (Fig. 5a). Consideration of free energy aspects results to 
an exergonic reaction of − 19.04 kcal mol− 1 and an 27.48 kcal mol− 1 free energy forward barrier height (Fig. 5a), undoubtedly leading 
to a reactant-like transition state structure in agreement with Hammond’s postulate [87]. 

On the other hand, in Table 2 the reaction energetics for the dual edge mechanism initiation via intermediates emergence prior to 
ozonide’s formation and 1,3-dioxetane’s evolution are presented. Both mechanisms proceed via an intermediate minimum structure 
formation, namely the MIN-outward and MIN-inward intermediates, exhibiting adiabatic forward barrier heights equal to 26.44 kcal 
mol− 1 (adopting the TS1-outward edge transition state structure) and 26.98 kcal mol− 1 (embracing the TS1-inward edge transition 
state conformation), respectively (Table 2, Fig. 5b and c). Regarding their adiabatic backward barrier heights, the outward reaction 
assumes an 27.89 kcal mol− 1 value and the minimum-inward formation equals to 28.02 kcal mol− 1, presumably leading to comparable 
respective ΔVa,rxn

G values of − 1.45 kcal mol− 1 and -1.04 kcal mol− 1 (Fig. 5). However, the free energy forward barrier height values for 
the MIN-outward production equals 36.27 kcal mol− 1 and for the MIN-inward development escalates to 36.99 kcal mol− 1, charac-
terizing both reactions as endergonic and assuming ΔGo

rxn values of 8.92 kcal mol− 1 and 9.29 kcal mol− 1, respectively (Table 2, Fig. 5c). 
The dual edge mechanism further progresses from the minimum-outward intermediate towards ozonide via an 20.18 kcal mol− 1 

adiabatic forward barrier height, correspondingly the TS2-outward edge transition state structure, and a restrictive 79.16 kcal mol− 1 

adiabatic backward one, leading to an ΔVa,rxn
G value of − 58.98 kcal mol− 1 (Fig. 5). Moreover, the minimum-inward intermediate 

advances to 1,3-dioxetane via a considerable 30.84 kcal mol− 1 adiabatic forward barrier height, namely the TS2-inward edge tran-
sition state conformation, and a prohibitive 108.74 kcal mol− 1 adiabatic backward one, prompting to a colossal ΔVa,rxn

G equal to 
− 77.90 kcal mol− 1. Finally, former reactions from the minimum-outward intermediate to ozonide and from the minimum-inward 
intermediate to 1,3-dioxetane bear free energy forward barrier height values equal to 20.11 kcal mol− 1 and 31.46 kcal mol− 1, 
respectively, assuming their exergonic ΔGo

rxn values equal to − 58.98 kcal mol− 1 for ozonide’s production and − 77.45 kcal mol− 1 

regarding 1,3-dioxetane’s formation (Table 2). 

4. Conclusions 

Oxidation, via molecular oxygen in the first excited state (1Δg), on the face of the C80H22O cluster leads to O3 formation, whereas O2 
(1Δg) attack at the edge of the C80H22O surface either launches an ozonide formation during its outward approach or an 1,3-dioxetane 
production along its inward invasion. The face mechanism remains the main pathway of the GO oxidation process, finally leading to 
reduction of the GO and O3 formation. It exhibits an 17.92 kcal mol− 1 adiabatic forward barrier height and an 27.48 kcal mol− 1 free 
energy one, while its exoergicity yield turns equal to − 19.04 kcal mol− 1. However, the dual edge mechanism operates complementary 

Table 2 
Calculated reaction energetics (in kcal mol− 1) for the forward (ΔV‡,for

MEP, ΔVa,‡
G,for and ΔGo,‡

for) and backward (ΔV‡,back
MEP , ΔVa,‡

G,back and ΔGo,‡
back) associated 

barriers of the edge mechanism, leading to the production of ozonide (Poutw) and 1,3-dioxetane (Pinw) along the outward (outw) and inward (inw) 
minimum energy paths, respectively, at the ONIOM2: HSEH1PBE/cc-pVDZ//HF/3-21G level of theory. The overall zero of energy for the forward and 
backward barriers is always set at the reactants and products level, respectively.  

Edge mechanism-Outward reaction  

ΔVrxn
MEP ΔVa,rxn

G ΔG0
rxn 

GO + O2 → MIN-outward − 4.01 − 1.45 8.92 
MIN-outward → P-outward − 60.25 − 58.98 − 58.98 
GO + O2 → P-outward − 64.26 − 60.43 − 50.06  

ΔV‡,for
MEP ΔV‡,back

MEP ΔVa,‡
G,for ΔVa,‡

G,back ΔGo,‡
for ΔGo,‡

back 

GO + O2 → MIN-outward 26.36 30.37 26.44 27.89 36.27 27.35 
MIN-outward → P-outward 21.77 82.02 20.18 79.16 20.11 79.09 
GO + O2 → P-outward 26.36 90.62 26.44 86.87 36.27 86.33 
Edge mechanism-Inward reaction  

ΔVrxn
MEP ΔVa,rxn

G ΔG0
rxn 

GO + O2 → MIN-inward − 3.36 − 1.04 9.29 
MIN-inward → P-inward − 79.30 − 77.90 − 77.45 
GO + O2 → P-inward − 82.66 − 78.94 − 68.16  

ΔV‡,for
MEP ΔV‡,back

MEP ΔVa,‡
G,for ΔVa,‡

G,back ΔGo,‡
for ΔGo,‡

back 

GO + O2 → MIN-inward 27.16 30.52 26.98 28.02 36.99 27.70 
MIN-inward → P-inward 32.70 112.00 30.84 108.73 31.46 108.91 
GO + O2 → P-inward 29.34 109.82 29.80 105.92 40.75 105.15  
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to the face one. In detail, its primary path proceeds through the minimum-outward intermediate towards ozonide via two consecutive 
forward barrier heights, where the dominant one applies to the TS1-outward energetics bearing an 26.44 kcal mol− 1 adiabatic value 
and an 36.27 kcal mol− 1 free energy one. Similarly, the secondary path propagates through the minimum-inward intermediate towards 
1,3-dioxetane via two successive forward barrier heights. The prevailing adiabatic forward barrier height encounters the TS2-inward 
energetics carrying an 30.84 kcal mol− 1 value and the effective free energy one equals 36.99 kcal mol− 1 applying to the TS1-inward 
conformation. Finally, the primary path assumes an exergonic ΔGo

rxn value equal to − 50.06 kcal mol− 1, whereas the secondary one 
lowers to − 68.16 kcal mol− 1. 
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Gaussian Inc., Wallingford CT, 2013. 
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