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 Abstract: Potential energy curves (PECs) and energy profiles of atomic O attack on 
coronene as a model for graphene/graphitic surface and interstellar reaction surface have 
been computed at the unrestricted B3LYP/cc-pVDZ level of theory to elaborate on atomic 
O attack mechanism and chemisorption on coronene. The PECs were generated by 
scanning the O atom distance to the closest carbon atom on "top" and "bridge" positions 
in the coronene, while fully relaxed geometries in the triplet state were investigated to gain 
the energy profile. We found that the most favorable geometry as the final product was 
the chemically bound O on the "bridge" site in the singlet state with an interaction energy 
of –29.2 kcal/mol. We recommended a plausible mechanism of atomic O attack and 
chemisorption reaction on coronene or generally graphitic surface starting from the non-
interacting O atom and coronene systems into the chemically bound O atom on coronene. 
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■ INTRODUCTION 

Single-atom chemical functionalization on 
graphene [1] has been investigated to alter the graphene 
properties for many diverse applications [2]. Oxygen 
atom is one of the most investigated atoms to modify 
graphene [3] or graphene oxide (GO). It could be applied 
on electronic devices, for instance, field-effect transistors 
device [4], thin-film transparent conductor [5], and a 
light-emitting diode or LED [6]. The GO is feasible to be 
used as a precursor to synthesize graphene-based 
functionalized nanosheets via chemical reductions [7]. 
Thus, an efficient GO synthesis method is a critical issue 
for electronic materials possessing preferred electric 
performances. The strong oxidizing agent is used towards 
graphene [8] or exfoliating the bulk form to layered sheet 
[5,7,9] in synthesizing GO. The synthesized GO has a 
diverse distribution of oxygen-contained functional 
groups, for instance, phenol, carboxylic, lactone, 
carbonyl, hydroxyl, epoxide, and quinone [3,10-12]. 
Inhomogeneity of the synthesized GO inhibited 

uninterrupted electron transportation on the 
synthesized graphene nanosheets compared to the 
pristine graphene material, caused by defects in the 
nanosheets [3]. Direct oxygen plasma exposure to 
graphene is another synthesis method to obtain GO [13-
15]. Careful control must be taken when using the 
plasma oxygenation approach; high-energy species such 
as O2+ exposure on the graphene could cause irreversible 
lattice damages and provoke defects on the sheet. 

One of the propitious methods to obtain 
homogeneous graphene oxide is atomic O exposure to 
graphene via thermal cracking [16-17]. O2 molecules are 
splintered into O atoms by a hot tungsten filament at 
~1500 °C under ultrahigh vacuum conditions. Although 
it is arduous to obtain the details of structural 
information and mechanism caused by the extreme 
experimental condition, a theoretical calculation can 
provide more insight into the mechanism investigation. 
Several theoretical investigations of O insertion on 
graphene [18-19] and graphite [20-21] with periodic 
boundary conditions (PBC) have been conducted. Most 
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of the reported investigations have focused on the GO 
nanosheet structures. Still, the atomic oxygen attack 
reaction mechanism on graphene has not been 
investigated deeply, which could aid in explicating the GO 
structure in the experimental results and designing new 
GO-based materials. 

In the field of astrophysics and astrochemistry, 
polycyclic aromatic hydrocarbons (PAHs) could be used 
for modeling 2D reaction surfaces in interstellar space 
[22-26]. Atomic O plays a significant role in the 
elementary water formation processes under the 
interstellar medium [27]. The interaction of PAHs with 
atomic O may play a major role in further, a more 
complicated chemical reaction in the interstellar medium. 
For example, the elementary process of water formation 
was proposed due to the adsorption of atomic O on dust 
grains [28-29]. Hence, it is interesting to study the 
interaction between atomic O and PAHs. 

In this theoretical study, we investigated atomic O 
attack and chemisorption on coronene (C24H12), a PAH, 
by using density functional theory (DFT). Coronene has 
also been consistently employed as a model of graphene 
for the atom–graphene interaction studies [30-34]. We 
showed plausible reaction intermediates, transition states, 
and products. We propose a mechanism of atomic O 
attack on graphene in an early stage of graphitic material 
oxidation to explain the experimentally observed oxygen 
homogeneity on graphene [16] and probable impacts on 
astrochemistry. 

■ COMPUTATIONAL METHODS 

To predict possible stationary points of the O attack 
process in the initial stage, we calculated the potential  
 

energy scan of atomic O on coronene (C24H12). There are 
three possible attack sites on coronene, which are "top", 
"bridge," and "hollow", as being shown in Fig. 1. 

The potential energy calculations on the distance 
between the O atom and the coronene sheet at the "top" 
site or "bridge" site were carried out to observe the 
interaction of the O atom that may form a single bond 
or two single bonds with the C atom in the coronene 
sheet respectively, while the attack at "hollow" site was 
not considered because the O atom attack at the site will 
be energetically unfavorable since the interaction energy 
indicated repulsive as in the case of H and F [33-34]. As 
shown in Fig. 2, the C–O distances, rC–O, are described 
as the distance between O and C1 at the "top" site and 
between O and the center of C1 and C4 atoms at the 
"bridge" site, where rC–O = rC1–O = rC4–O. 

O atom and coronene ground states take triplet 
state O(3P) and closed singlet state, respectively. Both the 
O atom and coronene are on the ground state when 
separated, while the singlet or triplet state is possible 
when chemical bonds are formed. Therefore, we 
examined both states to study the reliance of the 
adsorption reaction mechanism on the contrastive spin 
states. 

Following geometry optimization computation of 
the coronene sheet, we introduced relaxed scans at "top" 

Top

Bridge

Hollow

 
Fig 1. Possible O attack sites on coronene (C24H12) sheet 

 
Fig 2. Coordinate definitions of rC–O at the (a) "top" and (b) "bridge" sites on coronene 



Indones. J. Chem., 2021, 21 (5), 1072 - 1085   
        
                                                                                                                                                                                                                                             

 

 

Mokhammad Fajar Pradipta et al.   
 

1074 

and "bridge" sites in triplet state with fixing rC–O to gain 
the PECs for the range between the O and each site. In the 
case of the singlet state, the O tended to form bridges with 
the closest two carbon atoms in the coronene at both 
attack sites, which prevented from completing relaxed 
scans at the "top" site correctly. Therefore, we performed 
single-point calculations based on the geometries 
obtained by the relaxed scan in the triplet state because 
geometries in the triplet and singlet state should not be 
mainly different in general. After the PECs are obtained, 
the geometries from the local minima or maxima on the 
PECs in both spin states are optimized and followed by 
vibrational analyses. In the existing transition states, the 
intrinsic reaction coordinate (IRC) calculations were 
conducted to ensure that the generated geometry 
structures were transition states. 

We applied unrestricted B3LYP [35] density 
functional with the cc–pVDZ basis set to scan the relaxed 
"top" and "bridge" sites and full optimizing calculations of 
the stationary points. The B3LYP/cc–pVDZ level of 
theory is accurate enough to give the adsorption energy 
because the energies in the analogous system of coronene 
with H and F atom evaluated at the same level of theory, 
B3LYP/cc–pVDZ were similar to the energies estimated 
by the correlated ab initio wave function method to the 
complete basis set limit [33-34]. All computations 
performed in this work were carried out using Gaussian 
09 program package [36]. To compute the bond orders, 
the wave function (.wfx) file from Gaussian 09 output 
calculated at B3LYP/cc–pVDZ level of theory was 
processed using the chargemol code [37]. 

The interaction energies, Eint, were evaluated by the 
following equation: 

int coronene O coronene OE E E E−= − −  (1) 
where Ecoronene–O, Ecoronene, and EO, are the energies of 
coronene and O atom complex, optimized coronene, 
and O(3P), respectively. The bond orders were computed 
using the density-derived electrostatic and chemical 
(DDEC6) partitioning method [37-39]. 

■ RESULTS AND DISCUSSION 

Potential Energy Curves from B3LYP/cc–pVDZ 
Level of Theory 

Based on the geometry, the interaction energy can 
be considered as van der Waals (vdW) interaction, 
which is analogous to graphene and OH radical models 
[40]. Local maximum energy observed in the PEC at 
"top" site at 6.3 kcal/mol and local minimum energy at -
0.4 kcal/mol. The rC-O distance in local maximum and 
local minimum energy was detected at 1.8 Å and 1.4 Å, 
respectively. While at the “bridge” site, local maximum 
energy was observed at 14.5 kcal/mol with an rC-O 
distance equal to 1.8 Å and local minimum energy of  
3.3 kcal/mol with a shorter rC-O distance of 1.5 Å (Fig. 
3(a)). Activation barrier of atomic oxygen attack 
towards coronene and the oxygenated-coronene 
formation indicated by the maximum and minimum 
PECs. Furthermore, the PEC scores were collected by 
single-point computations in the singlet and triplet 
states at the scanned geometry structures as being shown 
in Fig. 3(b), a minimum energy of 1.5 kcal/mol at rC–O = 
1.4 Å and –20.4 kcal/mol at rC–O = 1.5 Å were obtained 

 
Fig 3. PECs interaction between coronene and O atom at B3LYP/cc–pVDZ level of theory calculation in (a) triplet and 
(b) singlet states 
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for "top" site and "bridge" site, respectively, signifying the 
formation of coronene–O adduct in the system. 

The interaction energy of the singlet state goes up 
with increasing C–O distance because at far coronene–O 
distance, the system converges to these states: 
coronene (1A’) + O(1D) (2) 
while in the triplet state, the system converges to 
coronene (1A’) + O(3P) (3) 

It is evident that singlet O(1D) is higher in energy 
than triplet O(3P). Unfortunately, for the singlet state 
PECs, we cannot show the energy after 2.6 Å since the spin 
squared expectation values (S2) exceed 0.1 at far C–O 
distance rendering the single determinant wave function 
unreliable. Such a problem can be resolved by employing 
a multireference wave function level of theoretical 
calculations. Unfortunately, the calculations require high 
computational costs, and our current infrastructure 
cannot support the calculations. Theoretically, the energy 
should converge to approximately 45 kcal/mol, which is 
the O(3P) → O(1D) transition energy. 

On the other hand, the values of the triplet state are 
between 2.00 and 2.005 for all points in the triplet PECs, 
implying that the triplet state has small properties of 
multiconfiguration. Hence, we could employ the single 
determinant calculation for all points in the triplet state. 
In contrast, the single determinant (DFT) approach can 
only be used for the coronene–O binding region of the 
singlet state. 

It is known that the H atoms significantly modify 
electronic properties, e.g., coronene has a substantial 
quadrupole moment and significant HOMO-LUMO gap 
while graphene is a zero-gap semiconductor. However, 
our focus is on the potential energy curve (PEC) for the 
approach of an O atom towards coronene as a graphene 
model to provide accurate reference values. We 
confirmed that using a larger model, i.e., circumcoronene 
(C54H18), the profile of PEC for O atom chemisorption on 
circumcoronene was similar to that of coronene. 
Termination of the coronene model by H atoms is 
unavoidable for practical reasons. Moreover, non-
hydrogen terminated finite molecular graphene models 
have significantly different orbital types compared to 
infinite graphene [41]. 

The stationary points aforementioned are not the 
true minimum energy because they were obtained with 
the distance of the C–O bond fixed. To discuss details of 
the O attack process, we used the obtained maximum 
and minimum structures as initial geometries for further 
full optimizing calculations described below. 

Optimized structures and energy diagram 
Based on the PECs data, we could conjecture 

diagram energy for atomic O–coronene interaction as a 
graphene model for all sites. From the PECs at the ‘top’ 
site, we obtained the stationary points, and they are 
described as follows rC–O = 1.4 Å as oxidized coronene, 
rC–O = 2.5 Å as vdW complex, and the in-between 
medium distance to form C–O bond, respectively. For 
the "bridge" site, the points could be around rC–O = 1.5 Å 
as oxidized coronene, rC–O = 2.6 Å as vdW complex, 
and the in-between medium range to form C–O bond 
and alter the spin state. Optimized stable species are 
being labeled in alphabetical order. The structural 
geometries at transition states (TS) are represented 
following the reactant and product’s name, respectively. 
The energy diagram was constructed by utilizing the 
relative energies to the sum of the total energy of 
coronene in singlet state and O(3P) states. 

The triplet states in Fig. 4(a) visualized that the van 
der Waals complexes at the "top" and the "bridge" sites 
approached the same species of A. In the "top" site, we 
observed the O atom with the C1–O distance of 2.67 Å 
with a value of –2.0 kcal/mol for their interaction energy. 
The structure geometry at the local maximum (about 
rC–O = 1.80 Å) on the PEC of the "top" site being 
optimized and the first-order transition state labeled as 
TS(AB) observed, and the O atom is located in the "top" 
site with the distance of rC1–O is 1.82 Å and 6.1 kcal/mol 
for its interaction energy. However, the optimized 
geometry structure observed converging into an 
unexpected second-order transition state for the case of 
the "bridge" site. Therefore, this peculiar structure will 
not be discussed in the remaining discourse. Two stable 
geometries of the coronene–O adduct were obtained and 
labeled as B and C from the initial geometry structures 
of the oxidized coronene with the distance around rC–
O = 1.4 Å at the "top" and "bridge" sites. The B and C were 
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Fig 4. Optimized intermediates and transition states with their point group, state, and specified geometrical structures 
in (a) triplet and (b) singlet states. Red-colored arrows were being drawn to represent the constructed frequencies 
modes for the transition states (TS). 
 
observed to have –1.8 kcal/mol and 3.3 kcal/mol 
interaction energy, respectively. Furthermore, a first-
order transition state structure between B and C was 
obtained and labeled as TS(BC) with the distance of rC1–
O = 1.43 Å and rC4–O = 1.73 Å and 6.1 kcal/mol as its 
interaction energy. This result was unexpected we 
obtained from the relaxed scan PECs. As for the singlet 

state in Fig. 4(b), two possibilities of structures were 
available at the “bridge” site, which were labeled as the 
"edge-bridge" (D) and the "graphitic-bridge" site (E). 
The "edge-bridge" structure (D) were calculated by 
optimizing the structure of rC–O = 1.40 Å on the PEC 
of the "top" site since it is observed as an unstable species 
in the singlet state. We also optimizing the geometry 
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structure of rC–O = 1.50 Å on the PEC of the "bridge" site 
to obtain the "graphitic-bridge" structure. Both the D and 
E geometries were recognized to exhibit epoxide 
structures with the –35.0 kcal/mol and –29.2 kcal/mol for 
the interaction energy values, respectively. The geometry 
of the transition state (TS) between the D and E 
structures, labeled as TS(DE), was optimized with the 
distance, rC1–O = 1.42 Å, with an interaction energy 
value of 1.2 kcal/mol. The complete energy surface of the 
stationary points is shown in Fig. 5. 

Other theoretical studies report that the interaction 
energy of the graphene model introduced with a single O 
atom is ca. –55 kcal/mol [42]. The discrepancy with our 
computed value might be caused by the differences in the 
computational methods. For a test, we compared the 
interaction energy between coronene and O atom using 
the plane wave PAW method [43] using PBE functional 
[44] (PBE-PAW) and PBE/cc–pVDZ methods. It turns 
out that the former gives the interaction energy of  

–54.1 kcal/mol while the latter gives –48.0 kcal/mol. 
Thus, we might suspect that the previous reports were 
using PBE-PAW as their level of theory. PBE is also 
known to underestimate the interaction energy, as we 
encountered earlier [33-34]. 

The Possible Intersystem Crossing Pathway (ISCP) 

It is conclusive that the coronene–O system is 
stable on its triplet state at far C–O distance, while the 
coronene–O binding region is stable in the singlet state. 
Therefore, it is reasonable to address a possible ISC 
mechanism during the reaction. Although the 
multireference (MR) calculations to describe the 
energetics are desirable, the high computational cost of 
such methods inhibits us from conducting the 
calculations for the current systems. In any case, the 
DFT level of theory seems to be good enough to predict 
qualitatively and even quantitatively the correct energy 
ordering and  potential energy surfaces  (PES) of species  

 
Fig 5. Adduction of O atom on coronene structure in the triplet (red) and singlet (blue) states potential energy diagram 
(kcal/mol) 
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with dissimilar spin states in comparison with more 
expensive high-level MR wave function theories such as 
RASPT2 and CASPT2 [45-48]. 

To figure out the possible location of the ISC point, 
the PECs from the relaxed scan and the interaction energy 
at the stationary points were compared. Fig. 6 shows the 
comparison between the triplet and singlet states at each 
adsorption site. As shown in Fig. 6(a), there is an 
additional point at ca. 1.43 Å with –29.2 kcal/mol at the 
singlet PEC corresponds to the interaction energy at E 
geometry. The interaction energy at C geometry nearly 
overlaps the interaction energy at rC–O = 1.40 Å. The 
figure shows that for the bridge site, the PECs of the triplet 
and singlet states cross at approximately C–O distance of 
1.95 and 1.4 Å with the interaction energy of ca. 13 and  
5 kcal/mol, respectively. For this site, the first possible ISC 
occurs before the direct insertion of the O atom from the 
vdW complex to the triplet bridge site. Second possible 
ISC point for the bridge site is at rC–O = 1.4 Å with the 
interaction energy ca. 5 kcal/mol. However, if the ISC 
occurs via the second ISC point, the system must overcome 
the higher energy barrier. Thus, if the ISC occurs via 
direct bridge site insertion, it should occur via the first ISC 
point. This ISC point is a spin-change barrier type [46]. 

Fig. 6(a) shows the comparison between singlet-
triplet states at the top adsorption site. Interestingly, the 
singlet and triplet PECs do not cross along the top site 
pathway, which could mean that the ISC should occur 
starting from the triplet minimum for the top site. 
However, since the energy barrier of the O insertion from 
vdW complex to the top site, i.e., interaction energy at 

TS(AB) geometry is lower than the spin-change barrier 
of the bridge site by ca. 7 kcal/mol, it is most likely that 
the ISC occurs via the adsorption from the top site. 

To further evaluate the ISC process from the top 
adsorption site, the PECs were computed in the singlet 
and triplet states by scanning the energy along with the 
triplet top site minimum geometry (B) to a singlet 
geometry. From Fig. 4, it is evident that the B and 
TS(DE) geometries are nearly identical. Therefore, we 
consider that the ISC occurs along B → TS(DE) pathway. 
We consider two B → TS(DE) pathways. The first 
pathway is the direct B → TS(DE) pathway. This pathway 
is mainly controlled by the O–C1–C4 and O–C1–C2 
bond angles changes since the O–C1 bond length and 
other important internal coordinates are nearly 
identical. The second pathway is the B → TS(DE) 
pathway via F geometry (Fig. 7), dubbed as B → F → 
TS(DE) pathway. F geometry is the output geometry 
from the relaxed scan at fixed rC–O = 1.3 Å in the triplet 
state. We consider this geometry since the energy in the 
singlet and triplet states at F geometry is nearly identical 
from the PEC. Also, if the incoming atom has enough 
kinetic energy, the system can undergo the reflection 
and back chemisorption process as in the case of 
adsorption of atomic H on graphene [49], which occurs 
at a shorter C–H distance than the equilibrium distance. 
Therefore, in our case, the ISC may also occur at a 
shorter C–O bond distance. The second pathway is 
mainly controlled by C–O bond shortening and 
elongation. The pathways were prepared by the 
following internal coordinate interpolation: 

 
Fig 6. PECs interaction graphs between coronene and oxygen atom at B3LYP/cc-pVDZ level of theory at the (a) bridge 
and (b) top sites 
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Fig 7. The F geometry 

C = xC(E) + (1–x) C(TS(DE)) (4) 
where C is the internal coordinates between E and 
TS(DE), C(E) and C(TS(DE)) are the optimized internal 
coordinates of E and TS(DE), respectively, and x is the 
weight coefficient (0 ≤ x ≤ 1). 

Figure 8 shows a reaction pathway from triplet top 
site adsorption minimum. Fig. 8(a) visualized that the 
energy of the triplet state increases monotonically until 
the TS(DE) geometry while the energy of the singlet state 
decreases. The crossing occurs at proximity of TS(DE) 
geometry with the barrier energy ca. 3.0 kcal/mol relative 
to B triplet state energy. Fig. 8(b) reveals that at F 
geometry, the energy difference is only 0.5 kcal/mol. 
However, the energy does not seem to cross until the 
proximity to TS(DE) geometry. Given that the error bar 
of the B3LYP method is 1–3 kcal/mol, it is reasonable to 
consider a pathway through a bond shortening 
mechanism since the energy may cross along the path. 
Another consideration is that the crossing occurs at an 
even shorter C–O distance. In any case, the crossing via 

bond shortening mechanism must require higher energy 
to overcome the barrier than the direct mechanism. 

Recent theoretical studies of O(3P) + C2H4 
reactions suggested that the ISC could occur at the 
crossing points where it is observed that the spin state of 
acetyl biradical •CH2CH2O• species transformed from 
initial triplet minimum state towards an open-shell 
singlet saddle point [50-52]. Comparable spin state 
transformation in the O atom attack with graphite 
cluster was proposed by Ehrenfest dynamics simulation 
via time-dependent DFT (TD-DFT) computation, and 
the range between O atom with the graphite model 
surface was observed at ca. 1.2 Å [21] suggests an ISC 
pathway via bond shortening mechanism since the bond 
is shorter than the equilibrium C–O bond length for a 
high-energy oxygen collision reaction. 

Electronic Structure Changes during Reaction 

To elucidate the electronic structure changes 
during the reaction, we conducted natural bond orbital 
(NBO) [53] and bond order analyses for the coronene–
O system along the proposed reaction pathway. Herein, 
we focused on the NBOs and bond orders of C1 and its 
neighboring carbon atoms (C2, C3, and C4) with the 
incoming O atom. 

The NBOs results of C1 to its adjacent carbon 
bonds in the geometry optimized, isolated coronene 
structures are expressed as follows 

1 2

1 3

1 4

2.01 2.01
C C

2.01 2.01
C C

2.01 2.01
C C

) )
)

4

0
)

.7071(sp C1 0.7071(sp C2
0.7071(sp C1 0.7071(sp C3
0.7108(sp C1 0.7034(s) C)p

=

=

=σ = +
σ = +
σ = +

 (5) 

 
Fig 8. The PECs of possible ISC pathway from triplet top site adsorption minimum (A) to singlet top site geometry 
(TS(DE)) via (a) direct top and (b) bond shortening mechanism. The energy of B geometry is taken as the reference 



Indones. J. Chem., 2021, 21 (5), 1072 - 1085   
        
                                                                                                                                                                                                                                             

 

 

Mokhammad Fajar Pradipta et al.   
 

1080 

shown that the bonds exhibit strong characteristics of sp2 
orbital. Upon reaching the top triplet minimum (B), The 
NBOs results of C1 to its adjacent carbon bonds changes 
to 

1 2

1 3

1 4

2.53 2.32
C C

2.46 2.26
C C

2.85 2.29
C C

) )
)

4

0
)

.7081(sp C1 0.7062(sp C2
0.7064(sp C1 0.7078(sp C3
0.7006(sp C1 0.7136(sp) C)

−

−

−

σ = +
σ = +
σ = +

 (6) 

The NBOs indicate that there is observed a shift 
from sp2 to sp3, but the shift transition is not complete. 
The NBOs of the final product (E) are 

1 2

1 3

1 4

1.94 2.28
C C

1.96 2.21
C C

6.65 6.34
C C

) )
)

4

0
)

.7122(sp C1 0.7020(sp C2
0.7080(sp C1 0.7062(sp C3
0.7078(sp C1 0.7064(sp) C)

−

−

−

σ = +
σ = +
σ = +

 (7) 

Interestingly, at the bridge site minimum, the bonds 
hybridization return to the sp2. The drastic change comes 
from the σC1–C4 bond. The NBO of this bond changes from 
sp3 type hybrid to more dominated by p orbital, which 
means that the C1–C4 bond in this structure is weaker 
due to weaker s character. 

The bond orders of the selected bonds are listed in 
Table 1. The presented results can complement the NBO 
analyses. In the free-standing pristine coronene, the 
aromatic C–C bond orders are uniform with the bond 
order value of 1.1864. Upon insertion of the O atom to 
form the vdW complex, the C–C bond order values are 
slightly reduced to 1.14–1.17. Additionally, there is no  
C–O bond formation since the C–O bond order is below 
0.1. At the B structure. The most significant change is the 
weakening of the C–C bond around the adsorption site 
also the formation of the C1–O bond, and the formation 
of a weak C4–O bond. The aromatic bonds change to the 
single bond character as shown by the bond order values 
(0.85–1.03). The bond order value of the C–O bond 
confirms that the C1–O is a single bond. 

At the final product geometry E, the C1–C2 and 
C1–C3 bonds become closer to aromatic bonds. The 
results are consistent with the NBO results as presented 
by the hybridization. On the other hand, the adsorbed O 
atom on coronene requires both C1 and C4 atoms to 
share the electron, causing the bond weakening of the 
C1–C4 bond. In this structure, the C–O individual bond 
is imperceptibly weaker than the single C1–O bond in 
the B geometry. However, since there are two C–O 
bonds in the E geometry, the total C–O bond is stronger. 

To confirm the spin location during the reaction, 
the spin density distribution (Δρ) is analyzed. The spin 
density is defined as a subtraction operation of the 
density of α and β spin: 

α β∆ρ = ρ −ρ  (8) 

The spin density of vdW complex A shows that 
spin is localized at the O atom (Fig. 9). The spin density 
of O at the vdW complex is 1.9, indicating that most spin 
is located on the O atom. At the triplet top site B 
geometry, the spin density of the O atom decreases to 
0.92. This value of the spin density suggested that there 
is an  unpaired  electron  in  the  O  atom  while  the  other  

 
Fig 9. Spin density distribution of the van der Waals 
complex A and triplet top site minimum B geometries 

Table 1. Bond order values of the selected bonds of the minima structures 

Structure 
Bond orders 

C1–C2 C1–C3 C1–C4 C1–O C4–O 
Coronene 1.1864 1.1864 1.1864 - - 
A 1.1433 1.1714 1.1714 0.0624 0.0162 
B 0.8716 0.9037 0.8499 1.0043 0.1173 
E 1.0269 1.0432 0.5686 0.8954 0.8954 
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unpaired electron is delocalized onto the coronene (Fig. 
9). In the final product, the α and β spin are distributed 
equally to the system, which means the spin density is zero 
for the entire system. This confirms the non-magneticity 
of the final product as observed in the experiment. 

Impact on Graphene Oxidation Mechanism 

Furthermore, we direct our attention to the atomic 
O attack with low energy in real experiments, whereupon 
the O atom would not generate defects on the coronene 
or any other graphitic surfaces. Based on the potential 
surface in Fig. 4, we could expect oxygen chemosorption 
on graphene due to the atomic O atom direct attack on 
the sheet. Oxygen atom on its 3P state approaching 
graphene to develop such a precursor complex (A) at the 
range of rC1–O = 2.67 Å. After passing the activation 
barrier point, at 6.1 kcal/mol in the distance of rC1–O = 
1.82 Å, the range between the O atom and the coronene is 
reduced to rC1–O = 1.42 Å, and a frail coronene–O 
complex formed and labeled as B. The B structure is a 
biradical complex with a triplet state and –1.8 kcal/mol for 
its interaction energy. On the B structure, an unpaired 
electron is observed to localized on the O, and the other 
radical is delocalized around the coronene. Following the 
B structure formation, there is a probability of developing 
an epoxide structure. 

The first plausible reaction mechanism is a ring-
closure reaction between C4 and the O atom to form a 
C4–O bond, and the reaction results in the epoxide-like 
forms complex C on its triplet state. The second plausible 
pathway is an intersystem crossing (ISC) that occurred 
from the triplet state to the singlet state due to the energy 
difference between the B structure and the TS(DE) 
geometry only several kcal/mol, and the B structure are 
alike to the TS(DE) geometry. The ISC likely occurs via 
the direct mechanism. 

After the ISC, the D or E structure could be formed 
by a plausible ring-closure reaction. Either D or E 
structure should form as a major product in the singlet 
state due to epoxide formation in the singlet state, D or E, 
which is considerably more stable than on its triplet state, 
C. However, we do not have to consider the difference 
between D and E because they are the same structures on 

graphene. The results generated by our investigations 
correspond with the precursory work, which stated that 
the ground state of graphene oxide (GO) structure has a 
nonmagnetic property [13]. 

According to our work, we assume that the atomic 
O attack on graphene generates graphene oxide (GO) 
with epoxy structure as the major product since the 
formation of poorly O atom adsorption on the "top" site 
of graphene in a triplet state could quickly encounter 
relocation to the "bridge" in singlet state due to the 
notable energy difference among those states whereas 
the latter is substantially lower. While comparison with 
the experimental barrier is desirable, to the best of our 
awareness, there is no systematic investigation on the 
kinetic of O adsorption on graphene or PAHs. 
Therefore, the energy barrier may be estimated by the 
reaction condition. According to the kinetic theory of 
gas, the kinetic energy expression of monoatomic gas, Ek 
= 3/2kbT (kb, Boltzmann constant) with the experimental 
reaction condition of ca. 1500 °C [16], corresponds to 
the kinetic energy of ca. 5.3 kcal/mol, which is necessary 
to pass the computed barrier, 6.1 kcal/mol. 

Impact on Astrochemistry 

Oxygen atom interaction with the PAH surface can 
be illustrated in Fig. 10. The O atom originally from the 
interstellar cloud is obliged to the surface of PAH via vdW 
interaction, and the O atom is located at 2.5–2.6 Å above 
the surface. If the O atom receives kinetic energy larger 
than 6 kcal/mol to conquer the first barrier and the spin-
change barrier, the atom can be covalently bound on the 
surface, and as a result, the C–O bond is formed. In this 
case, both direct and bond shortening ISC can occur 
depending on the kinetic energy of the incoming O atom. 

The first O insertion barrier energy value is similar 
to the H atom insertion barrier energy value to PAHs as 
reported by Tachikawa and Wang et al. [30,34] with  
5–7 kcal/mol while O atom binds stronger than H atom. 
Since in case of water formation in interstellar medium 
requires both adsorptions of O and H atoms on the 
substrate [28-29], the adsorption of oxygen and 
hydrogen atoms on PAHs might be an alternative route 
of water formation in the case of the interstellar medium. 
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Fig 10. Depiction of the interaction of O atom with PAHs 

 
■ CONCLUSION 

We theoretically suggested a plausible atomic 
oxygen attack and chemisorption mechanism on the 
coronene-based structure on the PECs computed by DFT 
at the "top" and "bridge" sites on the coronene structure. 
We ensured that the coronene–O system has a stable spin 
state on its triplet state at the far C–O range, whereas the 
coronene–O binding region has a stable spin state has on 
its singlet state. We recommended that atomic O attack 
on the coronene surface started in triplet state at the "top" 
site with the activation energy barrier of 6.1 kcal/mol, and 
the ISC occurs with facile oxygen atom relocation to 
develop a stable epoxide functional group in a singlet state 
of –29.2 kcal/mol or –35.0 kcal/mol for its interactions 
energy. 
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