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Chemical functionalization of H-graphene cluster by an epoxy group has been deemed to be an
effective way to tune the electronic structure of H-graphene and open its band gap. It is impor-
tant to understand the atomic structure of H-graphene oxide in order to utilize its fundamental
properties and explore its potential applications. Therefore, it is essential to know the arrangement
of oxygen-containing functional groups in H-graphene oxide. A computational study using DFT-
based reactivity descriptors to identify favorable sites of epoxy groups on the H-graphene surface
was performed in this work. Structural, electronic and optical properties of epoxy groups in various
positions of the H-graphene surface were compared. All calculations were performed using DMol3

code in Materials Studio. Optical properties of epoxy groups show that the electron transmissions
from HOMO to LUMO, which are related to the energy gap, have the highest wavelength and
the least amount of oscillator power in all structures. The highest wavelength, which occurs in
the transmission H→L (1512 nm), is related to structure 10. This is consistent with the results of
the energy gap and global softness. The energy of interactions is negative in all structures, which
indicates that the interaction between the oxygen atom and H-graphene, which results in the for-
mation of H-graphene epoxy, is exothermic. The number of electron occupancy states in the energy
levels between HOMO and LUMO has changed for oxygen-absorbed H-graphene, which indicates
the effect of oxygen on the H-graphene surface.

Key words: H-graphene cluster, epoxy group, density functional theory, structural, electronic
and optical properties.

DOI: https://doi.org/10.30970/jps.23.1301

PACS number(s): 31.15.A−

INTRODUCTION

The graphene is a two-dimensional sheet of sp2 carbon
atoms and is used in many fields of science and tech-
nology due to its exceptional and unusual properties [1,
2]. The presence of functional groups changes the prop-
erties and applications of graphene. Graphene oxide is
one of the most significant structures of graphene, which
exhibits high electrical conductivity due to its free elec-
trons. Graphene oxide plays an important role in applica-
tions such as gas sensors, electronic devices and optical
devices. Graphene oxide consists of four types of func-
tional groups: epoxy (–O–), hydroxyl (–OH), carbonyl
(–C = O) and carboxyl (–COOH) [3–9]. Functionalized
graphene is suitable to be used in composite structures
and graphene epoxy nanocomposites have been studied
extensively [10, 11]. Polymer composites, reinforced with
functionalized graphene nanoparticles, have many appli-
cations [12, 13].

Recently, theoretical studies have been conducted on
the adsorption of gases and molecules by H-graphene ox-
ide (H–GO): for example, the design of models to under-
stand the reaction mechanism of between ammonia and
H-GO [14], the study of the interactions of three amino
acids (glycine, histidine and phenylalanine) with perfect,
defected H-graphene as well as H–GO [15].

Basak et al. have studied optical and electronic prop-
erties of diamond-shaped H-graphene quantum dots by
arge-scale all-electron correlated calculations [16]. They
concluded that changes in the linear absorption spec-
trum were observed with increasing the size of diamond-
shaped H-graphene quantum dots. The structural stabili-
ty and electronic properties of H-graphene clusters in two
shapes, rectangular and circular (consisting of 6 to 160
carbon atoms and hydrogen termination at the bound-
ary edges), have been investigated by Karki et al. [17].
They have studied the adsorption of oxygen atoms on
flat H-graphene clusters (C24H12, C30H14, C48H18 and
C70H22), their calculations have been performed based
on DFT using Gaussian, B3LYP method and basis set
3-21G.

In these and other studies, researchers have studied
H-graphene epoxy using several functional groups locat-
ed randomly in the H-graphene epoxy structure. In this
work, active sites of an oxygen-based functional group in
H-graphene epoxy structures were determined, and the
reason for the selection of this functional group is the
important role that oxygen plays in the structure of H-
graphene oxide and also its application in all theoretical
and empirical studies. In this research work, the opti-
cal and structural properties of H-graphene epoxy have
been investigated in order to detect its reactive locations
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and also compare their properties. Reactive locations of
H-graphene epoxy have not been reported. Such studies
may help us to understand electronic structures better
and may also help us to design new H-graphene struc-
tures based on functional groups. Adsorption of gases
and drugs on materials can be computed more accurate-
ly if the electronic structure of the adsorbing material is
well determined.

COMPUTATIONAL METHODS

All calculations were performed using DMol3 code in
Materials Studio 5.5. DMol3 code calculations are based
on the density functional theory and are used to solve
the Kohn–Sham equations [18–20]. The generalized gra-
dient approximation (GGA) according to Perdew and
Wang (PW91) and the double numerical plus polariza-
tion function (DNP) were used in all calculations [21].
All electrons were considered for calculations involving
nuclear states [22]. The total energy convergence crite-
ria for self-consistent field (SCF) were set to 106 eV. All
structures have a positive frequency after optimization,
indicating that they have at least same energy as the
potential energy level.

The energy of the absorption between oxygen and H-
graphene in H-graphene epoxy is calculated from Eq. (1).

Eads = EH-graphene epoxy − (EH-graphene + EOxygen). (1)

In Eq. (1), Eads is the energy of the interaction between
oxygen and graphene, EH-graphene epoxy is the total en-
ergy of H–H-graphene epoxy, EH-graphene is the total H-
graphene energy, and EOxygen is the total oxygen energy.

Fukui functions have been used to determine the best
location of oxygen on H–H-graphene.

f+(k) = p(N+1) − p(N)(k), (2)

f−(k) = p(N) − p(N−1)(k). (3)

The Fukui functions for nucleophilic and electrophilic at-
tacks are defined by Eq. (2) and Eq. (3) respectively [22],
where p(N+1)(k), p(N−1)(k) and p(N)(k) are the electron-
ic populations on atom k for N +1, N−1 and N electron
systems, respectively. Eq. (2) and Eq. (3) can also be ex-
pressed in terms of the global softness (S), which is the
inverse of hardness. The different local softnesses used to
describe the reactivity of the kth atom in a molecule can
be written as Eq. (4) and Eq. (5) [23],

S−(k) ' Sf−(k), (4)

S+(k) ' Sf+(k), (5)

f2(k) =
[

f+(k) − f−(k)
]

, (6)

where S+ and S− represent the local softness quanti-
ties describing nucleophilic and electrophilic attacs re-
spectively. Eq. (6) was proposed for describing reactive
sites in 2005 [24]. If f2(k) > 0, then the sites favored a

nucleophilic attack, whereas sites are susceptible to an
electrophilic attack if f2(k) < 0.

Quantum chemistry descriptors provide information
on the chemical reactivity of molecules. One of these de-
scriptors is global softness. If the global softness of a
molecule is high, then the molecule will be less stable
and more reactive. The global softness is derived from
Eq. (7).

σ =
2

ELOMO − EHOMO
. (7)

DISCUSSION AND CONCLUSION

A simulation study was carried out on H-graphene.
The H-graphene consisted of 48 carbon atoms and 18 hy-
drogen atoms (C48H18). The H-graphene boundary car-
bon atoms are limited by hydrogen atoms (Fig. 1, part
A) and the epoxy functional group was placed in various
positions between carbon atoms on the surface of the H-
graphene. The sheet of the H-graphene with the number
of positions that the epoxy group was placed between
the two carbon atoms is shown in Fig. 1, part B. Fig. 1
part C shows the state of the epoxy group in position 3
(between carbon numbers 4 and 10).

In this work, 20 locations of the epoxy group were
investigated. The following calculations have been per-
formed for the 20 optimized H-graphene epoxy struc-
tures.

Fig. 1. Optimized Structure of H-graphene: H-graphene A
with Atomic Number Display, H-graphene B showing loca-
tions of oxygen between two carbon atoms and H-graphene
C showing structure 3 of H-graphene epoxy.
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BOND LENGTH AND BOND ORDER

Table 1 shows the bond length and bond order of H-
graphene and H-graphene epoxy structures which were
calculated by Mayer and Mulliken methods [25]. The re-
sults show that the oxygen bonding increases the bond
lengths of carbon atoms. Oxygen bonding causes the
carbon-carbon bond length to increase in all H-graphene
epoxy structures. An increase in bond length results in a
decrease in bond order, which indicates that the carbon-

carbon bonds in H-graphene epoxy structures are weaker
than the corresponding bonds in H-graphene.

The differences between the C–O bond lengths in
each H-graphene epoxy structure are insignificant. The
carbon-carbon bond lengths at the edges of H-graphene
and H-graphene epoxy are slightly longer than their cor-
responding bond lengths on their surfaces, suggesting
that the edge bonds are weaker. Structures 1, 2, 5, 8,
10, 14, and 20 relate to the placement of oxygen between
two carbon atoms on H-graphene edges.

Table 1. The bond length and bond order of H-graphene and H-graphene epoxy structures.

Acronyms are: Mayer (Ma), Mulliken (Mu), H-graphene (G), H-graphene epoxy (GO),

Bond Order (BO) and Bond length (BL).
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MOLECULAR ORBITAL

The energy gap is an important parameter for molec-
ular reactivity. The stability and chemical reactivity of a
system is determined by the difference between HOMO
and LUMO, or the energy gap. Therefore, the smaller the
energy gap, the more responsive the system will be. Ener-
gy gaps of H-graphene epoxy structures show that some
structures have more energy than H-graphene and some
structures have less energy than H-graphene (Fig. 2). For

the cluster C48H18, the calculated value of the energy gap
is 0.023 Ha (0.636 eV), while the reported value in Ref.
[17] is approximately 0.041 Ha (1.1 eV). This difference
may be due to the type of software and computational
method.

Structures 10 and 9 have the lowest and highest energy
gaps respectively. Therefore, the reactivity of structure
10 is even greater than H-graphene. Structure 9 has a
low global softness, a higher energy gap and thus less re-
activity. The global softness of H-graphene is 3.143 eV−1.

Fig. 2. Energy gap of H-graphene and H-graphene epoxy

DENSITY OF STATES AND MAGNETIC
PROPERTIES

Figure S1 (hereafter, figure numbers S# refer to the
online supplementary material) shows the density of
states in H-graphene and H-graphene epoxy and the
number of available electron states. The densities of
states of the structures with almost identical energy gaps
are similar. For example, the difference between the den-
sity of states of structure 10 (the most reactive structure)
and structure 9 is observable.Therefore, the energy gap
matches the density of states. The calculations show that
the H-graphene’s Fermi surface is located on the energy
of LUMO (−0.141 Hartree), but the Fermi energies of
the 20 H-graphene epoxy structures are located between
the LUMO and HOMO energies. Oxygen bonding to two
carbon atoms on the surface of H-graphene changes the
H-graphene Fermi energy, which is calculated to be in
the range of −0.1420÷−0.1436 Hartree. Therefore, the
number of electron occupation states in the Fermi level
range between HOMO and LUMO changes after the ab-
sorption of oxygen on the surface of H-graphene. This is
the effect of oxygen on the H-graphene surface.

One of the methods for determining the structures of
ferromagnets is comparing their densities in a high and
a low spin electron states. The difference between a high
and a low spin electron states is related to magnetic mo-
mentum. Therefore, if the densities of a high and a low

spin electron states of a system are symmetric, then the
system is antiferromagnetic.

The analysis of the high and low spin state graphs
shows that H-graphene is antiferromagnetic and the pres-
ence of oxygen between two carbon atoms in all positions
on the surface of H-graphene has no effect on the mag-
netic properties of H-graphene (Fig. S2).

FUKUI FUNCTIONS

Fukui functions are used for calculating Fukui indices
for electron centers (atoms sensitive to electrophiles)
and electron-deficient centers (atoms sensitive to nucle-
ophiles). The purpose of calculating the Fukui indices
for 20 H-graphene epoxy structures was to compare their
nucleophilic and electrophilic attractions and determine
which H-graphene epoxy structures are most reactive.
Figure S1 shows that shape HOMO with shape LUMO
are almost the same in each of the graphene epoxy struc-
tures. Also, the negative and positive Fukui indices in
each of the graphene epoxy structures are not very dif-
ferent (see Table 2). So, the results of the Fukui indices
values are consistent with the results of the structures of
HOMO and LUMO. Table 2 shows the Fukui indices and
global softness of the H-graphene epoxy structures which
were calculated by Mulliken and Hirschfeld methods.

The results show that oxygen in structure 10 of H-

1301-4



EFFECT OF THE POSITION OF AN EPOXY GROUP ON THE H-GRAPHENE CLUSTER PROPERTIES. . .

graphene epoxy has the highest value of f−, f+, S−,
S+, and f2. These values are consistent with the results
obtained by the border orbitals method. Then there are
more nucleophiles and electrophiles in the oxygen at lo-
cation 10 of H-graphene epoxy than in the rest of the
oxygen in other H-graphene epoxy structures. Eq. (5)
shows that the oxygen in structures number 1, 2 and

5 is more electrophilic than the rest of the oxygen in H-
graphene epoxy structures. Charge densities on all atoms
of H-graphene epoxy structures, calculated by Mulliken
method, show that the highest negative charge density
occurs on the oxygen atom (−0.387 to −0.460 electrons).
Oxygen bonding to carbon atoms increases charge den-
sities of H-graphene epoxy.

Table 2. f−, f+, S−, S+ and f2 for oxygen atom in H-graphene epoxy structures.

ELECTROSTATIC POTENTIAL

Figure S3 shows the electrostatic potential energy in
relation to the bond length (related to oxygen and carbon
atoms attached to it) in H-graphene epoxy structures. As
you can see, these shapes are consistent with the bond
lengths in Table 1. For example, as Table 1 shows, in
structure 2, the values of the lengths of carbon-oxygen
bonds are different (O–C4: 1.446 and O–C5: 2.460 Å).
These results are consistent with the electrostatic po-

tential energy in relation to the bond length (figure S3).
Figure S3 shows that the distribution of electrostatic po-
tential in H-graphene epoxy structures 1, 2, 5, 8, 10, 14
and 20 is not uniform. The distribution of electrostat-
ic potential relates to the oxygen position between two
carbon atoms on H-graphene edges. This non-uniform
distribution of electrostatic potential is greater in struc-
tures 2, 8 and 14, which is consistent with the results of
the bond length.
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INTERACTION ENERGY

The energy of the interaction between oxygen and H-
graphene for the formation of H-graphene epoxy is sum-
marized in Fig. 3. Figure 3 shows that the interaction
energy is negative in all structures, which indicates that

the interaction between the oxygen atom and H-graphene
is exothermic.

Based on our results, the most stable structures are 8
and 9, the difference between the lowest and highest en-
ergy is −0.017 Ha (−0.475 eV) and structures 12, 10 and
5 are less stable than other structures but more reactive.

Fig. 3. Interaction energy between oxygen and H-graphene for the formation of H-graphene epoxy.

OPTICAL PROPERTIES

Quantum-mechanical computations have been per-
formed for the electron absorption spectra of H-graphene
and H-graphene epoxy structures in order to deter-
mine electron transitions in these structures. Figure S4

shows the oscillator power values relative to wavelengths
by the time-dependent density-functional theory (TD-
DFT). The values of the oscillator power of the wave-
lengths of the transmissions from HOMO (H) to LUMO
(L) and the wavelengths of the transmissions that have
the most oscillator power values are shown in Table 3.

Table 3. The oscillator strength and wavelength of electronic transitions of HL and the wavelength of electronic transitions

with maximal oscillator strength by TD-DFT.

Electron transmissions from HOMO to LUMO have
the highest wavelength and the least amount of oscillator
power in all structures. Comparison of the highest wave-
lengths of H-graphene epoxy structures with H-graphene
shows that some H-graphene epoxy structures have a
higher wavelength of the electron transfer from H to L

and some have a lower wavelength than H-graphene (Ta-
ble 3). The highest wavelength of electrons when trans-
mitted from H → L comes from structure 10 (1512 nm),
which is consistent with the results of the energy gap and
global softness. In H-graphene, the lowest wavelength,
451 nm (2.75 eV), is attributed to the transmission of H-
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2 to L + 1 and the wavelength, 518 nm, has the highest
oscillator power (H → → L + 3). In structure 10, the
highest amount of oscillator power is attributed to the
H-2 → L electron transfer with a wavelength of 619 nm
and the lowest wavelength with the energy of 42.2 eV is
attributed to the H-5 electron transfer to L.

CONCLUSIONS

The presence of functional groups led to changes in
the properties and applications of H-graphene, and H-
graphene epoxy is one of the remarkable structures of
H-graphene. A review 20 places for epoxy on the sur-
face of H-graphene shows that the presence of oxygen
between two carbon atoms causes the bond lengths of
these two carbon atoms to increase with respect to the
length of the bonding of the same carbon in graphene. In
all structures, the bond order decreases with increasing
the length of the bond. These results are consistent with
the results of the electrostatic potential. Comparison of
the energy gap of H-graphene epoxy structures with H-
graphene shows that some of these structures have more
energy and some have less than graphene. Structure 10
has the lowest energy gap and the highest global softness
and therefore more reactivity. The energy gap match-
es the density of states. The calculations show that the
number of electron occupation modes in the Fermi lev-
el range, after the absorption of oxygen on the surface
of H-graphene has changed, which shows the effect of
oxygen on the H-graphene surface. It was observed upon
examination of density of states with spin up and down
that H-graphene is antiferromagnetic and the oxygen ab-

sorption does not alter this property. The results of the
Fukui functions calculations are consistent with the re-
sults of boundary orbitals. Oxygen in structure 10 had
the highest amount of Fukui indices. The interaction en-
ergy shows that structures 12, 10 and 5 are less respon-
sive than other structures, and their stability is lower.
Optical measurements show that, in all structures, the
electron transfer from HOMO to LUMO, which is relat-
ed to the energy gap, has the highest wavelength and the
least amount of oscillator power. The highest wavelength
in the transmission of H → L is attributed to the struc-
ture of 10 (1512 nm), which is consistent with the results
of energy gap and global softness.

SUPPLEMENTARY INFORMATION (SI)

All additional information on Density of states and
frontier orbitals (Fig. S1), The DOS of spin up and spin
down electrons (Fig. S2), Electrostatic potential energy
(Fig. S3), The oscillator strength values in terms of wave-
length (Fig. S4) for H-graphene and H-graphene epoxies
are provided in the supporting information available at
https://doi.org/10.30970/jps.23.1301sm.
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ВПЛИВ ПОЛОЖЕННЯ ЕПОКСИДНОЇ ГРУПИ НА ВЛАСТИВОСТI КЛАСТЕРА
Н-ГРАФЕНУ: РОЗРАХУНКИ МЕТОДОМ ФУНКЦIОНАЛА ГУСТИНИ

Фахiме Шоджае
Вища вища школа передових технологiй, Керман, Iран
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Хiмiчну функцiоналiзацiю кластера H-графену епоксидною групою вважають ефективним способом на-

лаштування електронної структури H-графену i вiдкриття його забороненої зони. Важливо розумiти атом-

ну структуру оксиду H-графену, щоб використовувати його фундаментальнi властивостi та дослiджувати

потенцiйнi застосування. Тому потрiбно знати розташування кисневмiсних функцiональних груп в оксидi

H-графену. У цiй роботi проведено обчислення з використанням дескрипторiв реактивностi на основi ме-

тоду функцiонала густини для визначення сприятливих дiлянок епоксидних груп на поверхнi Н-графену.

Порiвняно структурнi, електроннi та оптичнi властивостi епоксидних груп у рiзних положеннях на поверхнi

H-графену. Всi розрахунки виконано з використанням коду DMol3 у Material Studio. Оптичнi властивостi

епоксидних груп показують, що електроннi передачi вiд HOMO до LUMO, якi пов’язанi з енерґетичною

щiлиною, мають найбiльшу довжину хвилi й найменшу силу осцилятора в усiх структурах. Найбiльша

довжина хвилi, що виникає в переходi H→L (1512 нм), пов’язана зi структурою 10. Це узгоджується з ре-

зультатами щодо енерґетичної щiлини i ґлобальної м’якостi. Енерґiя взаємодiї вiд’ємна у всiх структурах.

Цей факт указує на те, що взаємодiя мiж атомом кисню i H-графеном, яка приводить до утворення епоксиду

H-графену, є екзотермiчною. Заповнення електронних станiв на енерґетичних рiвнях мiж HOMO i LUMO

змiнюється для H-графену, який абсорбував кисень, що засвiдчує вплив кисню на поверхню H-графену.
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