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Abstract The electrical and chemical properties of gra-
phene (C,4H;,), graphane (C,4H,4) and graphene oxide
(Cs4H17+0+(0OH)3+COOH) were studied through the
density functional theory (DFT) at level of Local Density
Approximation (LDA) using a model C,H,, like. The
optimized geometry, energy gap and chemical reactivity
for the proposed carbon 2D models are reported. It was
found that while the graphene and graphane structures
have semiconductor behavior, the graphene oxide behaves
as semi-metal. However, a transition from semi-mental to
semiconductor is predicted if the carboxyl group (COOH)
is removed from such structure. The chemically active
sites are analyzed on the basis of the electrophilic Fukui
functions for each structure.

Keywords Density functional theory - Graphane -
Graphene - Graphene oxide

Introduction

Since the experimental isolation of graphene in 2004 [1],

and a single sheet of boron nitride by Geim et al. [2], one
year later, the interest in two dimensional (2D) nano-
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structures increased noticeably. The 2D nanostructures have
been identified as potential building blocks for gas sensors
[3], high density data storage devices [4], and nanoelec-
tronics [5, 6]. Graphene is among the most promising
nanomaterials for structural applications due to its novel
mechanical properties [7]. This 2D nanostructure can be
stabilized through hydrogenation process, and the experi-
mental results reveal that it behaves as a wide band gap
semiconductor, as was predicted by Sofo et al. in 2007 [8, 9].
Another interesting geometrical conformation of carbon
sheets is the graphane, which unlike graphene shows non-
planar topography. Elias et al. [10] reported the first
experimental evidence of graphane structure using scanning
and transmition electron microscopies, demonstrating that
controlling the chemical characteristics of graphane is
feasible to bring the graphene structure back.

Recently, Dikin et al. [11] have reported experiments
concerning chemical modification of graphene. They
incorporated oxygen atoms, hydroxyl and carboxylic acid
groups in the structure of graphene to obtain the so-called
graphene oxide, material with interesting mechanical
properties like its large bulk modulus.

In the field of theoretical calculations, several C,H,,-like
structures have been explored by Chigo [12] to study 2D
carbon structures, and doping process of graphene and
boron nitride sheets with nitrogen and carbon atoms. On the
other hand, similar structures have been used successfully
in theoretical studies of F and Li doping of boron nitride
sheets [13], physical properties of boron nitride oxide
structure [14], electronic properties of III-A nitrides [15],
and adsorption of water in 2D boron nitride [16]. However,
the study of structural and electronic properties of 2D
nanostructures remains as a challenge for theoretical
scientist. The understanding of the physical properties of
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such structures is a main feature for their successful
application in nanoelectronic devices.

Here, we present a theoretical study of the electronic and
chemical properties of graphene (C,4H ), graphane coronene
(Cy4Hsy4), and graphene oxide (CssH;;+O+(OH);+COOH)
models applying the density functional theory (DFT) at the
level of local density approximation (LDA); furthermore, a
study of the effect of the incorporation of hydroxyl and
carboxyl groups on the electronic properties of the
graphene oxide structure is presented. Figure | shows the
schematic representation of the 2D structures used in this
study.

Computational methodology
Geometrical optimization and electronic properties

Briefly, the molecular calculations were performed using
the DMOL? code [17] based in the DFT [18-20] at the
level of LDA. We apply the Perdew-Wang extended hybrid
functional (PWC) [21] for the correlation-exchange term
and the double numeric polarized atomic base (DNP) [17,
22, 23] at the level of all electrons in singlete state and
null charge for the treatment of the core. The cut of the
orbital was at 0.3 nm, with tolerance of 1.0x107® Ha for
the self consistent field cycle (SCF). Optimal structural
geometry, dipolar moment and electronic gap energy
(arithmetic difference between the energies of the HOMO
and LUMO) were calculated at standard conditions of
temperature and pressure. Non-negative vibrational fre-
quencies were used as stability criterion for the obtained
structures [24]. In order to validate the simulated models,
the cohesion energy of naphthalene (C;oHg), phirene
(Cy6H19), coronene (C,4H;,), and the cluster CssH;g were
calculated, obtaining the value of 3.82 a.u./atom for all of
the systems.

Chemical properties

In order to elucidate the chemical reactivity of the simulated
models the Fukui functions corresponding to each structure
was obtained. It was calculated using the correlation-
exchange hybrid functional B3LYP [25-27], included in
the GAUSSIANO3 code [28], and the base function of
divided valence 6-31+G(d,p) [29] visualized throughout the
gOpenmol software [30].

Results and discussion
Graphene and graphane models

Figures 2a and b show the structures for graphene and
graphane models, respectively. It can be seen that while
graphene sheet remains as a flat surface, graphane shows a
perceptible deviation respect to a flat structure, instead a
coronene armchair structure is obtained. Such structural
conformation of graphane was previously used by Martinez
et al. [31] and experimentally demonstrated by You et al.
[32] using Raman spectroscopy, showing that it is possible
to determine the chirality of carbon sheets through this
optical technique.

Table 1 summarizes the structural parameters and
magnitudes of dipolar moment of the optimized models. It
can be noted that the bond lengths of C-C and C-H of
graphene and graphane differ slightly, 0.099 and 0.005 A,
respectively; furthermore, unlike graphene structure, the
carbon polygons seem distorted in the graphane model.

According to our DFT calculations, both of the
structures, graphene and graphane, behave as a semicon-
ductor material, with gap energies of 2.95 and 3.87 eV,
respectively. Lebegue et al. [33] report gap energies of 5.4
and 4.9 eV for armchair and boat configuration of
graphane, respectively. Nevertheless, it is important to

Fig. 1 Schematic representation of (a) graphene, (b) graphane, and (¢) graphene oxide structures
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Fig. 2 Initial models for (a) graphene (C,4H;5), (b) graphane (C,4H,4), and (c) graphene oxide (CssH;7+O+(OH);+COOH)

point out that those energies were estimated using a solid
treatment.

Graphene oxide model

Figure 2c shows the model for graphene oxide. The circular
geometry of the studied carbon structures was chosen in
order to avoid anisotropic effects that may be introduced
due to differences of the size of the modeled structure on
considering a specific direction. In favor of the proposed
model, it is worth noting that such symmetry has been
successfully used to study physical properties of 2D carbon
and boron nitride sheets [12, 15, 34, 35], suggesting that it
could be applied for graphene oxide.

From Fig. 2c, it can be seen that the incorporation of
hydroxyl and carboxyl groups trends to bend slightly the
structure of graphene, resulting in a curved surface.

The calculated gap energy for graphene oxide was
0.42 eV, and therefore a semi-metal behavior is recognized.

Larger values for the gap energy of graphene oxide can be
found in the literature, with either low oxidation (1.4 eV) or
high oxidation states (3.2 eV) [36].

The graphene oxide has larger polar character than
graphene and graphane structures, as indicates the magnitudes
of their dipolar moment (Table 1). However, the polarity of
graphene is considerably lower than that of boron nitride
(15.85 Debye) [14].

In order to study the influence of the hydroxyl and
carboxyl groups on the electronic properties of graphene
oxide, we calculated the gap energies of several structures
with and without those radical groups. Figure 3 shows the
optimized geometries for the different modeled structures.
It was found that on removing the carboxyl group the gap
energy increases up to 1.134 eV (see Table 2) suggesting a
semimetal-semiconductor transition; on the other hand, on
releasing the hydroxyl groups form the surface of graphene
oxide it decreases even further (0.404 eV). It is worth
noting that on removing the carboxyl group the magnitude

Table 1 Structural parameters and magnitudes of dipolar moment of the optimized graphene, graphane, and graphene oxide models

System Bond length (A)

C-C C-H O-H

Bond angle C-C-C (degrees) Dipolar moment (Debye, x107)

Graphene (Cp4H;5) 1.411 1.095
Graphene (CssH;g) 1.410 1.096
Graphane (Cp4H»4) 1.51 1.1

1.52%

1.56%
Graphene oxide 1.41 1.095 0.97
Graphene oxide with two OH groups 1.41 1.094 0.99
Graphene oxide without carboxyl group 1.41 1.095
Graphene oxide with CH;COOH group* 1.41 1.094

Formic acid

Acetic acid

0.982
0.983

119.95 23
120.4 17
110-122 3.4
120.1 6470
120.1 6750
120.2 2821
120.1 4593
3790
1740

T Armchair conformation [8]; i boat conformation [8]; * unstable
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Fig. 3 Optimized models (a)
graphene oxide with 2 OH, (b)
without carboxyl group, (¢) with
acetic acid, (d) with formic acid,
(e) with oxygen

Side view

Top view

D(red-acetic-acid)= 3.17 A

-l

D(red-formic acid)=3.18 A

D(red-carboxil)= 1.61 A

of the dipolar moment decreases considerably, even below

that calculated for formic acid (see Table 1), suggesting that
the carboxyl group is responsible of the polarity of

graphene oxide.

@ Springer

The structure of graphene oxide becomes unstable when
the carboxyl group (COOH) was interchanged by either
acid formic (HCOOH) or acetic acid (CH;COOH). Fur-

thermore, those functional groups depart from the surface



J Mol Model (2011) 17:1133-1139 1137
Table 2 Summary of the calcu-
lated energy gaps of the studied System Gap energy (eV) Reference
systems and its comparison
with those results found in the Graphene (C4H)>2) 2.95% This work
literature 2.8° [31]
2.7° [31]
Graphene (CssHig) 1.94% This work
Graphane (Cy4H,4) 3.87° This work
5.97° [47]
5.4° [33]
3.42% [47]
Graphene oxide (CssH;,+O+(OH);+COOH) 0.42°% This work
Graphene oxide without COOH group 1.134* This work
Graphene oxide with CH;COOH group* 1.96* This work
Graphene oxide with HCOOH group* 1.14% This work
Graphene oxide with two OH groups 0.404° This work
Graphite oxide (low oxidation) 1.4 [36]
Graphite oxide (high oxidation) 32 [36]

ALDA; " GGA; °GW, * unstable

by 3.184 and 3.17 A, respectively. The same effect was
obtained when the oxygen atom of the epoxy group was
removed from the 2D structure.

Chemical reactivity

From the viewpoint of hard and soft acids and bases
(HSAB) [37, 38] the electrophilic and nucleophilic charac-
ter of a molecular system can be elucidated calculating the
Fukui function [39]. This function represents the change of
the electronic density p(r) with respect to the number of
electrons N, i.e., f(r) = (Op(r)/ON),,); it can be evaluated
for electrophilic, nucleophilic, and radical attacks, namely
(), £ (), f°(r) Fukui functions, respectively [40—43].
The interpretation of the Fukui function is based on the
principle that the regions of a system where such function is
large are chemically softer than the regions where it is
small; therefore it is possible to establish the chemical
behavior of localized sites for an specific system [44].
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Figure 4 shows the calculated electrophilic Fukui
functions of graphene, graphane, and graphene oxide
models. According to the calculated Fukui functions for
graphene (Fig. 4a), four regions susceptible to electrophilic
attack were recognized. These regions are located on the
periphery of the structure, just above carbon atoms. It is
worth noting that the spatial distribution of these sites do
not reflect the hexagonal symmetry of the system. No
region susceptible to electrophilic attacks located at the C-C
bounds of the hexagonal sub-lattices was identified.

Politzer, et al. [45] have shown that sites most vulnerable
to electrophilic attacks of a molecular system can be found
through the calculation of the average local ionization
energy on the molecular surface, 7s(r); here the locations
of the lowest values of such function, /s, min (r), corre-
spond with the least tightly-held electrons, and therefore,
the most reactive sites. In this sense the f () and 7s(r)
functions can be directly co-related; however, analogous
arguments do not apply for the /() Fukui function.

!
| ¢ M
'—l\_ ! ~y L ’\ % .] s L

K I f _':f‘ B J 1,
i ] N -~ - \
'._. 4 ‘I .. :I' A \
-4 - - | |

/ |

Fig. 4 Electrophilic Fukui function of (a) graphene (isosurface: 0.01 u.a.), (b) graphane (isosurface: 0.025 u.a.), and (¢) graphene oxide models

(isosurface: 0.01 uv.a.)
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The average local ionization energy computed by Peralta
et al. [46] for several graphene systems suggests that the
most susceptible regions for electrophilic interactions are
localized on the periphery (CgH,g), in agreement with our
results; however, it is worth to point out that, they are
distributed around all the periphery of the graphene system
as is expected.

The calculated f “() Fukui function for graphane
structure is shown in Fig. 4b. Like in the graphene model,
the most susceptible regions for electrophilic attacks are
distributed on the periphery; however they are not localized
above carbon atoms, instead such regions approach to C-C
bound midpoints, may be due to the double-bound
character of these sites.

Finally, the Fukui function f "(r) calculated for graphene
oxide structure (Fig. 4c) shows a region susceptible to
electrophilic attacks near the carboxyl group. It may be due
to the increase of the electronic density at specific points as a
result of chemical functionalization. No similar effect was
observed at the central portion of the carbon sheet where the
oxygen and hydroxyl groups were chemisorbed; the last can
be attributed to the nearly radial distribution of chemical
hardness of the carbon structure [46] and differences among
the electronegativity of the chemisorbed species.

Conclusions

The optimized structural parameters of the graphene and
graphane models obtained through the density functional
theory are in agreement with the data previously reported;
similar coincidence are observed for the gap energy
calculated for these 2D carbon systems. It is proposed that
these models can be used to calculate other physical
properties, like ionicity. While graphene and graphane
structures have small dipolar moment, the graphene oxide
structure shows strong polar character; such behavior can
be attributed to the adsorption of chemical groups, mainly
COOH.

The obtained results suggest that it is feasible to control
the electronic properties of graphene oxide through a
careful selection of the chemical radicals adsorbed on its
surface. Whereas on removing a hydroxyl group a decrease
of the gap energy is observed, the release of the carboxyl
group results in a semimetal-semiconductor transition.

The analysis of graphene, graphene oxide and graphane
structures with the electrophilic Fukui function show
preferential chemical reactivity on the periphery of the
system, this is valid for all the modeled structures.

Finally, it was found that the descriptions provided by
the DFT at the level of LDA of the electronic and chemical
properties of the studied 2D models are in good agreement
with previous studies based in a solid treatment; suggesting

@ Springer

that a cluster model can provide a reasonable description of
the structural, electronic and chemical properties of larger
2D nanostructures.
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