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Abstract At the density functional theory level, the elec-
tronic reactivity of oxidized and doped (with N, B, and P)
graphene (G) has been analyzed. Molecular hardness and
electrophilicity were used as global reactivity descriptors,
while those at the local level, Fukui functions, Mulliken
charges and molecular electrostatic potential were used in
the order to characterize the intramolecular and intermolec-
ular reactivity. These descriptors show that in GO, the global
and local reactivity of the basal plane is improved mainly by
hydroxyl groups, which improve besides the physisorption
of small molecules, while, the active carbon atoms around
the functional group would allow enhancement of the con-
secutively chemisorption. Furthermore, epoxide, carbonyl
and carboxyl groups allow mainly enhancement of intermo-
lecular non-covalent interactions. On the other hand, doping
with N and B atoms increases the electrophilic character and
the reactivity in the bulk. Specifically, in N-doped G, N and
around carbon atoms would be able to serve as active sites
of detection by frontier-controlled processes, explaining the
improvement in electrochemical sensing; in addition,
electron-deficient carbon atoms around N enhance the phys-
isorption. Respecting the B-doped G, dopant and carbon
atoms adjacent to B act as donor sites, suggesting that
adsorption of cations on B-doped G is a frontier-controlled
process; moreover, positively-charged B atoms enhance
charge-controlled interactions with polarized molecules,
and consecutively, in a frontier-controlled step, chemisorption
is possible. Finally, P-doping increases the electrophilic reac-
tivity in the bulk; also, P atoms enhance the physisorption of

chemical species with negatively-charged centers or
lone-pair electrons, and consecutively, chemisorption
on P is possible.
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Introduction

Graphene (G) has emerged quickly in material science as one
of the most promising candidates to become the material of
the future, being broadly studied by experimental and theo-
retical science. G is a semi-metal with a high electronic
mobility (larger than 200,000 cm2·V−1·s−1) [1, 2], high ther-
mal conductivity (>4000W·m·K−1) [3], and its larger tensile
strength makes it the strongest material ever measured [4]. In
addition, by means of Raman spectroscopy, it has been shown
that the reactivity of Gmonolayers is 10 times larger than in bi
or multilayer of G, indicating that the 2-dimensional character
has an effect in the chemical properties [5].

Based on the rising information, researchers began to
synthesize new hybrid materials based in G, studying
changes on the surface that tunes its physical and chemical
properties. The graphene oxide (GO) has been used as a
good alternative to synthesize nanomaterials of G, with the
advantage that is a low-cost precursor; GO is a G lattice rich
in oxygen containing functional groups (epoxide, hydroxyl,
carboxyl, and carbonyl) [6, 7], which can be obtained from
the graphite oxide through Hummers’ method [8]. The
functional groups in GO significantly increase its chem-
ical reactivity and solubility, allowing the synthesis of
hybrid materials or nanocomposites with potentials
applications in optoelectronics [9, 10], catalysis [11–13], and
electrochemistry [14, 15].
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In addition, the chemical doping of G monolayers has
also been used to both improve its chemical properties
[16–20] and adjust its electrical character from semi-metal
to semi-conductor [21]. The adsorption properties of G
toward gases and amino acids are improved by means of
the chemical doping [18, 19], enhancing specificity; this has
potential application in the development of electrochemical
sensors. Besides, N and B-doped G have shown the lithium
and hydrogen adsorption enhancement, for applications in
lithium ion batteries [21, 22] and storage in fuel cells [23],
respectively.

The reactivity of G has been experimentally studied by
spectroscopic analysis, showing that the reactivity on edges
of G monolayers is twice larger than in its bulk [5]. Com-
putationally, the inert reactivity of the basal plane of G has
also been determined by Hernandez et al. by conceptual
DFT using Fukui functions [24], finding that the most
susceptible sites for electrophilic interactions are located
on the periphery; these results agree with the one determined
by Peralta et al. using average local ionization energy [25],
and with the theoretical-thermodynamic studies developed
by Radovic [26]. Structural modifications of G by function-
alization or doping allow improvement of G reactivity, as
noted before; these changes are mainly caused by inclusions
of donor and acceptor groups (or atoms) that enhance the
coulomb or charge-controlled interactions. For example, in
GO, hydroxyl and epoxide groups become more negatively
charged than G, enhancing interaction with metal cluster
[27]; in addition, due to the larger electronegativity of oxy-
gen atoms in the functional groups with respect to carbon
atoms, these serve as the site for the physisorption by
hydrogen bonds of polar molecules as H2O and NH3 [28].
On the other hand, in doped G, different effects can be
observed according to the nature of the dopant: theoretical
calculations done by Gong et al. [29] on N-doped G show an
increment in the atomic charge of the carbons adjacent to the
doping atoms, which suggest a considerable increase in the
local reactivity of these atoms. In B-doped G, the insertion
of an atom with five electrons turns G into an electron-
deficient system [23, 30–32], causing an increase in its
global electrophilic character, being more significant with
the increase in the number of dopant atoms. Also, at DFT
level, Garcia et al. show that P-doping increase the electro-
philic character in the atoms located near to impurities [33].

In this computational study, the electronic structure of
functionalized and doped G has been studied, focusing in its
electronic reactivity with respect to pristine G. In order to
understand the changes on global and local reactivity of G
systems, conceptual-DFT derived descriptors, population
analysis and molecular electrostatic potential have been
used. Moreover, the obtained results are used to explain
and analyze some experimental and theoretical facts related
to the use and application of G systems.

Theory

In the DFT context, the derivatives of the energyE N ; v r!� �� �

with respect to the number of electrons N and the external
potential v r!� �

generate a set of properties that allow to
characterize the global and local reactivity of the molecular
systems from its electronic structure [34]. At global level,
molecular hardness η denotes the disposition of the system
to distort its electronic density [35], and in this sense, we must
understand that η is a descriptor that indicates how reactive a
molecular system is. By means of the Koopman’s theorem, η
is obtained as:

η ¼ @2E

@N2

� �

v r!� � � "LUMO � "HOMO ð1Þ

εLUMO and εHOMO correspond to the energy of the lowest
unoccupied (LUMO) and highest occupied molecular orbit-
al (HOMO), respectively. On the other hand, electrophilicity
ω is an index that characterizes the electrophilic character,
defined as the stability in energy that reaches the molecular
system when it gains electrons [36, 37]. ω is obtained as:

w � μ2

2η
ð2Þ

In Eq. (2), μ corresponds to the chemical potential deter-
mined as:

μ ¼ @E

@N

� �

v r!� � � "HOMO þ "LUMO

2
ð3Þ

ω can be used to both note an increase in the electrophilic
character of a molecular system according to its increase,
and to note an increase in the nucleophilic character in
relation to the decrease of ω.

The derivative of the electron density with respect to N
(at constant v r!� �

) generates a local descriptor known as
Fukui function (FF) [38]:

f r!� � ¼ dμ

dv r!� �

" #

N

¼ @ρ r!� �

@N

� �

v r!� � ð4Þ

For a finite difference in N, and in a frozen core ap-
proach, FF can be obtained as:

f þ r!� � ¼ @ρ r!� �

@N

� �þ

v r!� �� ρLUMO r!� � ð5Þ

f � r!� � ¼ @ρ r!� �

@N

� ��

v r!� �� ρHOMO r!� � ð6Þ
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where ρLUMO r!� �
and ρHOMO r!� �

represent the LUMO and
HOMO densities, respectively. In Eq. (5), f þ r!� �

is the
variation of the electronic density with respect to the in-
crease in N, and it allows to identify electrophilic or selec-
tive sites to nucleophilic attacks; while, in Eq. (6), f � r!� �

is
the variation of the electronic density with respect to the
decrease in N, identifying nucleophilic or selective sites to
electrophilic attacks. In this study, f þ r!� �

and f � r!� �
will

only be represented as f+ and f− in order to simplify. Note
that, FF have been connected with global properties as
hardness, softness (S01/η) and electrophilicity [34], deriv-
ing in local descriptors that contain the same information as
the FF plus additional information related with the global
reactivity. For example, local electrophilicity (or local phi-
licity) can be defined as wk ¼ wf þk , where f þk is the
condensed f+ on an atom (say k) [37, 39, 40]; the direct
relation between f+ and ωk is clear, then, the site with the
maximum electrophilicity (the most electrophilic site) will
be at the site where f+ is at its maximum.

Although, intramolecular reactivity and frontier-controlled
interactions can be appropriately described by FF and derived
local indexes because they are predominantly covalent in
nature, intermolecular reactivity or charge-controlled interac-
tions are not described adequately in all cases by FF; in this
case, net charge and related properties to provide a better
description of the electronic reactivity [37, 41, 42] . Taking
these considerations into account, two categories of local re-
activity descriptors will be used through this article, as it was
usefully implemented by Fievez et al. to study the oxidation of
methanol on supported vanadium oxides [42]: a) to character-
ize the intramolecular or frontier-controlled reactivity, FF will
be used as derived in Eqs. (5) and (6); b) in order to analyze the
intermolecular reactivity (non-bonding interactions, specifical-
ly), and expecting that physisorption of molecules in G sys-
tems is a charge-controlled interaction, molecular electrostatic
potential (MEP) will be used for its analysis. Note that, MEP
surface is useful to determine sites with negative (red color) or
positive charge (blue color) excesses.

Moreover, charge on G (QG) was used as a charge trans-
fer descriptor: when QG is positive, it indicates that G loses
electronic population, while in negative value, it indicates
that the functional groups or dopant atoms transfer electrons
to G; charges were derived of Mulliken population analysis
(MPA). Dipole moment ( p!) was used in some cases.

Computational details

For all molecular simulations, a finite zigzag G lattice con-
taining 16 hexagonal cells was used. For the modeling of
GO, the presence of functional groups was considered
according to experimental evidence: analysis by techniques
as NMR [6, 7], AFM [43, 44] and STM [45] suggest that the

bulk of GO is mainly functionalized with hydroxyl and
epoxide groups; while, edges are functionalized with car-
bonyl and carboxyl groups. Considering these observations,
in the basal plane of G, hydroxyl and epoxide groups were
used to generate G-OH and G-O systems, respectively; on
the other hand, a carboxyl and carbonyl group was formed
in edges, generating the G-COOH and G-CO models, re-
spectively. Therefore, since superficial functional groups in
GO are in larger concentration with respect to edge groups,
bi-functionalized models were built: G-2(OH) and G-2(O).
For doped G, the following were used as dopant atoms:
nitrogen (N), boron (B) and phosphorous (P); the models
G-N, G-B and G-P contain a dopant atom, while G-2N, G-
2B and G-2P contain two dopant atoms. All functionalized
and doped graphene systems are shown in Scheme 1.

The molecular structures were optimized in a first stage by
means of the semiempirical method PM6 [46], implemented
in the software MOPAC2009 [47]. In this stage, for each
system (described in the previous paragraph) several models
were proposed to determine the most favorable sites for func-
tionalization or doping, as well as the relative positions of
functional groups in the case of bi-functionalized and bi-
doped arrangements. Then, in a second stage, the most stable
structures were optimized at DFT level using the functional of
Perdew, Burke and Ernzerhof (PBE) [48] with the DZP basis
set of Ahlrichs. In geometry optimizations and SCF steps,
convergence tolerance values of 1·10−6 and 1·10−8 u.a. were
used, respectively. Vibrational frequencies were obtained to
insure that optimized molecular structures correspond to en-
ergy minimum states, obtaining positive frequencies in all
cases. DFT calculations were carried out in the calculation
package ORCA 2.8.0 [49]. The graphical user interface
Gabedit was used for the production of surfaces [50].

Results and discussion

Table 1 shows for all G systems (pristine, functionalized and
doped) the global reactivity indexes η and ω, the charge in G
(QG), and the dipole moment (p). Figure 1 shows the elec-
trophilic (f+) and nucleophilic (f−) FF calculated for pristine
G; Figs. 2, 3 and 4 show the f+, f− and MEP surfaces,
respectively, computed for functionalized and doped G sys-
tems. In the first part of the analysis, we will examine the
reactivity properties of functionalized G to continue with the
doped models.

In the analysis, η and ω of pristine G will be taken as
reference, corresponding to 0.90 and 8.09 eV, respectively.
Local descriptors, f+ and f− (Fig. 1) show that susceptible
sites to nucleophilic and electrophilic attack are located on
the edge carbon atoms, in good agreement with experimen-
tal and theoretical analysis showing the inert reactivity of
the basal plane of G [5, 24–26].
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Functionalized graphene with oxygen-containing
functional groups

Graphene with hydroxyl groups

In the first place, the functionalization with only a hydroxyl
group resulted in an insignificant change in the electronic
global reactivity of G as well as in its acceptor character,
keeping η and ω of pristine G. However, since superficial
functional groups in GO are in a larger concentration, a G
model containing two –OH was built [G-2(OH)]. In this
case, it is possible to estimate in a better way the effect that
the –OH groups have on G, according to the chemical
intuition. Functionalization with an acceptor group causes
G to lose electrical charge (0.14 electrons), increasing its

electrophilic character; this produces an increase of 14.29
eV in ω; also, a decrease of 0.55 eV in η indicates an
enhancing in the electronic global reactivity.

According to FF, in G-OH, susceptible sites to electro-
philic attack identified by f− are located in peripheral carbon
atoms; besides, the largest electronegativity of –OH causes
an increase in the donor character of carbon atoms near the
functional group. Another relevant point is that the increase
of the –OH groups also improves the acceptor character of
basal plane of G, particularly on those carbon atoms near the
functional groups, caused by electron transfer from G to the
hydroxyl (0.14 electrons). Given that G loses electron pop-
ulation due to functionalization, the acceptor character (that
it can be associated to the electrophilic reactivity) should be
located at G, in good agreement with the calculated f+. This

Scheme 1 Models for oxidized and doped graphene systems used in this work. Terminal hydrogens were deleted in order to simplify
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increase in the electrophilic character determined by mean
of f+ is in agreement with the increase of ω and the decrease
of η for G-2(OH).

For charge-controlled intermolecular interactions, MEP
shows that hydroxyl groups become more negatively-
charged than G (as noted before), allowing the physisorption
of electron-deficient sites in small molecules and the interac-
tion with metal clusters [27]. On the other hand, positively-
charged carbon atoms around the functional group would
allow enhancement of the physisorption of molecules with
negatively-charged sites as for nitrogen oxides which has been
determined by DFT calculations [51]. Moreover, in a second
stage, f+ indicates that active carbon atoms in the bulk (sus-
ceptible to nucleophilic attacks) allow establishment of cova-
lent bond with adsorbates (chemisorption), in according to,
and explaining, the results of Tang and Cao [51].

Graphene with epoxide groups

With the inclusion of epoxide groups, global reactivity
indexes do not change significantly with reference to pris-
tine G: ω experiences a slight increase of −0.41 (0.13) eV in
G-O (G-2(O)); while η has a negligible variation. Note that,

practically null change in global reactivity is also observed
from the point of view of the intramolecular local reactivity,
since, f− and f+ computed in G-O and G-2(O) are similar to
the one found for pristine G (Fig. 1).

Regarding the charge transfer processes, epoxide group
gains more electric charge from G with respect to hydroxyl,
0.21 (0.50) electrons in G-O (G-2(O)), in good agreement with
DFT calculations [27]; in these cases, the charge is mainly
transferred from the carbon atoms linked to oxygen, decreasing
the loss of charge in the other carbon atoms of G. This obser-
vation can be clarified by analyzing the dipole moment vector
( p!) (Fig. 5) which in G-OH [G-2(OH)] is oriented in diagonal
direction to basal plane, indicating a larger redistribution of
the charge on the bulk; while, in G-O [G-2(O)], p! is oriented
in perpendicular direction to G, indicating displacement of
electrons toward oxygen from carbon atoms linked to it.

On the other hand, MEP shows that oxygen atoms in
epoxide groups are electron-sufficient sites, allowing inter-
molecular non-bonded interactions with positive centers; for
example, enhancing physisorption of polar adsorbates by
hydrogen bond interactions. Note that in these cases, FF
do not suggest the chemisorption on the basal plane, unlike
G with hydroxyl groups.

Since the functionalization with epoxide does not cause a
variation in global and local reactivity indexes of basal plane
of G, these results suggest that hydroxyl groups cause the
increase in its chemical reactivity.

Graphene with carboxyl group

In relation to the functionalization of G with the –COOH
group in the edge, regarding the pristine G a weak increase
of 1.51 eV in ω can be observed, and a negligible reduction
of only 0.06 eV in η. In addition, FF indicates that the most
significant change to local level is observed in the carbonyl
fraction of the functional group; in this case, the calculated
f+ indicates that carbonyl fraction is an electronic density
acceptor, as well as the carbon atoms in the edges, contrib-
uting to the high reactivity that G edge contains [5, 24–26].

In other respects, the QG is 0.07, produced by electron
transfer from G to carboxyl, in agreement with acceptor

Fig. 1 Fukui functions for
susceptible sites to electrophilic
(f−) and nucleophilic (f+) attack
calculated in G

Table 1 Molecular hardness (η), electrophilicity (ω), charge in G
(QG), and dipole moment (p)

System η (eV) ω (eV) QG p (D)

G 0.90 8.09 0.00 0.00

G-OH 0.91 8.07 0.07 1.46

G-O 0.97 7.67 0.21 1.60

G-COOH 0.84 9.51 0.07 2.54

G-CO 1.13 6.16 0.22 4.22

G-2(OH) 0.35 22.38 0.14 1.61

G-2(O) 0.91 8.22 0.50 3.54

G-N 0.35 15.57 0.61 0.84

G-B 0.89 8.84 −0.40 1.03

G-P 0.52 12.81 −0.72 1.33

G-2N 0.32 15.77 1.21 0.00

G-2B 0.20 49.14 −0.83 0.01

G-2P 0.86 8.43 −1.37 2.51
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character that chemically characterizes to the functional
group; also, this result contradicts the one found by Al-

Aqtach and Vasiliev in carboxylated G [52]: in their study,
they find electron transfer in direction COOH→G, however,

Fig. 2 Fukui function for electrophilic attack (f −≈ρHOMO) in G models
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the study is limited in that –COOH is adsorbed in the basal
plane, whereas, the experimental evidence shows that –
COOH groups are mainly functionalized in edges [6, 7],
explaining the difference with the result of this work.

In this case, MEP indicates that the negatively charged
carbonyl highly enhance the intermolecular interactions
with the G edge. Then, carboxyl groups allow improving
the physisorption of polar molecules by hydrogen bonds

Fig. 3 Fukui function for nucleophilic attack (f +≈ρLUMO) in G models

J Mol Model (2013) 19:919–930 925



interactions. Besides, f+ shows that carbonyl fraction would
be able to serve as the site for chemisorption of nucleophiles
sites in molecules (sites that have an excess of electrons, in
general), however, the negatively-charged carbonyl fraction
would interpose a high barrier to the process.

Graphene with carbonyl group

Regarding the formation of a carbonyl group in G edge, it is
noted that the largest electronegativity of oxygen with re-
spect to carbon [2.55(C) versus 3.44 (O), in Pauling scale]

causes that oxygen atoms to gain electronic population (0.22
electrons) inducing an important redistribution of the global
charge, with a p of 4.22 D. However, the presence of a more
electronegative atom does not have a significant effect on
the global parameters (ω and η) with respect to pristine G. In
addition, f− and f+ indicate that the susceptible sites to be
donors or acceptors of electrons are mainly located on
carbon atoms in the edges, as in pristine G. Moreover, f− is
not located on the carbon atoms adjacent to the functional
group, but on the near oxygen atom, because these transfer
electrons to oxygen, stopping them from behaving as

Fig. 4 Molecular electrostatic potential (MEP) surfaces for oxidized and doped graphene systems
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donors. Besides, FF shows oxygen as a susceptible site to
nucleophilic and electrophilic attacks, suggesting that it is
an active site for frontier-controlled redox reactions.

For intermolecular interactions, the large electronegativ-
ity of oxygen allows it to also be an electrophilic site
according to MEP, improving and serving as a site for the
physisorption by hydrogen bonds of negatively polarized
atoms in molecules as H2O or NH3[28]. As noted before, FF
shows that O is an active site for frontier-controlled reac-
tions, then, the chemisorption process would take place in
this site; for example, lone-pair in O atom can establish a
dative covalent bond with transition metals.

Doped graphene

N-doped graphene

Focusing in N-doped G, doping increases the electrophilic
global index ω in 7.48 (7.68) eV for G-N (G-2N); besides,
the absolute hardness is highly decreased in 0.55 (0.58) eV
for G-N (G-2N), indicating an increase in the electronic
reactivity due to doping.

In terms of the local descriptors, the susceptible sites to
electrophilic attacks in G are not changed significantly for
insertion of one or two N atoms, keeping f− on peripheral
carbon atoms. However, f+ indicates that N is a susceptible site
to nucleophilic attacks, according to its large electronegativity
with respect to C atoms [3.04 (N) versus 2.55 (C)].

The increase in the number of N atoms also influences a
charge transfer from G, also observed in N-doping studies of
G and carbon nanotubes [16, 29]. In Table 1, it can be seen
that QG in G-N (G-2N) is 0.61 (1.21), indicating a charge
transfer in direction G→N. Note that, as a consequence of
this charge transfer, carbon atoms near N become more
positively charged and susceptible to nucleophilic attacks
in agreement with f+ located on these. The change in the
local reactivity is also useful in the design or improvement

of electrochemical sensors, because dopant and around car-
bon atoms (where the f+ value is maximum) would be able
to serve as active sites of detection by frontier-controlled
redox processes. The improvement in electrochemical sens-
ing by use of N-doped G has been successfully determined
in PtRh electrodes [53] and sensing of bisphenol A, glucose,
dopamine, ascorbic and uric acid [54–56].

With respect to the intermolecular interactions, by MEP it
is clear to note that charge distributions in N-doped G
enhance the reactivity of the G bulk. Electron-deficient
carbon atoms around N improve the physisorption of small
systems as has been determined for oxygen molecules in
order to enhance reduction processes in fuel cells [57–61]
and performance-storage in lithium-oxygen ion batteries
[62]. On the other hand, as noted before, f+ indicates that
dopant and around carbon atoms would be able to serve as
active sites for frontier-controlled reactions, as chemisorp-
tion of nucleophilic or donors species.

B-doped graphene

In G-B, the insertion of an atom with five electrons turns G
into an electron-deficient system [23, 30–32], causing an
increase in the global electrophilic character of G, being
more significant with the increase in the number of dopants.
This can be observed in the increase of ~41 eV in ω of G-2B
with respect to pristine G, while the electronic reactivity is
improved in 0.70 eV.

In addition, it is found that the minor electronegativ-
ity of B with respect to C atoms [2.04 (B) versus 2.55
(C)] causes a charge displacement in direction B→G, of
0.40 (0.83) electrons for G-B (G-2B). This causes f− to
be mainly located on B and carbon atoms adjacent to B,
which act as donors. Also, f+ shows that susceptible
sites to nucleophilic attacks are mainly located in car-
bon atoms in the edges. As the doping with N, B atoms
and carbon atoms around B with nucleophilic character

Fig. 5 Dipole moment vector
( p!) (blue arraw) in: i)
G-OH, ii) G-2(OH), iii) G-O,
and iv) G-2(O)
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would be able to be used as a strategy to increase the
electrochemical activity of G in its application to design
electrochemical sensors, and be good for the storage in
lithium ion batteries or fuel cells.

Respecting intermolecular reactivity, MEP shows that
positively-charged B atom allows enhancement of the phys-
isorption of anions or negatively-charged sites in molecules.
For chemisorption processes, f− indicates that C atoms
around of the dopant are potential sites to bond electrophiles
or acceptor species. Analyzing the MEP surface, it is not
possible to find in the bulk sites with electrons excess,
which does not explain the improvement in adsorption of
Li+ [21, 22, 30] and hydrogen [32], suggesting that in these
cases adsorption is a frontier-controlled process; then, active
sites to the chemisorption are characterized by the maximum
values of f−, as noted before. Further, on the basis of these
results, the tight chemisorption of NH3 on B-doped G [63]
can be explained as a mechanism of two stages: first, in a
charge-controlled step, positively-charged B atoms (see
MEP) improving the interaction with polarized nitrogen
atom of the NH3 molecule; then, in a frontier-controlled
step, a B-N covalent bond is formed since B atoms are
susceptible sites to nucleophilic attacks according to f−.

P-doped graphene

Unlike N and B, the doping with P does not cause an
important increase of the acceptor character, even increasing
the number of dopant atoms. With respect to pristine G, in
G-P (G-2P), ω is larger in 4.72 (0.34) eV. On the other hand,
P atoms are potential donor and acceptor sites according to
f− and f+; this dual character would be able to explain the
minor change in the global reactivity descriptors in refer-
ence to G. Moreover, f+ shows that doping increases the
electrophilic sites in the bulk, according to the one sug-
gested by Garcia et al. [33].

Theoretically, it has been noted that the high electron
population of P causes a charge transfer in direction
P→G [64]. In this study, it is found that G gains 0.72
(1.37) electrons in G-P (G-2P). The decrease in the
electronic population of P should increase its local elec-
trophilic character, however, f+ shows that P atom is a
better donor than that near carbon atoms. This can be
explaining by means of the decrease of electron density
on P, allowing to relax the molecular structure of G-P
systems.

With respect to the intermolecular reactivity, computed
MEP shows that P atoms are positively charged, enhancing
the physisorption of chemical species with negatively-
charged centers or lone-pair electrons. Consecutively, cova-
lent bonding with P atom (chemisorption) is possible
because it is a susceptible site to nucleophilic attacks
according to computed f+. This observation is in good

agreement with the chemisorption of O2 on P-doped G
determined at theoretical level by Dai and Yuan [64].
It is worth noting that f− suggests that P atom would
also serve as a site for the chemisorption of electro-
philes species (acceptors), however, the positive charge
on P could avoid the physisorption toward the site.
Finally, FF show that near C atoms of dopant would
also be able to serve as sites for chemisorption of
adsorbates.

Conclusions

In summary, on the basis of the conceptual formulation of
DFT, MPA and MEP analysis, this study contributes to
understanding the changes in the local and global electronic
reactivity of oxidized and doped G systems.

Results show that electronic reactivity of G is due mainly
to the C atoms in edges, in agreement with experimental and
theoretical observations. In GO, the global and intramolec-
ular local reactivity of the basal plane is improved mainly by
hydroxyl groups. For charge-controlled intermolecular inter-
actions, hydroxyl groups allow the physisorption of small
molecules, while, active carbon atoms around functional
group would allow enhancement of the consecutively chem-
isorption. On the other hand, negatively-charged epoxide,
carbonyl and carboxyl groups allow enhancement of inter-
molecular non-bonded and hydrogen bond interactions with
positive centers.

On the other hand, doping with N and B atoms increases
the electrophilic character and the intramolecular reactivity
in the bulk. Regarding N-doping, calculations show that N
and around carbon atoms (susceptible sites to nucleophilic
attacks) would be able to serve as active sites of detection by
frontier-controlled redox processes, explaining the improve-
ment in electrochemical sensing; in addition, electron-
deficient carbon atoms around N improve the physisorption.
With respect to B-doped G, dopant and carbon atoms adja-
cent to B act as donor sites, suggesting that adsorption of Li+

and hydrogen on B-doped G is a frontier-controlled process,
since it is not possible to find in the bulk sites with electron
excess. Moreover, positively-charged B atoms improve the
intermolecular interaction with polarized molecules such as
NH3; consecutively, in a frontier-controlled step, chemisorp-
tion is possible. Finally, doping with P increases the elec-
trophilic reactivity in the bulk. Also, P atoms enhance the
physisorption of chemical species with negatively-charged
centers or lone-pair electrons, and consecutively chemisorp-
tion on P is possible.
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