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Abstract The physisorption of bisphenol A (BPA) on pris-
tine and oxidized graphene was studied theoretically via
calculations performed at the PBE-D3 level (including dis-
persion force corrections). Three stable conformations of
BPA on graphene were found. A lying-down configuration
was energetically favored because the presence of 7—7t
stacking and dispersion forces increased interactions. In
addition, the adsorption of BPA on the edges of graphene
oxide was enhanced when adsorption occurred on carboxyl
and carbonyl groups, whereas the adsorption strength de-
creased when adsorption occurred on hydroxyl groups. The
highest physisorption strength was obtained on the surface
of graphene oxide due to the presence of 7—7t stacking and
dispersion forces (which provided the greatest contribution
to the adsorption energy) as well as hydrogen bonds (which
provided a smaller contribution), indicating that oxidized
graphene is a better candidate than pristine graphene for
BPA removal. On the other hand, an increase in electrophi-
licity was observed after the physisorption of BPA in all
systems (with respect to graphene and BPA in their isolated
forms), with the adsorbent acting as the electron acceptor.
Finally, molecular dynamics simulations performed using
the PM6 Hamiltonian showed that the adsorption of BPA
on graphene is stable.

Electronic supplementary material The online version of this article
(doi:10.1007/s00894-013-1872-2) contains supplementary material,
which is available to authorized users.

D. Cortés-Arriagada (><]) - M. Santander-Nelli

Facultad de Quimica y Biologia, Universidad de Santiago de
Chile, Avenida Libertador Bernardo O’Higgins 3363, Estacion
Central, Santiago, Chile

e-mail: diego.cortesa@usach.cl

L. Sanhueza
Facultad de Quimica, Pontificia Universidad Catolica de Chile,
Casilla 306, Santiago, Chile

Keywords Graphene - Graphene oxide - Bisphenol A - DFT-D3

Introduction

Bisphenol A (BPA), 2,2-bis(4-hydroxyphenyl)propane, is a
common chemical utilized in the production of polycarbonates
and epoxy resins, and to line tin cans and harden plastic.
Because of its widespead use, BPA is present in a wide variety
of products used as food containers (bottled foods and bever-
ages, baby and water bottles, and beverage and food cans). In
addition, industrial activity (such as that associated with the
paper industry) results in the discharge of BPA as a waste
product into the water system, meaning that BPA is found in
(ground and surface) water effluents and drinking water [1-3].
At the same time, BPA is an important pollutant that can
impact animal and human health because it is an endocrine-
disruptor chemical (EDC). BPA has been linked to prostate and
breast cancer, birth defects, miscarriages, obesity, premature
development in girls, polycystic ovarian syndrome, and hyper-
tension, among other conditions [4—10]. The hazard represent-
ed by BPA pollution became more widely known in 2011
when the European Commission banned the manufacture of
baby bottles containing BPA in the European Union [11]. The
elaboration of processes allowing the control/detection of BPA
in the environment is therefore an important task: some recent-
ly developed techniques for removing and/or degrading BPA
involve solid-phase extraction [12], adsorption on lignin [13],
treatment with bacteria [14], and catalytic or photocatalytic
degradation [15, 16].

Recently, graphene (G) and graphene-based systems have
been successfully employed for the electrochemical sensing
of BPA. Graphene has proven to be an incredibly important
material, as it possesses unique and useful properties such as
high mechanical strength, high thermal and electronic con-
ductivity, and high surface area for the adsorption of
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adsorbates [17-20]. In addition, the conductivity and cata-
lytic activity of graphene is useful in schemes for sensing
several organic compounds [21]. Fan et al. prepared an
electrochemical sensor of BPA based on nitrogen-doped
graphene and chitosan that allowed improved sensing of
BPA in river water samples [22]. Ntsendwana and co-
workers showed that modifying a glassy carbon electrode
with reduced graphene oxide (RGO) improves its electro-
chemical properties with respect to those of an unmodified
electrode; such a sensor was successfully applied to the
sensing of BPA in plastic bottles of water [23]. Also,
Huang et al. enhanced the electron-transfer kinetics of a
glassy carbon electrode by modifying it with a composite
containing 3Au-1Pd alloy nanoparticles and graphene.
Upon using the improved sensor for the detection of BPA
in baby bottles and food storage containers, they found that
concentrations of BPA in them were higher than the Chinese
Health standard [24].

On the other hand, Xu and co-workers decontaminated an
aqueous solution containing BPA using the adsorbent proper-
ties of graphene, and obtained higher values of BPA adsorp-
tion than achieved with other materials used for BPA removal,
such as modified carbon nanotubes and porous carbon. These
results show the great potential of graphene for wastewater
treatment [25]. FTIR analysis led to the proposal of an ad-
sorption mechanism for BPA on RGO involving 7t—7t electron
coupling between the 7t-electrons of the benzene rings of BPA
and RGO, as well as hydrogen-bond interactions between the
hydroxyl groups of BPA and the remaining functional groups
of RGO before hydrazine treatment [25]. However, in contrast
to this abundant experimental data, only a few computational
studies have studied the physisorption of BPA on graphene.
Zaib and co-workers computed the interaction energies of
systems formed upon the adsorption of BPA on a single-
walled carbon nanotube (SWCNT) and pristine graphene
[26], and found that adsorption on graphene was more favor-
able than that on SWCNTs because of the planarity of the
graphene molecule, which allows for wide overlap with the
orbitals of BPA.

In the work described in this paper, we used density func-
tional theory and molecular dynamics calculations to study the
physisorption of BPA on pristine and oxidized graphene that
was bifunctionalized at its edges and in the bulk. The meth-
odology used involved correction for dispersion forces in the
DFT method to achieve an accurate description of vdW in-
teractions. The aim was to obtain adsorption energies of the
interaction modes between BPA and graphene adsorbents in
order to characterize the physisorption strength and the roles
of various functional groups. In addition, the charge, electro-
static potential, and reactivity indices were determined in
order to analyze the electronic structure, and molecular dy-
namics calculations were carried out to check the stability of
the physisorption.
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Methodology

For all simulations, a finite zigzag graphene lattice containing
25 hexagonal cells was used as the base (C7gH,); the size of the
lattice was ~12.3 x 12.3 A, and the dangling bonds at the edges
were saturated with hydrogen atoms. The “Electronic supple-
mentary material” (ESM) shows that well-converged adsorp-
tion energies were obtained on the surface of the C;oH,,. It is
important to note that in the research of Xu and co-workers, an
adsorption mechanism of BPA on graphene was proposed that
accounted for physisorption on the basal plane (bulk) by invok-
ing 7—7t interactions, and interactions with hydroxyl groups at
the graphene edge by means of hydrogen-bond interactions
[25]. Therefore, in accordance with [25], we considered two
types of graphene systems: (a) pristine graphene, to analyze the
physisorption via 7t—7t interactions, and (b) oxidized graphene
(functionalized graphene with oxygen-containing functional
groups), to study the adsorption involving hydrogen bonding
with functional groups in the bulk or edge. In (b), the oxidized
graphene systems were built in accordance with experimental
data obtained using techniques such as NMR [27, 28], AFM
[29, 30], and STM [31], which indicate that hydroxyl and
epoxide groups are mainly attached to the basal plane, while
the edges are functionalized with carbonyl and carboxyl groups.
Since Xu et al. considered hydroxyl groups bonded to the edge
of graphene, this configuration was also considered in order to
compare it with those determined in the present work.

Scheme 1 shows BPA and the adsorbent systems based on
graphene. Considering that the adsorption of BPA is strongly
promoted in the presence of two functional groups, only
bifunctionalized graphene systems were built: G=®®, where
graphene is functionalized at the edge (L), and the R groups
are carboxyl, carbonyl, and/or hydroxyl groups; and G®X,
where graphene is functionalized on the basal plane and the
R groups are epoxide and/or hydroxyl. Combinations of func-
tional groups were considered. To select the relative positions
of the functional groups in bifunctionalized G=*® and G**®
adsorbents, geometry optimizations of several models were
performed at the semiempirical PM6 level using the package
MOPAC2012 [32]; the most stable adsorbents were subse-
quently used as input for the geometry optimizations
performed at the density functional theory (DFT) level.

At the DFT level, the GGA-PBE functional [33, 34] was
used due to its relatively low computational cost and good
performance for noncovalent interactions of adsorbates on
graphene [35-37]; Ahlrichs double-zeta basis set plus one
polar set on all atoms was used for Kohn—Sham orbitals.
The DFT-D3 method developed by Grimme and co-workers
[38] was used for energy and gradients in order to include
the effects of dispersion forces in the PBE functional; the
corrected PBE functional is the so-called PBE-D3 function-
al. In the geometry optimizations, the Broyden—Fletcher—
Goldfarb—Shanno algorithm was used as the updating
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Scheme 1 Structures of
bisphenol A (BPA) and the
pristine and functionalized (on
edges and in the bulk) graphene
systems used in the
calculations. Hydrogen atoms
were removed from the benzene
rings (in graphene/BPA) to
simplify the calculations
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method. Vibrational frequencies were obtained to ensure
that the molecular structures optimized at the PBE-D3 level
corresponded to energy minima; in all cases, the frequencies
were positive. In the geometry optimization and SCF steps,
convergence tolerance values of 5x10°® and 1x10°® Eh
were used, respectively. DFT calculations were carried out
in the electronic structure program ORCA [39]; results were
analyzed in the graphical user interface Gabedit [40].

In order to study the performance of the PBE-D3 method, it
was applied to study the phenol dimer, and the results were
compared with those obtained with the ab initio MP2 method,

which explicitly include dispersion effects (see the ESM).
Although we wanted to calculate the BPA---graphene system
and the BPA dimer, these systems were too computationally
expensive to calculate with MP2. However, the methodology
used in this work was successfully implemented by us to
analyze the adsorption of 4-chlorophenol on graphene [41].

In the analysis, the adsorption energy (AE) was used to
characterize the physisorption strength; AE was calculated
as:

AE=F adsorbent 1 E BPA_Eadsorbent—BPA_BSSE ( 1 )
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where E,gsorbents £BPA> aNA Eadsorbent-Bpa correspond to the
total energies of the adsorbents (pristine or oxidized
graphene), BPA, and the adsorbent-BPA system, respective-
ly; BSEE is the energy due to the basis set superposition
error, determined via the standard counterpoise correction
scheme of Bernardi and Boys [42]. A positive value of AE
indicates that the adsorption is exothermic and that the
adsorbent—BPA system is stable.

To analyze the charge distribution, charges were obtained
from Mulliken population analysis (MPA); also, molecular
electrostatic potential (MEP) surfaces were calculated in
order to determine sites with negative (red color) or positive
(blue color) charge excesses.

On the other hand, the electrophilicity index (w) was
calculated for the isolated and adsorbent—BPA systems in
order to characterize changes in electrophilic character. w
corresponds to the energetic stability that reaches a molec-
ular system when it gains electrons, and it is correlated with
the electrophilic character of the system [43, 44]. w was
obtained using

w:u2/277 (2)

where p and 7 are, respectively, the electronic chemical
potential and the molecular hardness. These parameters are
determined via p=(sLumotenomo)2 and n=erumo
—enomo, respectively, where e; ymo and egomo correspond
to the energies of the lowest unoccupied (LUMO) and the
highest occupied (HOMO) molecular orbitals.

Finally, to check the stability of the noncovalent interac-
tions between BPA and graphene (or GO models), molecular
dynamics trajectories were carried out via the Verlet velocity
algorithm [45] at 300 K (canonical ensemble). Temperature
control was achieved using the Berendsen thermostat [46].
The potential was determined “on the fly” by means of the
PM6 semiempirical Hamiltonian. The time step used for all
simulations was 0.25 fs; total times of 0.5 and 4.0 ps were
used in the equilibrium and production steps, respectively.

Results and discussion
Optimized structures and adsorption energies

We will start by discussing the interaction modes and sta-
bility of BPA on pristine graphene and graphene oxide
(GO). As shown in Scheme 1, 10 BPA---adsorbent systems
were analyzed: 1, BPA adsorbed on pristine graphene; 27,
BPA adsorbed on the edges of GO models; 8-10, adsorption
of BPA on the basal plane (bulk) of oxidized graphene.
Figures 1, 2, and 3 show the optimized geometries of 1,
2-7, and 8-9, respectively. The optimized structures were
related to the AE values to determine the most stable
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interaction modes and the roles of various functional groups
in the physisorption strength. £, 4w corresponds to the con-
tribution of dispersion forces to the AE. Table 1 shows
values for the AE, E,qw, and BSSE.

We first analyzed the physisorption of BPA on pristine
graphene (Fig. 1). Three stable configurations were found.
In 1a, BPA interacts with the graphene bulk at a minimum
distance of 2.36 A, with phenol groups directed toward the
surface to maximize 7—7t interactions while the methyl
groups are directed away; the angle between the phenols is
slightly increased by 0.85° compared to the angle of 108.67°
seen in the isolated form of BPA. The AE is 13.66 kcal/mol.
In 1b, BPA is “seated” on the graphene surface at a distance
of 2.76 A; since one of the phenol rings is oriented perpen-
dicular to the surface, vdW interactions are reduced, mean-
ing that the AE is 1.45 kcal/mol lower than that for 1a.
Finally, in configuration 1¢, BPA is lying down on the
graphene at a distance of 2.69 A, with the angle between
the phenols increased by 2.38° compared to that seen in the
isolated form of BPA, allowing better contact between the
mi-clouds of the phenol rings and graphene. Physisorption is
enhanced by 1.03 kcal/mol compared to that of 1a.

Based on the results for the AE, the lying-down configu-
ration (with an increase in the angle between the phenols) is
the most stable for BPA on graphene because it maximizes the
mi—7t stacking and dispersion forces between adsorbent and
adsorbate. Zaib and co-workers have also reported that lying
down is the lowest-energy configuration for the BPA-
graphene system [26]; after performing calculations at the
B3LYP5-D3/6-31++G(d,p)//B3LYP5-D3/6-31G level of the-
ory, they reported an adsorption energy of 22.5 kcal/mol for
BPA adsorbed on pristine graphene, although they did not use
BSSE correction, and graphene was kept fixed during geom-
etry optimization, so their value for the adsorption strength
may have been slightly overestimated.

Figure 2 shows the interactions of BPA with various
functional groups at the edges of GO models (2—7); in these
cases, hydrogen-bond interactions between the hydroxyl
groups of BPA and the functional groups at the edges of
oxidized graphene predominate. In 2, hydrogen bonds (1.76
and 1.69 A) are established with carboxyl groups; the AE of
18.04 kcal/mol indicates that adsorption is enhanced by the
functional groups with respect to 1. Carbonyl or hydroxyl is
combined with a carboxyl group in 3 and 4, respectively,
resulting in a decrease in the interaction strength of
~5 kcal/mol. In the next system, 5, hydrogen bonds between
BPA and the carbonyl groups (1.60 and 1.72 A) suggest that
the physisorption of BPA on these groups is stronger than it
is on carboxyl groups; in fact, AE is 5.71 kcal/mol higher
than it is for 2. The combination of hydroxyl and epoxide
groups in 6 leads to an AE of 17.18 kcal/mol, with hydrogen
bond lengths of 1.61 and 1.97 A; in this case, physisorption
is mainly enhanced because BPA is slightly displaced
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Fig. 1 Optimized molecular
structures for BPA---graphene
assemblies obtained at the PBE-

Side view

D3/DZP level of theory; three
interaction modes were
obtained (1a, 1b, 1¢). Angles
are in degrees (°) and distances
are in angstroms (A). Color
code by atom: gray carbon, red
oxygen, sky blue hydrogen
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toward the bulk of the adsorbent, allowing 77t or vdW
interactions. On the other hand, the interaction mode pro-
posed by Xu et. al. [25] is modeled in system 7; in this case,
the AE (11.87 kcal/mol) is less than those for 2 and 5
because OH functionalization is more stable on the basal
plane of graphene, which is in accord with experimental
evidence [27-31]. Slightly larger hydrogen bonds of 1.85
and 1.90 A are found, in agreement with a decrease in AE.
Results indicate that the physisorption of BPA at the edges
of oxidized graphene (or on the remaining functional groups
in reduced graphene oxide) is enhanced at sites containing
two carbonyl or carboxyl groups; besides, the physisorption
strength is even less on the hydroxyl groups (as proposed by
Xu and co-workers) than on pristine graphene, indicating
that this interaction mode is not the most stable configura-
tion of BPA on graphene oxide.

We then analyzed the physisorption of BPA on the basal
plane of graphene oxide (Fig. 3). In all cases (8-10), it was
found that BPA is lying down on the adsorbents, as in 1c.
Physisorption is improved by hydrogen bonding, 7—7t stack-
ing, and dispersion forces. In 8, hydrogen bonds with lengths
of 1.80 and 1.86 A were established, with an AE of
21.50 kcal/mol (an increase of ~7 kcal/mol with respect to
that of 3). In 9, physisorption is enhanced by ~2 kcal/mol by
replacing epoxide with hydroxyl, indicating that hydroxyl
groups in the GO basal plane are more suitable for BPA

physisorption. Based on the previous result, an increase in
AE was expected for 10, which is in good agreement with the
increase of ~3 kcal/mol over the interaction in 8. In addition,
the angle between the phenols increased by 4°, allowing
improved vdW interactions and stacking between the phenol
rings and the adsorbents. These results show that BPA
physisorption is highly enhanced in the basal plane by the
presence of hydroxyl and epoxide groups, indicating that
oxidized graphene is a preferable adsorbent for BPA removal.

On the other hand, the vdW interaction energy is a good
indicator of the importance of dispersion forces in the ad-
sorbate—adsorbent system beyond chemical intuition. E. gy
values are listed in Table 1.

For systems 1a—c, the stability of the adsorption is 100 %
due to dispersion forces; vdW interactions increase in the order
la<lb<le. As also deduced previously, the lying-down mode
(1c¢) is the most stable because it leads to enhanced 77t in-
teractions; in l¢, E.qw is increased by 5.51 (2.87) kcal/mol
with respect to that of 1a (1b). Note that differences between
AE and E, 4w are due to antibonding contributions, which
increase as nonbonding interactions increase.

Although the physisorption of BPA on the edges of oxi-
dized graphene mainly occurs due to hydrogen-bond interac-
tions, E, 4w indicates that vdW interactions contribute a little
to the AE. For the most stable structures (2 and 5), the
interaction is strengthened by ~28 % by dispersion forces. In
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Fig. 2 Optimized molecular
structures for BPA---oxidized
(at the edges) graphene
assemblies obtained at the PBE-
D3/DZP level of theory. Angles
are in degrees (°) and distances
are in angstroms (A). Color
code by atom: gray carbon, red
oxygen, sky blue hydrogen
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structures 3, 4, 6, and 7, E, 4w values are similar to those found
for 2 and 5, so the hydrogen-bond interactions in these cases
are less strong than those with two epoxide or two carboxyl
groups, and dispersion forces improve the adsorption strength
by 56 %. This reaffirms that physisorption at edges is en-
hanced by the presence of carboxyl or carbonyl groups, but
interactions with other functional groups decrease the strength
of the hydrogen bonds.

As mentioned before, BPA adsorption in the bulk of
graphene oxide (8-10) is found to be highly enhanced by
hydrogen bonds and 7—rt interactions. Moreover, E, 4w in-
dicates that dispersion forces play the dominant role in the
physisorption (contributing over 78 % of the interaction
strength). In 8 (9), the vdW contribution is about 84 %
(78 %). With respect to 10, it was deduced previously that
increasing the angle between the phenols by 4° improves the
mi—7t coupling between the phenol rings and the graphene
surface, which is in good agreement with the increase in
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E.qw; in this case, vdW interactions contribute 94 % of
the AE.

Finally, it is worth noting that BBSE values were generally
larger when BPA was adsorbed on the edge and the basal plane
of oxidized graphene, being on average ~9 kcal/mol (edge)
and ~10 kcal/mol (basal plane). In pristine graphene, BSSE
averages ~5 kcal/mol. This suggests that counterpoise correc-
tion must be adopted in related studies in order to ensure that
the adsorption energies are not overestimated.

Physisorption stability

In order to check the stability of the BPA—graphene systems, we
carried out molecular dynamics calculations on the most stable
structures according to the AE: 1c, 2, 5, 8, 9 and 10. We
monitored the intermolecular distances during trajectories by
means of the radial pair distribution function (g,,), which allowed
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Fig. 3 Optimized molecular
structures for BPA---oxidized
(in the bulk) graphene
assemblies obtained at the PBE-
D3/DZP level of theory. Angles
are in degrees (°) and distances
are in angstroms (A). Color
code by atom: gray carbon, red
oxygen, sky blue hydrogen

Side view

Top view

us to determine the distribution of the distances between two
atoms within a given volume. The conservation of intermolecular
distances is a good indication that physisorption is stable under
dynamic conditions. Figure 4 shows the g,, functions for the
most stable complexes. Since there were a wide range of
intermolecular distances, we considered the most representative

ones, and obtained the distributions for over 40 conformations
(on a total of 16,000) (Fig. S4 in the ESM shows the evolution of
the geometry during the molecular dynamics calculations).

For 1¢, g, shows the intermolecular BPA---graphene dis-
tance. As observed in Fig. 1, the stationary distance for the
optimized structure was 2.69 A; during the production step, the

Table 1 Properties of

adsorbent-BPA systems: Adsorbent—asdorbate system AE?* Evaw* BSSE?* Ogpa W’
adsorption energy (AE), contri-
bution of van der Waals interac- With pristine graphene
tions to the AE (Eyqw), charge 1a: G--BPA, 13.66 15.44 (100 %)° 5.16 0.03 27.61 (26.77)°
on BPA affer physisorption 1b: G-BPA, 1221 18.08 (100 %) 430 0.04  26.89 (26.77)
(Ogpa), and electrophilicity (w). o
All properties were obtained at 1c: G+BPA, 14.69 20.95 (100 %) 4.97 0.04 27.01 (26.77)
the PBE-D3/DZP level of theory Wth functionalized graphene at the edges (L)
2: GL-COON-COOH. .gpA 18.04 5.03 (28 %) 9.23 -0.09 34.22 (31.43)
3: GLCOOH-0..gpA 12.55 6.98 (56 %) 13.28 -0.08 35.77 (19.65)
4; G-COOH-OH...gpA 12.77 7.08 (55 %) 10.38 0.02 31.25 (30.76)
5. G"°°..BPA 23.75 6.32 (27 %) 7.45 0.06 93.47 (56.25)
6: GFOHO..BPA 17.18 7.70 (45 %) 7.74 -0.09 18.21 (14.06)
7: GHOH-OH..BpA 11.87 6.32 (53 %) 6.59 -0.09 28.10 (25.67)
aUnits of keal/mol With functionalized graphene in the bulk
. 0-0
PContribution of vdW interac- 8: GO°--BPA 21.50 17.98 (84 %) 9.88 -0.08 26.04 (21.70)
tions to the AE as a percentage 9: GO™O-.BPA 23.30 18.14 (78 %) 10.31 -0.08 16.19 (13.13)
“Corresponding w value for the 10: GOH-CH..BpA 24.28 22.92 (94 %) 11.18 -0.03 32.56 (31.23)
adsorbent in isolated form is BPA 1.15

shown in parentheses in eV
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Fig. 4 Radial pair distribution function (g,,) of intermolecular distances in systems l¢, 2, 5, 8, 9, and 10. B hydrogen bond

intermolecular distance generally stayed within the range 2.5—
3.5 A, allowing interactions via dispersion forces and indicating
that the physisorption is stable even under dynamic conditions.
It is interesting to note that the lying-down mode of BPA on
graphene was conserved during the production step.

For the edge-functionalized systems (2 and 5), the results
again show that the physisorption of BPA on the adsorbent is
stable. In 2, three hydrogen bonds were analyzed, and it was
found that these interactions between hydroxyl groups (of
BPA) and carboxyl groups (of graphene) are well conserved,
with peaks at 1.6-2.3 A. Similar results were obtained for 5,
with intermolecular distances remaining within the range 1.7—
2.3 A; however, during trajectories, HB2 had peaks at 2.3—
3.0 A, suggesting that HB2 is a little weaker than HB1.

Regarding systems 8-9 (where BPA is adsorbed on the
bulk of oxidized graphene), the lying-down disposition of
BPA on oxidized graphene was retained during trajectories.
In 8, HB2 is stronger than HB1, with the main peaks occurring
at 1.8-2.3 A, while HB2 mainly varies within the range 2.1—
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2.7 A. In 9, hydrogen bonds are established with the respec-
tive epoxide and hydroxyl groups at the surface of graphene
oxide, while g, shows that the hydrogen-bond distances are
conserved during trajectories, in accord with the high stability
indicated by the AE. Specifically, HB1 and HB2 stay mainly
within the ranges 1.7-2.3 and 1.9-2.5 A, respectively.

Finally, in 10, HB1 was observed to remain between 1.9
and 2.1 A, but HB2 was larger than HB1 (>3.15 A); however,
BPA adsorption would be even stable with a hydrogen bond
due to the high contribution of vdW interactions (94 %), as
noted previously.

Charge density distribution

The influence of BPA physisorption on the charge density
distributions of graphene and graphene oxide was also stud-
ied. Focusing on the net charge on BPA (Ogpa) (Table 1), a
negative value indicates that BPA gains electrons, while a



J Mol Model (2013) 19:3569-3580

3577

positive value indicates that the graphene (or graphene ox-
ide) surface gains electrons. In all cases, Ogps shows that
changes in the charge density distribution due to BPA ad-
sorption are on the order of 102 electrons, indicating that, in
all of the models, the adsorption of BPA on graphene is not a
charge-transfer interaction.

Molecular electrostatic potential (MEP) surfaces (Fig. 5) are
useful for analyzing charge-controlled interactions (such as
hydrogen bonds), as they reveal the charge density distributions
in the isolated systems and allow us to elucidate the mechanism
of physisorption [47]. As the MEP shows, the charge is local-
ized in BPA, with negative charge on the oxygen atoms (—0.22)
and the second carbon of the propane section (—0.39), while
positive charge is localized on the methyl groups (0.15) and
hydrogens of the hydroxyl groups (0.16) (values in parentheses
show the Mulliken charge on each fragment). As noted before,
in systems la—1l¢, the disposition of BPA on graphene deter-
mines the increase in AE; graphene is a strong electron acceptor
due to its large 7t-system, so it would favor configurations that
allow it to interact with the negatively charged sites of BPA.
This assumption is in good agreement with the results: in 1a,
the interaction occurs with the negatively charged hydroxyl
groups of BPA; in 1b, the seated mode of BPA allows graphene
to interact with the negatively charged site of the propane
section (which is more negative than the hydrogens of the
hydroxyl groups), improving the AE; and in 1e¢, adsorption is
enhanced because the lying-down configuration of BPA allows
the surface of graphene to interact with the most negatively
charged sites of BPA, enhancing the AE. Thus, in addition to

vdW/rmt—t interactions, charge-controlled interactions are im-
portant in the physisorption of BPA on the basal plane of
graphene, albeit to a lesser degree than other interactions.

In the MEP surfaces of adsorbents based on graphene oxide,
the functional groups are negatively charged because they
accept electrons and due to the high electronegativity of oxygen
with respect to carbon [3.44 vs 2.55, respectively, according to
the Pauling scale]. In systems functionalized at the edges (2—7),
charge-controlled interactions dominate, allowing hydrogen
bonding between the hydroxyl groups of BPA (positively
charged hydrogens) and the functional groups of graphene
oxide (negatively charged oxygens). It is important to note that
the hydroxyl groups of graphene oxide are less negative than
the other functional groups, which explains the low AE values
of and relatively long hydrogen bonds in 4, 6, and 7.

Regarding BPA physisorption on the bulk of graphene
oxide (8-10), the negatively charged oxygen atoms of oxi-
dized graphene allow interaction with BPA via hydrogen
bonds. In addition, as in 1c¢, the lying-down disposition
enhances charge-controlled interactions between the surface
of graphene oxide (which accepts electrons) and the nega-
tively charged sites of BPA.

Reactivity
The electrophilicity index (w) for each system is shown in

Table 1. It is apparent that all of the systems become more
electrophilic after BPA adsorption (with respect to graphene

Fig. 5 Molecular electrostatic
potential (MEP) surfaces for the
BPA, pristine graphene, and
graphene oxide models

Blue: Positive
Charge

GoHOo

A

GOH-OH

Red: Negative
Charge

@ Springer




3578

J Mol Model (2013) 19:3569-3580

and/or BPA in their isolated forms). The high electrophilicity of
5 (93.47 e¢V) may be due to its open-shell structure (with the
unpaired electron localized on BPA, in accordance with its
SOMO surface, Fig. 6). In addition, in all of the systems, the
LUMO is mainly located on pristine graphene or graphene
oxide, so the adsorbent is the electron acceptor, in agreement
with the electron-accepting character of graphene. This means
that increasing the electrophilic character of the adsorbent en-
hances its activity as an oxidant of BPA, implying that these are
useful materials for the electrochemical degradation and detec-
tion of BPA.

Note that this donor—acceptor reactivity is related to
frontier-controlled interactions (such as redox reactions,
where experimental conditions are important), so this remark

Fig. 6 HOMO and LUMO
surfaces for systems 1-10. HOMO
HOMO is singly occupied in 3,

does not necessarily apply to Ogpa. Nevertheless, experimen-
tal and/or electron transport calculations (such as those based
on Green’s function formalism) must be carried out to study
the performance of graphene and graphene oxide in the de-
tection of BPA and ECDs.

Conclusions

In summary, we carried out a computational study to inves-
tigate the physisorption of BPA on pristine graphene and
graphene oxide. This study furthers understanding of the
interaction modes of BPA on graphene adsorbents, and the
roles of various functional groups in the adsorption strength.

LUMO HOMO LUMO

6, and 9, meaning that it is the !
SOMO
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Density-functional results were obtained at the PBE-D3
level (including dispersion force corrections). Three interac-
tion modes for the BPA---graphene interaction were found,
among which a lying-down disposition of BPA on graphene
is the most stable since it maximizes the dispersion forces
and 7t— stacking. In addition, the adsorption of BPA at the
edges of oxidized graphene is enhanced when carboxyl or
carbonyl groups are present, but interactions with hydroxyls
(or combinations of functional groups) decrease the strength
of the hydrogen bonds. The strongest adsorption occurred at
the basal plane of graphene oxide due to the presence of
dispersion forces and 7—7t coupling (which provide the main
contribution to the adsorption strength) as well as hydrogen
bonds (which provide a smaller contribution), indicating
that oxidized graphene is a better candidate than pristine
graphene for a BPA removal agent. Additionally, the lying-
down configuration enhances charge-controlled interactions
because the basal plane of graphene (the electron acceptor)
is near to the negatively charged sites of BPA. The charge-
transfer mechanism for the BPA---graphene interaction was
analyzed, but it was found to be insignificant because
changes in the electronic population were on the order of
1072 electrons after physisorption for all of the adsorbent—
adsorbate systems. On the other hand, an increase in the
electrophilicity of each system after the physisorption of
BPA was observed (with respect to graphene and BPA in
their isolated forms), with the adsorbent acting as the elec-
tron acceptor.

Finally, the stability of the adsorption of BPA on
graphene and graphene oxide was demonstrated to be high
by performing molecular dynamics calculations using the
PM6 potential.
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