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Graphene is a one-atom-thick single plane of carbon atoms
sp2 bonded with unique magnetic, thermal,1 electronic, and

mechanical2,3 properties.4-9 These properties can be tailored by
application of external electric fields,5 strains, 10 and chemical11

or electronic doping.12 The possibility of adsorbing and deso-
rbing molecules, such as NO2, NH3, or glucose among others, on
graphene has given place to a growing area of sensors based on
graphene.13-16 In particular, ubiquitous molecules, such as water,
can affect the sensitivity and selectivity of graphene sensors.16

Presumably, water molecules interact with the graphene surface
similar to with the graphite surface; however, there are some
differences, mainly related to the edges of finite-sized graphene.
Thus, water could interact slightly different with the graphene
atoms located at the edges than with those far from them, influenc-
ing the electronic gap and magnetic ordering. In addition, water
produces other effects on graphene, from which we mention just a
few examples. Recently, it was theoretically shown that water could
help in folding finite-sized graphene ribbons.18 On the other hand,
it was reported that nanopores made of graphene could be used to
selectively separate hydrated ions, such as Cl and Na.17,18 Another
attractive application is the preparation of graphene oxide functio-
nalized to allow water solubility and then be used as a carrier for
drug delivering.19

Concerning the electronic properties of graphene, it was
theoretically and experimentally shown that the atoms at the
edges of graphene nanoribbons (GNRs) dominate their electro-
nic, magnetic, and optical properties. GNRs are long and narrow
strips cut out of a graphene sheet, and their edges, long and
reactive, are prone to localization of electronic states. They can
have armchair or zigzag quirality shaped edges, which can be bare

or passivated with different atoms, such as, hydrogens.7 Both
quiralities were predicted to be semiconducting with a spin-
polarized ground state, which is characterized by opposite spin
orientations of localized electronic states at the two edges. The
application of an in-plane external electric field perpendicular to
the edges can tune the electronic ground state, changing the
semiconducting state to a metallic or a half metallic one. In
particular, for zigzag-shaped edges, the application of an electric
field turns out the GNRs to a half-metallic state where the gap for
one given spin flavor is opened while the other one is closed. If
the edges are passivated with atoms other than hydrogen (i.e.,
hydroxyl, ethers), it is possible to lower the onset electric field
necessary to reach the half-metallic state and stabilize the
antiferromagnetic state as ground state against the ferromagnetic
one. In our recent work, a similar trend was predicted to occur if
the external electric field is not uniform, which results, for
example, from placing polar molecules on a ribbon surface.20

Interestingly, the magnetic ordering and the response to an
applied electric field observed in GNRs were theoretically found
also to happen when graphene is cut from ribbons to nanodots
(GNDs).21,22 In particular, for GNDs of a rectangular shape with
four edges (two with zigzag and the other two armchair and four
seamed regions at the corners), depending on the orientation of
the applied electric field with respect to the edges, different
energy-gap responses can be obtained. The rectangular GNDs
reported in ref 22 are semiconducting, and the R and β gaps are
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ABSTRACT: We investigate how a box of water molecules affects the
HOMO-LUMO gap of a rectangular graphene nanodot (GND) with two
zigzag and two armchair edges, using a combination of first principles and
molecular mechanics, and also classical molecular dynamics. A GND is
solvated in a periodic box of water molecules, and the HOMO-LUMO
gap is computed for some snapshots taken from a molecular dynamics
simulation. Although an isolated GND has a semiconductor state with
degenerate R and β gaps, we find that, in a solvated GND, that degeneracy
is broken and the gaps of both spins flavors oscillate following the time fluctuations in strength and direction of the electric field
generated by the solvent at the edges. The average electric field generated by the water molecules causes an effect equivalent to
applying a uniform electric field of 0.16 V/Å computed at the PBE level of theory. In particular, this field is not strong enough to
change the GND semiconductor ground state to a half-metallic one in nanodots with dimensions smaller than 2.5 nm, as those
studied here. These results can be useful in the design of sensors based on graphene, indicating that important fluctuations in the
energy gap can occur if water molecules are present.
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degenerated in the absence of an electric field. When an electric
field is applied in the direction perpendicular to the zigzag edges,
it is possible to turn the semiconducting state into a half-metallic
one, breaking the spin degeneracy; whereas if it is perpendicular
to the armchair edges, the spin degeneracy is not broken and the
system might become metallic. In this work, we are interested in
modeling the effect on the energy gap of graphene dots induced
by time fluctuations of a periodic box of surrounding water
molecules.

Using classical molecular dynamics simulations in combina-
tion with first principles, we find that the electric field produced
by a periodic box of water molecules around a graphene dot is not
uniform in strength nor in direction but still is capable of
changing the energy band gap. Our results can shed some light
in understanding the energy gap changes due to the time
fluctuations of the electric field originated in the graphene
environment.

The paper is organized as follows. First, we describe the
Computational Methods used in this work. We then revisit the
effect of a uniform external electric field on GNDs using first
principles as this will help us to understand the results and to
compare with. Next, we describe the results of our MD simula-
tions for the full system, GND plus water, and the QM/MM
computations of the HOMO-LUMO gap and the dipole
moment induced on the GND. Finally, we discuss the results
and present our conclusions.

’COMPUTATIONAL METHODS

We label the graphene nanodots as N � M following the
notation used in ref 22, where N corresponds to the number of
hydrogen atoms on the armchair edge and M on the zigzag one.
Two particular systems are considered: 08 � 07 and 16 � 14,
which have been selected because both have a good defined
antiferromagnetic ground state at room temperature (EFM -
EAFM ∼ 2kBT).

22 To understand the effect of the interaction
between finite-sized nanoribbons surrounded by a periodic box
of water molecules, we have used three methodologies.

First, we have fully relaxed both GNDs, 08� 07 and 16� 14,
using the semilocal gradient corrected functional of Perdew,
Burke, and Ernzerhof (PBE)23 as implemented in the Gaussian03
code.24 This level of theory was successfully applied to study
graphene dots, ribbons, and carbon nanotubes22 and was con-
trasted against local spin density approximation (LSDA) and the
recent screened exchange hybrid density functional of Heyd,
Scuseria, and Ernzerhof (HSE06).25 The main difference among
the results obtained with these three levels of theory is the electric
field onset to reach the half-metallic state and the energy
difference between the antiferromagnetic ground state and states
with higher spin multiplicity. Also, the PBE functional under-
estimates the gap: approximately 2.5 times smaller than that
obtained with the HSE functional. We have computed the ESP
charges for the GNDs following the Merz-Singh-Kollman
scheme26 and the standard options in Gaussian03 and reported
them in the Supporting Information. The 6-31G basis set was
used for the 08� 07 nanodot, whereas the basis set STO-3G was
used for the 16� 14 nanodot. To obtain Figure 2, an external in-
plane electric field was applied in three directions. In all these
cases, the geometry for the GND corresponds to the fully relaxed
one in the absence of an electric field.

Second, classical molecular dynamics (MD) simulations were
performed using the NAMD27,28 program with the following

force field. The water-water interaction and the electric
charges for each water molecule were modeled by the TIP3P
parametrization.29 The GND-water interaction was modeled
considering the carbon-oxygen and carbon-hydrogen interac-
tion through a Lennard-Jones potential determined by the
parameters εC = -0.07 kcal/mol and (Rmin/2)C = 1.9924 Å,
εH = -0.022 kcal/mol and (Rmin/2)H = 1.320 Å (according to
the CHARMM force field notation) for the GND and, for the
water, the one for TIP3. For the carbon and the hydrogen atoms
in the GNDs, we used the ESP charges obtained with first
principles as described before. Note that, in absence of external
perturbations, the net dipole moment of GNDs is zero. The C-C
and C-H bonds in the graphene dot were kept fixed while the
water molecules were constrained using the SETTLE algorithm.
Figure 1 displays a graphene dot surrounded by a rectangular box
containing water molecules. Dimensions of the periodic boxes
used here are 49 � 48 � 30 Å and 63 � 63 � 28 Å, and the

Figure 1. Unit cell showing the graphene dot for the 08 � 07 case and
the water molecules. The GND sites on the x-y plane. The zigzag edges
are perpendicular to the y axis. The dotted lines indicate the regions
where the density perpendicular to the edges was computed (see the
text).

Figure 2. Spin-polarized HOMO-LUMO gap as a function of the
strength of an external electric field. Blue open and closed squares (red
circles) correspond to the electric field oriented perpendicular to the
zigzag (armchair) edge. Green open and closed triangles are for the
electric field oriented 45� with the direction perpendicular to the zigzag
edge. The fully relaxed geometry obtained in the absence of an electric
field was used.
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number of water molecules is 2236 and 3723 for the 08� 07 and
16 � 14 GNDs, respectively. The dimensions of the periodic
box are sufficient to avoid interactions between periodic images.
We perform NVT simulations at 300 K controlled by the
Langevin dynamics. Long-range electrostatic forces were in-
cluded using the particle-mesh Ewald approach. The equations
of motion were integrated using a time step of 1 fs. All systems
were equilibrated and followed by 2 ns. Data were collected
during the last 0.5 ns to compute the water density in the
direction perpendicular to the GND plane and in a region
containing it, but beyond the edges. Besides, 50 snapshots
separated by ∼10 ps were selected from that period of time to
compute the electronic band gap of the GND with QM/MM
methods.

To obtain the energy gap and other electronic and magnetic
properties of the GNDs embedded in a periodic box of water
molecules, we have used a combination of first principles (QM
part) and molecular mechanics (MM part) in the electronic
embedding approach (ONIOM-EE)30,31 as implemented in
Gaussian03.24 In this methodology, the graphene dot is treated
as the QM part and the surrounding water molecules as the MM
part. The QM part is fully polarized by the MM charges. The
whole system is treated without periodic boundary conditions.
For the QM part, we used the PBE functional with the corre-
sponding basis sets, as mentioned before. Simultaneously, we
compute the ESP charges for C and H atoms in order to calculate
the GND induced dipole moment, μGND, for every selected
snapshot.

’RESULTS AND DISCUSSION

We study rectangular GNDs with four edges (two zigzag and
two armchair) and four seamed regions at the corners; similar to
those of ref 22. Because the results for both 08� 07 and 16� 14
nanodots are qualitatively similar, we focus henceforth on the
results for the 08 � 07 nanodot and comment about the 16 �
14 only when necessary (see the Supporting Information for the
16� 14 graphics). Figure 2 shows our computation of the spin-
polarized HOMO-LUMO gap of a 08� 07 GND as a function
of an applied electric field strength (E) when it is orientated in
three directions: perpendicular to the zigzag edges, denoted as
Ey (squares); perpendicular to the armchair edges Ex (circles);
and forming an angle of∼45�with respect to the zigzag edge, Ex
= Ey, (triangles). Specifically, our results for the first case agree
well with those of Figure 6 in ref 22. It is interesting to note that
applying an electric field in the direction perpendicular to the
armchair edges (Ex) does not remove the spin degeneracy
observed at zero electric field. In this case, both R and β gaps
decrease when the field strength increases until the gaps vanish.
In a more general case, when the electric field forms an angle
(θ) with respect to the zigzag edge, the spin degeneracy is
broken, and both R and β gaps decrease when the field
increases. For example, for an angle of θ ∼ 45� (the electric
field has the same strength for the x and y components), it is
found that the gap for one spin flavor takes an intermediate
value between the values for the two mentioned cases while the
other one decreases to zero. In other words, the degeneracy ofR
and β spin gaps observed without an electric field is broken and
the GND reaches a half-metallic state for the same electric field
strength than in the case of a field perpendicular to the zigzag
edge. This is an important feature of GNDs because, in some
applications, the electric field induced by surrounding atoms or

molecules could have locally random orientations on the GND
plane. This behavior opens an important question that concerns
the influence of surrounding water molecules on a GND,
specifically whether the electric field produced by them is
strong enough to affect the electronic and magnetic properties
of the graphene dot.

We now turn our attention to describe the interaction between
the box of water molecules and the GND at zero external electric
field. Density profiles of water surrounding the graphene dot
obtained from classical MD simulations are shown in Figure 3 for
the direction perpendicular to its plane surface (in black), to the
armchair (in blue) edge, and zigzag (in red) edge. The last two
curves were obtained by averaging in a region containing part of
the GND and defined along the direction perpendicular to the
corresponding edge, with a cross section of 1 Å in height (0.5 Å
above and below the GND plane) and width delimited by the
edge end C atoms, as indicated in Figure 1 with dotted lines. As
expected, in the direction perpendicular to the GND, the density
profile presents the typical oscillation observed for water on
surfaces.32,33 There is an exclusion shell with a thickness of∼2.6
Å around the graphene with no water molecules. After that, the
density increases abruptly, reaching a first peak at ∼3.3 Å, and
then oscillates locally until it reaches the bulk value of 1.0 g/cm3

at around ∼9 Å, similar to what was found using both classical
potentials and first-principles MD by other authors.33 An inter-
facial layer of ∼5 Å wide is present, which is consistent with the
hydrophobic nature of GND. On the other hand, the number of
hydrogen bonds <nHb>∼ 3 for the first layer of water molecules,
and then it increases to 3.5 as it happens for water in bulk. These
results are equivalent to those found for a graphene surface. Note
that, because we are interested in the effect of water on the
electronic and magnetic properties of GNDs, it is out of our
scope to investigate the effect of water confinement in these
properties. On the other hand, the density profiles in the region
containing the GND and beyond the edges (zigzag, armchair,
and seemed region) show an exclusion shell of ∼2.0 Å, which is
smaller than that computed in the direction perpendicular to the
GND plane. This can be attributed to the smaller van der Waals
interaction of water-H, the outermost atoms at the edges. The
density across both edges presents a maximum at∼2.7 Å, which
is lower than in the previous case, and reaches the bulk value in a
shorter distance.

Figure 3. Density of water molecules calculated along the direction
perpendicular to the GND plane surface (dotted line) and the armchair
(solid line) and zigzag (dashed line) edges for the 08� 07 case. See the
text for details.
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Having showed that the interaction of water molecules with
the GND is sufficiently good described by the classical potential
used here, we now inspect the electronic andmagnetic changes in
the GND during the MD simulations. First, we analyze the net
dipole moment fluctuations of the box of water molecules during
the simulation, because its strength and direction, as shown
below, are an indicator of the electric field produced by them on
the GND. It is known that, for a long enoughMD simulation, the
net dipole moment of water molecules in a box should be
averaged to zero. This situation may differ if the water molecules
move in confined regions, as for example, in the case of water
inside narrow carbon nanotubes or between graphene layers,34,33

where the net dipole moment adopts a preferential direction. In
our case, however, the separation between GNDs is large enough
(more than 60 Å) that we can neglect the effect of water
confinement as an additional contribution on the electronic
and magnetic properties of GNDs. Figure 4A shows the dipole
moment components (μx and μy) of water molecules, projected
on the graphene plane obtained during the last 0.5 ns of
simulation. As seen from the figure, both components oscillate
around zero, taking positive and negative values along the
simulation, in agreement with our assumption of null average.
From here, we select four representative cases that will be
analyzed later and show them on the lower panel of Figure 4,
where the net dipole moment is represented with an arrow in red.
Cases 1 and 2 correspond to situations where the net dipole
moment of water molecules reaches maximum values: per-
pendicular to the armchair edges (x axis) and perpendicular to
zigzag edges (y axis), respectively; in case 3, it is close to zero,
whereas in case 4, it points approximately along the diagonal
direction.

From these MD simulations, we select 50 snapshots separated
by time intervals of∼10 ps. For each one of these structures, we
compute the HOMO-LUMO gap35 for the GND in the
presence of a box of water molecules using the QM/MM
method, and those values are plotted in Figure 4B. Both R and
β gaps oscillate around the gap value obtained in the absence of
an external field (∼0.44 eV from Figure 2), indicated by a
pointed line. The minimum band gap found is ∼0.17 eV
observed around 1660 ps; that is, the 08 � 07 GND does not
reach a half-metallic state during the simulation. Introducing this
gap value in Figure 2, we can estimate that the electric field
generated by water would be equivalent to applying a uniform
electric field of∼0.16 V/Å. In the bigger dot of 16� 14, the gap
of one-spin flavor shows few values close to zero during the MD
simulation, indicating that the graphene dot is close to a half-
metallic state. These results show that, for bigger GNDs, the
electric field induced by the box of water molecules has more
effect on the gap, consistent with previous reports by other
authors.5,22

The question that arises here is whether it is possible to find a
correspondence among the net dipole moment of water mole-
cules, the computed values for the R and β gaps, the induced
dipole moment by the water on the GND, and the electric field at
the edges, because that correspondence could be useful from an
experimental point of view.

To answer that, we compute the GND dipole moment, μGND,
induced by the water molecules as it will give information about
the electric field on the dot. To do that, we use the QM/MM
method for the same set of 50 configurations, as explained in the
Computational Methods. Next, we analyzed the correlation
between the energy gaps for both spin flavors and the μx

GND

Figure 4. (A) Components μx and μy as a function of time for the last 0.5 ns during the MD simulation. (B) HOMO and LUMO gap computed using
the QM/MMmethod for some structures taken from the MD. The dotted line indicates the energy gap obtained in the absence of water or an external
electric field. Stars and numbers correspond with the bottom panel. The bottom panel depicts the GND and the corresponding water dipole moment
(red arrow) for the box of water projected on the GND, for four situations taken from the MD and labeled according to panel A.
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and μy
GND components of the induced dipole moment. Figure 5

displays the HOMO-LUMO gap, but this time as a function of
the y component of the induced dipole moment μy

GND on the
GND. An open circle at the y axis is added to indicate the gap
value computed in the absence of water molecules. A clear corre-
spondence is observed: the larger the induced moment along the
y component (direction perpendicular to the zigzag edges), the
larger the effects on the R and β gaps. Importantly, one can see
that the gap degeneracy is broken only when the y component is
not zero, as observed in the particular cases 1 and 2 (highlighted
with rectangles in Figure 5). Note that Figure 5 displays a similar
feature than Figure 2, which corresponds to the application of a
uniform electric field, allowing us a direct comparison as we do in
the next paragraph. Also, we have averaged the gap values in time
and obtained the mean values with its standard deviation for each
spin flavor, which are pointed to with arrows at the right side of
Figure 5. As seen, they are not overlapped. On the basis of this
limited statistic, we can speculate that it would be possible to
experimentally measure the mean values of the energy gap for
each spin flavor; that is, as a consequence of the presence of water
around a GND, the gap degeneracy is broken. Finally, we want to
comment that, by plotting the same gap values but as a function
of the x component induced dipole moment (direction perpen-
dicular to armchair edges), no correlation is observed (data not
shown here).

To better understand these findings, we now focus on the local
electric field produced by the water molecules on the GND
atoms for the particular cases, 1 and 2 of Figure 4. The QM/MM
computed electric field projected on the plane and represented
by arrows at the carbon positions is displayed in Figure 6. Let
start for case 1, where the net dipole moment is almost perpen-
dicular to the armchair edge and takes one of the largest value
during the simulation. Figure 6A shows that the local electric field
at the C atoms is not uniformly oriented, conversely to what one
would expect: a field pointing locally in the net dipole moment
direction. For this case, the QM/MM computed HOMO-
LUMO band gap is 0.3 eV for one spin flavor and 0.41 eV for
the other one, as seen from Figure 4B. Now, following the fact
that the electric field at the edges determines the energy band

gap, we average the in-plane local field components on the C
atoms sited at the zigzag and armchair edges, obtaining (0.06,
0.04) V/Å and (0.06, 0.05) V/Å, respectively. As these fields
point almost along the diagonal direction with an average value of
∼0.05 V/Å, we use the data shown with triangles in Figure 2 to
estimate the energy gap due to that local field as∼0.33 eV for one
spin flavor and ∼0.45 eV for the other one, which are similar to
our computed values.

We repeat this procedure for the second case (Figure 6B)
corresponding to having the net dipole moment of the box of
water molecules perpendicular to the zigzag edges. A particular
feature of this case is that the electric field is almost zero at the
center of the GND, whereas it has a well-defined orientation and
strength at the edges. The computed HOMO-LUMO band gap
is 0.22 and 0.54 eV for each spin flavor from Figure 4. Here, the
average electric fields at the zigzag and armchair edges are (0.01,
0.12) V/Å and (0.03, 0.01) V/Å, respectively. This time, we
estimate the gap using as the input value Ey ∼ 0.12 V/Å because
the other components are much smaller, and from data shown
with squares in Figure 2, the gaps would be∼0.23 eV for one spin
flavor and ∼0.58 eV for the other one.

From this analysis, we conclude that the local electric field
produced by the box of water molecules specifically on the C
atoms at the edges, in fact, defines theGNDenergy band gap, as it
is well-known to happen in nanoribbons and finite-sized nano-
ribbons. The maximum strength of the electric field produced by
the box of water molecules is∼0.16 V/Å, which is approximately
60% (80%) of the onset electric field necessary to change the 8�
7 (16 � 14) GNDs from semiconductor to half-metallic.

Figure 5. QM/MM computed HOMO-LUMO gap as a function of
the induced dipole moment on the GND. The open circle at the y axis
indicates the gap computed without an external electric field or water
molecules. Dashed lines are added to help visualization. The arrows
indicate the mean value and standard deviation for each spin flavor. The
rectangles help to localize the cases 1 and 2 shown in Figure 4.

Figure 6. QM/MM computed local electric field produced by the water
molecules for two different situations during the MD simulation. Part
(A) corresponds to the case where the net dipole moment is almost
perpendicular to the armchair edges (point 1 in Figure 4), and part (B)
corresponds to the case where the dipolemoment is perpendicular to the
zigzag edges (point 2 in Figure 4).
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In summary, we have studied the effect of a box of water
molecules on the energy gap of GNDs using classical MD and
also first principles combined with MD. Our major conclusion is
that the GND energy gap fluctuates following the variation of the
water-induced electric field on the C atoms located at the zigzag
and armchair edges. In particular, the GND energy-gap response
to water molecules during theMD simulation can be rationalized
as a mixed response due to the simultaneous electric field at the
zigzag and armchair edges. As a result, the gap degeneracy is
broken, and we speculate that, experimentally, a gap for each spin
flavor would be observed. We hope that these results would be
useful to building devices based on graphene dots. A more
systematic study should be carried out to rationalize possible
size effects on the gap in graphene nanodots.
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