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1 Introduction

On the effects of induced polarizability at the
water—graphene interface via classical
charge-on-spring models+

¢ Mateo Barria-Urenda, (2 ¢

*bc

Yerko Escalona,® Nicolas Espinoza,
Chris Oostenbrink (2% and Jose Antonio Garate

Molecular models of the water—graphene interaction are essential to describe graphene in condensed
phases. Different challenges are associated with the generation of these models, in particular - and
dispersion interactions; thus quantum and classical models have been developed and due to the numerical
efficiency of the latter, they have been extensively employed. In this work, we have systematically studied,
via molecular dynamics, two polarizable graphene models, denominated CCCP and CCCPD, employing
the charge-on-spring model of the GROMOS forcefield, both being compatible with the polarizable water
models COS/G2 and COS/D2, respectively. These models were compared with non-polarizable graphene
and SPC water models. We focused the study on the water—graphene interface in two distinct systems
and under the influence of an electric field: one composed of graphene immersed in water and the other
composed of graphene with a water droplet above it. In the former, the orientation of water close to the
graphene layer is affected by polarizable graphene in comparison to non-polarizable graphene. This effect
is emphasised when an electric field is applied. In the latter, carbon polarizability reduced water contact
angles, but graphene retained its hydrophobicity and the computed angles are within the experimental
data. Given the significant extra computational cost, the use of polarizable models instead of the
traditional fixed-charged approach for the graphene—water interaction may be justified when polarizability
effects are relevant, for example, when applying relatively strong fields or in very anisotropic systems, such
as the vacuum—bulk interface, as these models are more responsive to such conditions.

formation of any covalent or ionic bonds, i.e. chemisorption or
physisorption, respectively. Due to the non-reactive nature of
the water—-graphene interface, the binding of water to these

Graphene is a one-atom thick material formed by a honeycomb
lattice of aromatic sp2 carbons. A wide range of materials
derived from it" have multiple potential applications, such as
desalinization®, drug-delivery’* and antiseptics,"® among
others. Most of their applications are within aqueous environ-
ments; therefore, suitable models of the interaction between
water and graphene at the molecular level are essential for
molecular simulation studies and the interpretation of experi-
mental data.”®

The binding of molecules on surfaces can be either by
chemical reactivity or by direct physical contact without the
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materials pertains to the latter process.’ Briefly, physisorption
can emerge by dipolar interactions of permanent, induced or
fluctuating dipoles, the latter are the well known dispersion or
van der Waals forces.'® In this regard, the apolar nature and the
delocalized m-electron cloud of graphene imply that, ideally, a
graphene molecular model should include both dispersion
interactions and induced polarizability.

Formally, a rigorous molecular description of the water-
graphene interface requires quantum mechanical methods (QM).
In this regard, the aforementioned dominance of dispersion
interactions requires the use of QM models that incorporate
electron-electron correlation terms; indeed, density functional
studies of graphene, more often than not, include empirical
factors that account for London dispersion forces.'®* All
together, the applicability of these models is, in general, limited
to systems of a couple of thousands of atoms and, in many cases,
only single point calculations in the gas phase are numerically
affordable.
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The simpler and numerically cheaper classical force field (FF)
models, in particular those employed in molecular dynamics
(MD) simulations, offer the capacity to cover larger systems and
take into account the system entropy.'>'® Traditionally, classical
models include a dispersion term through a mean-field approxi-
mation via the use of the Lennard-Jones (L]) type of potentials
but induced polarizability is commonly neglected, these are the
so-called fixed-charge models,"”° even though many polarizable
potentials have been developed since.**® In the context of the
GROMOS FF,” induced polarizability has been implemented as
an iterative and self-consistent charge-on-spring (COS) model,*
also known as the Drude oscillator®" or shell model.*” In this way,
two GROMOS-compatible water models have been reported: COS/
G2* and COS/D2*°. The COS/G2 force field was set to reproduce
the gas phase dipole moment of water, thus “G” in COS/G2 stands
for “gas”, and the 2 is the second iteration of the model. For the
COS/G2 model, molecular polarizability and oxygen-oxygen L]
parameters were optimized to reproduce the heat of vaporization
and density of liquid water at room temperature and pressure.
This model has a slightly too large dielectric permittivity; there-
fore, COS/D2 addresses this issue by damping the polarizability
induced by large electric fields. For the COS/D2 model, molecular
polarizability and oxygen-oxygen L] parameters were calibrated
against the heat of vaporization, density, static dielectric permit-
tivity and the position of the first peak in the oxygen-oxygen
radial distribution function at room temperature and pressure.
The “D” stands for damped and the 2 is the second iteration of
the model.

The majority of studies that simulate graphene, models it as
a honeycomb lattice of sp* carbons with a fixed charge of
zero.**” This inability to model electronic polarisation may
lead to an inaccurate description of the graphene-water
interaction.’® For this reason, the effects of including explicit
electronic polarization in the context of classical FF need to be
assessed. Recent MD studies have compared the interaction
between different water models, including a polarizable water
model (SWM4_DP*), with non-polarisable and polarisable
graphene.*>*® Multiple analyses were done, whose results
suggested that the water structural properties were not depen-
dent on the graphene polarizability. Interestingly, the use of
charged graphene influenced water dynamics,>*>*° suggesting
that the use of an external electric field can affect the inter-
actions between water and graphene.

A fundamental challenge that arises in the parametrization
of the water-graphene interaction is the existence of accurate
experimental data to be calibrated with; a common approach is
to adjust the water-carbon LJ potential to reproduce water
contact angle (WCA) measurements.*™*> The WCA is defined
as the angle formed between a water droplet and the surface;
WCA is derived from Young’s equation and is the result of the
forces between the water surface tension and the interfacial
tension between water and graphene.*® WCA values define the
chemical nature of the surface, with higher and lower values
describing the hydrophobicity or hydrophilicity of the surface,
respectively. Regarding graphene (and derived materials) the
latter strategy has two main issues; (i) a precise WCA value of
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water over pristine graphene is under debate due to different
experimental problems. These include how graphene is
synthesized,** the structure in which the graphene layer is
supported on,” the WCA measurement methodology*®> and
the graphene purity.*® All these factors influence the physico-
chemical nature of the surface, thus it is not strange that the
reported water-graphene or water-graphite contact angles
range from 33 to 143;** (ii) molecular simulations, in general,
are on a microscopic or nanoscopic scale in comparison with
experimentally determined macroscopic WCA (millimetres).
For nanodroplets the contact angle depends on the line
tension, which is a constant term added to the Young’s
equation to correct the nanoscopic WCA"’; still, the existence,
the sign, and the value of line tension are subject to debate.*®*°
In this regard a method based on the estimation of the work of
adhesion via rigorous free-energy calculations circumvents this
finite-size effect®’; recently Sresht and collaborators® have
shown that this method and the one that directly simulates
nanoscopic droplets, earlier proposed by others,*"** converge
to similar values when the first two water layers of the droplet
are removed. Employing the work of adhesion method, polariz-
able graphitic surfaces parameterized against QM calculations
highlighted that induced polarizability influences WCA
values.”

In this work we have explored the effects of induced polariz-
ability, in light of the influence of external electric fields, for the
water—graphene interaction via MD simulations in the context
of the GROMOS FF. Regarding graphene, we tested two polar-
izable COS models, denominated CCCP and CCCPD, being
compatible with the COS/G2 and COS/D2 water models, respec-
tively. CCCP or CCCPD account for the polarizability of each
carbon, with CCCPD damping over-polarization. These models
where compared with the traditional zero charges models for
graphene immersed in water and combinations of these. In
detail, structural and dynamic descriptors such as atomic
densities, dipolar orientations and diffusivities were compared;
furthermore, nanoscopic WCA for water droplets of different
radii was computed, allowing for the estimation of macroscopic
WCA which was then compared to the WCA reported in the
literature. Our results indicate that polarizable systems do not
render relevant differences with respect to fixed charged
models, under zero field and bulk conditions, with most of
the properties of the graphene-water interaction mainly depen-
dent on the water model; the use of an applied electric field did
generate rather small changes in the water structure and
dynamics. WCA did suffer substantial changes with the use of
COS/G2 and COS/D2, producing much higher WCA values
when compared to the traditional SPC model. On the contrary,
polarizable graphene (CCCP or CCCPD) reduced WCA values
(for all water models) with respect to non-polarizable graphene
(CCC). Macroscopic WCA values for both polarisable systems
are in line with the experimental WCA values. In light of these
results, the use of more sophisticated and numerically costly
COS models in the graphene-water interaction may be justified
for cases in which increased electrostatic responsiveness is
important, like WCA calculations.
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2 Methods

2.1 Modelling and simulation

2.1.1 Polarizable COS models. The self-consistent damped
charge-on-spring (COS) formulation®” models induce dipoles as

separations of point charges. An induced dipole 7" on each
atom is determined by
% E; for E; < Ey;
—ind
' = o En Er\PE: @)
0, 0,
i : Ji |:p’_+ 1= (EII) }fﬁ for E; > Ey

where o; is the polarizability of the virtual site on atom 7 and
E; is the electric field (from the permanent atomic charges and
fii™) taken at the location of the COS charge; p; is a parameter
that defines the damping level and E,; is a certain field
strength which serves as a truncation parameter. When E,; =
E; the COS models reduce to the undamped formulation.
The self-polarization contribution to the potential energy
%aiﬁiz

Uself 0=
1

2
o Eo i
i

+Pi(Pi—1)

is then Initially, we used the minimized coordinates of non-
polarizable systems (CCC-SPC) as the starting point. We created
two polarizable graphene, CCCP and CCCPD, models compatible
with the polarizable water models COS/G2** and COS/D2,* respec-
tively. CCCP has a virtual COS charge of —8 e and an « of 1.1 X
10~ nm” at each carbon atom.*” CCCPD has the same virtual COS
charge and polarizability. For COS/D2 and CCCPD models E,
equals to 140 (k] mol™* nm3)"? and p was equal to 8. Both
graphene models employ the SP2 carbon LJ parameters of the 53A6
GROMOS FF,* for more details on the specific parameters for all
models see Tables S1 and S2 (ESIf). To explore the effects of
graphene polarizability, « values ranging from 0 to 1.5 x 10~3 nm?,
with a granularity of 0.15 x 10~% nm?, were tested. A combination
of polarizable and fixed charge models was also tested.

2.1.2 Simulated systems. A periodic (in the x and y plane)
graphene layer (CCC) was generated with a bond length of

EO.iz -pi+ (1712

Fig. 1 Representation of a graphene layer (van der Waals representation
in grey) immersed in water (surface representation in light blue).
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0.14 nm using the Carbon Nanostructure Builder plugin of
VMDv1.93.,>® with an edge length of 3.1 nm x 3.3 nm x 4.0 nm.
The system was solvated, containing a total of 1213 water
molecules (SPC water model®*, COS/G2** or COS/D2%°), resulting
in a density of 999 kg m™? (see Fig. 1).

For WCA computations, we constructed a periodic graphene
layer in a box of 14.2 nm x 14.2 nm x 18 nm. Subsequently, a
water droplet resembling a disk with a radius of 3 nm was
placed over the graphene layer. The water droplet was
composed of 2594 SPC water molecules, for more details please
refer to Fig. 2. For line tension estimations, 5 droplets with
radii ranging approximately from 3 nm to 4 nm were also
constructed.”

2.2 Molecular dynamics simulations

MD simulations were carried out with the GROMOSv1.3.0 software
package (http:/Awvww.gromos.net/).>> The simulations were run at
constant volume and temperature. The geometry of molecules was
constrained by using the LINCS algorithm®® with an order degree of 4.

for E,' S E(),,'

E; Eo \"!
_ 1) (EOi) + ( EO,) :| for E; > E()ﬂ,'

The temperature was weakly coupled®” to a bath of 298.15 K with a
relaxation time of 0.1 ps. The van der Waals and electrostatic
interactions were calculated using a triple-range cutoff pairlist
with radii of 0.8 and 1.4 nm. The short-range interactions were
calculated every time step by updating the molecular pair list for
distances smaller than the first cut-off radius of 0.8 nm. For the
intermediate range of distances between 0.8 and 1.4 nm, the
pair list was updated every 10 fs. The long-range electrostatic
interactions, beyond the outer cut-off of 1.4 nm, were represented
by a reaction field®® with a relative dielectric permittivity (egy) of
78.5 and 61 for polarizable and SPC water, respectively. The
equations of motion were integrated using the leapfrog algorithm
with a time step of 2 fs. The velocities of the atoms at the beginning
of the simulation were assigned from a Maxwell distribution at
298 K. During the runs, configurations of the system were saved
every 0.5 ps. After 500 ps, production runs lasted on average
1 ns each.

To explore the responsiveness of the COS models, external
electrical fields of 0.001, 0.005, 0.01 and 0.05 e nm >
were applied. These fields produce a potential difference across
the simulation box of 5.8, 28.8, 58 and 288 mV, respectively.

(2)

Fig. 2 System of a water droplet over graphene after 2 ns of simulation.
Water molecules and graphene are represented using a van der Waals
representation.
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These potentials are well within biologically occurring
potentials.”®

For the water droplet over a graphene layer system, we ran an
equilibration simulation of 500 ps and a production simulation
of 2 ns using the previously described simulation parameters,
except for exr which was set to 1 in order to simulate vacuum
conditions. To avoid water evaporation and overheating, transla-
tions and rotations of the water molecules were thermostated
independently.®°

2.3 Analysis

A plethora of analyses were done using the GROMOS++°! package,
covering different structural and dynamical properties of water.

2.3.1 Number density function. We calculated the oxygen and
hydrogen density along the normal of the graphene plane. The
oxygen density profile permitted us to determine the first hydration
layer used in the following analyses. The first hydration layer
corresponds to water molecules with a distance below 0.509 nm
from the center of the carbon atoms. This value corresponds to the
basin between the two peaks of the density profile created by the
first two water layers close to graphene (see Fig. 3).

2.3.2 Dipolar orientation. We characterized the orientation
distribution of the dipole vector long the z axis by calculating
the first Legendre polynomial

P; = {(cos(0,)), (3)

where 0, is the angle between the graphene normal, along the z
axis, and the dipole moment.

2.3.3 Mean residence times. To quantify the dynamics of
the first hydration layer of graphene, we calculated the survival
probability of water molecules,®

N [ ty+t
p() = Z< 11 Pl-(rk>>, (@)

=1 \tx=1t

where P; is equal to 1 if a particle i is located inside the
hydration layer at time ¢. This is calculated for N loaded
molecules, in which the angular brackets denotes the average
probability that a particle remains inside the hydration layer at
time ¢, + ¢, with multiple time origins ¢,. This function decays
exponentially with time and can be fitted using:

) = aexp (). 5)

where 1, is the mean residence time.

2.3.4 Diffusion coefficient. We calculated the mean-square
displacement (A(t),,) of water molecules moving in the x — y
plane within the first hydration layer of graphene, according to

N

<[r,~(t + 1) — l'i(fo)]2>v (6)

i=1

A1), = N
where 1; corresponds to the x and y components of the position
vector of each oxygen atom, of each water molecule 7, and Ny, is
the total number of molecules. The average is over multiple
origins ¢, and molecules in the computational box which were
within the first hydration layer. Finally, the self-diffusion
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coefficient D,, was obtained from the long-time limit of A(t),,
according to the Einstein relation,

A1),
(t),x}r' (7)

Dy = lim =y

2.3.5 Rotational relaxation. To get insights on the rota-
tional relaxation of water molecules, the re-orientational corre-
lation function, C¥, was calculated:

Ci(t) = (milto)-mlto + 1)< (8)

which corresponds to the autocorrelation function of the ith
water dipole vector u. The average is over multiple origins ¢,
and for all molecules that were within the first hydration layer.
In general C¥(¢) exhibits an exponential decay over time which
is fitted using:

et = exo(7"), ©

where 1, is the rotational relaxation time for the dipole vector.
2.3.6 Water contact angle. The water contact angle (WCA)
of a water droplet over a graphene layer was estimated in three
different steps, as done by others.*'*> The first step is to
calculate the surface boundary of the droplet over the surface.
For this reason, it is necessary to compute the radial density of
different horizontal layers, whose reference point is the centre
of geometry of the droplet in the x-y plane. Each layer was
moved upwards by 0.05 nm in the z-direction, starting from the
bottom and finishing at the top of the droplet; the average
density of water molecules was radially binned every 0.3 nm
afterwards and to obtain the point where the density drops to
zero the radial density values of each layer were fitted using a
curve which represents the decrease of the radial density:

p(r) = a[l - tanh(r —bro>]7

where p(r) is the radial density, @ and b are proportional to the
bulk liquid density and the thickness of the density decrease,
respectively, and r, is the surface boundary. The second step is to
obtain the circumference of the droplet using the boundary
surface of the droplet. Fittings were done using a loss function
to reduce the influence of outliers on the solution of the non-
linear least squares problem and to avoid the noise at the top of
the droplet, see Fig. S4 (ESIt) for representative plots of this
procedure. Finally, the WCA was obtained by computing the angle
of the tangential line at the intersection point of the circumfer-
ence with the surface. This was done for each simulation frame.**

Lately, Sresht et al.>" suggested that better agreement with
the work of adhesion method®® is achieved by removing the
first two water layers; in our case, it is expected that these two
layers are the most affected by graphene polarizability, thus to
avoid the noise produced by density oscillations at the bound-
aries, instead of not including these two layers in the density
calculations, we employed the aforementioned loss function in
the non-linear fitting procedures (see Fig. S4, ESIt).

(10)
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2.3.7 Macroscopic contact angle 0.. The macroscopic
contact angle 0, is related to the microscopic contact angle 0
through the modified Young’s equation®’

T
Jsv = VsL + YLy €os 0 + P (11)

where y represent the surface tension between different phases
(solid, S; liquid, L; and vapor phase, V), 7 is the line tension, 0
the contact angle and ry is the droplet base radius. For larger
droplets the third term tends to 0. Accordingly, the macro-
scopic contact angle 0, can be defined as:

cosl, = (st - VSL]/VLV- (12)

If we subtract by yg;, and divide by .y on both sides of eqn (11),
and then replace the left side using eqn (12) and rearrange the
terms, we can obtain a relationship between the microscopic water
angle 0 with the macroscopic water angle 6,:

1
cos 0 = cos O -

YLvIB

(13)

This permits us to estimate 6,, by plotting contact angles as a
function of r~" for water droplets of different sizes. cos 0., is the y-

intercept of a linear fit of the previous plot with the slope being
T

YLv

3 Results and discussion

In this section the structural and dynamical effects of polarizable
models are systematically evaluated. Firstly, we determined the
responsiveness, upon the application of an external electric field, of

CCCP-COS/G2
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different graphene polarizability levels («); following this, combina-
tions of polarizable and fixed-charge models (for both water and
graphene) are explored; finally WCA are computed for the same
combinations of polarizable and non-polarizable models.

3.1 Polarizability and its response to external electric fields

For a graphene layer immersed in water (see Fig. 1), we tested
the influence of induced polarizability on the localization and
structuring of the COS/G2 and COS/D2 water models in the
presence of an external electric field. Thus, we created CCCP-
COS/G2 and CCCPD-COS/D2 systems with different polarizabil-
ity levels of the graphene, that is o values ranging from 0 to
1.5 x 10° nm®. An applied electric field strength of 0.05 e nm™>
was exerted along the positive z axis, that is along the normal of the
graphene top layer. This field magnitude, which renders a potential
of around 250 mV, is close to the limit where no statistically
significant water dipolar alignment was observed for a fixed
charged model.®* Consequently, any orientational preference is
mainly due to water and graphene polarizabilities.

In Fig. 3 the oxygen density (p,), hydrogen density (py) and
dipolar alignment (P1, see eqn (3)) along the graphene normal
for the aforementioned systems are presented. Under zero field
conditions (see first and third columns of Fig. 3) there are no
significant effects due to the choice of o, only a slight increment
in py at close proximity, a consequence of water dipolar
alignment. In this way, P1 values exhibit a moderate alignment
with the graphene normal, which is augmented as « increases;
no substantial differences between the CCCP-COS/G2 and
CCCPD-COS/D2 systems exist, only a slight increase of P1
values for the CCCP-COS/G2 system at distances around
0.2 nm for the upper range of o values.

CCCPD-COS/D2
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Fig. 3 Water oxygen (po) and hydrogen (py) density and dipolar orientation (P1) profiles along the graphene normal, as function of polarizability («).
In Aand C, po for the CCCP-COS/G2 and CCCPD-COS/D2 systems under zero field conditions, respectively; B and D present po under the effects
of an external electric field. In E and G, py for the CCCP-COS/G2 and CCCPD-COS/D2 systems under zero field conditions, respectively; F and H
present py under the effects of an external electric field. In | and K, P1 for the CCCP-COS/G2 and CCCPD-COS/D2 systems under zero field
conditions, respectively; J and L present P1 under the effects of an external electric field. Left and right sides, represent the top and bottom layers,

respectively.
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On the other hand, the external electric field (see second and
fourth columns of Fig. 3) breaks the symmetry between the top
and bottom sides, with changes in py due to an enhanced
interaction and reduced P1 at the top and bottom layers,
respectively. Qualitatively, dipolar alignment (at the top-layer)
within the graphene-water interface builds up, with an
enhanced structuring for higher « values; these values tend to
converge for o above 1.0 x 10° nm?®; for the bottom layer,
dipolar alignment with the graphene normal is substantially
reduced. Polarizable atoms have an associated virtual charge to
them, that will move according to the electric field of the
system. In this case, the graphene negative virtual charge will
move against the field direction; accordingly, an electric field
applied towards the positive z axis generates a surface in which
the bottom side will concentrate a negative charge density and
the upper side a positive one, thus explaining the above results.
The CCCP-COS/G2 and CCCPD-COS/D2 profiles are very simi-
lar, only at the first P1 peak the CCCPD-COS/D2 system
presents a minimal reduction due to polarisability damping.

Overall, under zero field conditions there are no substantial
differences between fixed charged models (x = 0 x 10~ nm?)
and the polarizable ones; upon the application of a relatively
weak field and as expected, there is an enhanced electrical
responsiveness, which reaches a plateau; for these field
strengths, both polarizable models present almost equal
results. In light of the aforementioned, the undampened
models, with « = 1.1 x 10> nm?®, for graphene were chosen
for further analyses.

In the next section, we compare polarizable, fixed charged
and combinations of these models to quantify the influence of
graphene and water polarizability, respectively.

3.2 Polarizable vs. fixed charged models

3.2.1 Dipolar structuring. As shown in the previous section,
P1 values at the graphene-water interface exhibited a decrease
for « = 0 x 10~® nm® at close distances from the graphene layer
when compared to the upper limits of induced polarizability,
a > 1 x 107 nm?® (see green traces vs purple traces in Fig. 3,
panels I and K), which may suggest that this structuring is due to
induced polarizability; nonetheless, the COS/G2 and COS/D2
models have different VAW interactions when compared to
SPC water (see Table S2, ESIT).>® In this manner, in Fig. 4A we
compared P1 values for a combination of polarizable and fixed
charged models; for completeness, the po and py profiles are
presented in Fig. S1 (ESIt). The P1 profiles of the CCCP-SPC and
CCCP-COS/G2 pairs (yellow and red traces, respectively) exhibit
the highest values at the first hydration shell; the latter indicates
that the graphene polarizability significantly influences water
dipolar structuring; quite interestingly, only using the SPC
model (yellow and blue traces) shows higher P1 values with
respect to the COSG2 model (green and red traces).

Additionally, we explored whether these descriptors were
sensitive to different thermostats by running simulations
(under zero field conditions) employing the Nosé-Hoover algo-
rithm as shown in Fig. S5 and S6 (ESI}). Overall there are no
relevant effects when switching thermostats; density profiles
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Fig. 4 Water dipolar alignment along the graphene normal for simulated
systems; (A) P1 values for polarizable, fixed charged models and combina-
tions of these. (B) P1 values for the hybrid CCC-COS/G2 system at different
electric field strengths. (C) P1 values for the fully polarizable CCCP-COS/
G2 system at different electric field strengths. Left and right sides, repre-
sent the top and bottom layers, respectively.

are almost identical and P1 values only exhibit a small increase
(0.005) for the CCCP-COS/G2 pair, which does not alter the
conclusion that graphene polarizability increases dipolar align-
ment within the first hydration shell.

3.2.2 Interfacial water kinetics. To explore the effects of
induced polarizability on the water dynamics at the graphene-
water interface, we computed mean residence times (t), diffu-
sivity along the graphene plane (D,,) and dipolar relaxation
times (t,) of interfacial waters - placed within the second and
first density peaks of po shown in Fig. 3 - for a combination of
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Table 1 Mean residence times (z5), plane diffusivity (D,,) and dipolar
relaxation times (r,) of interfacial water for combinations of polarizable
and fixed charge models

SPC COS/G2

75 (ps)

CCC 15.5 + 1.0 19.6 + 1.6
CCCP 15.3 + 0.7 19.8 + 1.3
D,y (nm?® ns™ ")

CccC 4.6 + 0.6 3.2+0.5
CCCP 4.7 £ 0.6 3.0+ 04
Bulk 4.5+ 0.3 2.3 +0.2
7, (ps)

CCC 3.5+£0.2 7.3 £ 0.6
CCCP 3.4 +£0.2 7.3 £0.5
Bulk 3.5£0.2 7.4 £0.7

polarizable and fixed charged models. Results are plotted in
Fig. S2 (ESIf) and summarized in Table 1.

The 4, Dy, and 7, values of interfacial waters are mostly
dependent on the water model. The only noticeable effect of
graphene when compared to bulk conditions involves D,y; in
detail, results show that the diffusion coefficients of water
molecules close to graphene are slightly higher, in particular
for the COS/G2 model, when compared to bulk conditions®!
due to the smoothness and almost frictionless graphene sur-
face, an effect that has been thoroughly described for water
fluxes within narrow carbon nanotubes.®*®® This increase is
more significant for the polarizable model as the potential
energy surface of the bulk is rougher when compared to that
of traditional fixed charged models, a fact revealed by the
longer 7, values for the COS/G2 model.

We explored the effects, on the same dynamic descriptors
(ts, Dy and 1,), of a constant electric field applied along the
graphene normal. Results are plotted in Fig. S2 (ESIt) and sum-
marized in Table 2. In this case, as the dipolar alignment along the
field breaks the symmetry between the top and bottom layers, 7,
D, and 7, were independently estimated for both layers. Noticeable
effects arise only for the CCCP-SCP pair; for example, when
comparing the top layer against the bottom one, a consistent
increase in 7, and decrease in D, for the highest field strength is
observed; furthermore and for both layers, D,, tends to increase
with the field intensity, as well; for the CCC-SCP pair, this tendency
is also present but it is not statistically significant. On the other
hand, the COS/G2 models fully nullify this effect. Overall, all these
descriptors, under zero field conditions and in the presence of
weak external electric fields, are mainly dependent on the water
models. Polarizable graphene leads to a slight increase in 7, for
higher fields when employing a polarizable water model as well,
but always within the values observed in the bulk. The use of
combined fixed charge and polarizable models (at higher fields)
significantly increases the asymmetry in 7, and to some degree D,y;
these effects are cancelled by the use of polarizable water.

3.3 Water contact angle

In the previous analyses, structural and dynamic descriptors
were mainly functions of the employed water model, with
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Table 2 Mean residence times (1), plane diffusivity (D,,) and dipolar
relaxation times (r,) of interfacial water for combinations of polarizable
and fixed charge models at different electric field strengths applied along
the graphene normal

SPC COS/G2

E field [e nm~?] Top Bottom  Top Bottom

75 (ps)

CCC 0.001 15.5 £ 0.9 155+ 1.0 19.7 £ 0.7 20.2 £ 1.2
0.005 15.6 = 0.8 15.1 £ 0.6 19.5 £ 1.0 20.1 + 1.0
0.01 156+ 1.1 154 £ 0.5 20.3 £1.8 19.8 £ 1.3
0.05 16.3 = 0.8 14.6 £ 0.9 20.0 £ 1.8 19.3 £+ 1.0

CCCP 0.001 15.1 +£ 0.6 16.0 1.0 20.4 £ 1.2 20.6 + 1.3
0.005 157 £ 0.9 151 £ 0.6 203 £1.1 19.7 £ 1.4
0.01 16.2 + 0.8 14.9 £ 0.5 20.0 £ 1.4 20.0 + 1.3
0.05 19.0 + 1.0 13.8 £0.7 20.4 £1.3 19.5 + 1.1

Dy, (nm” ns™")

CCC 0.001 48+08 47+£06 29£03 3.0%0.3
0.005 47+08 47+£06 32+04 32+03
0.01 46 +£06 51+08 31+05 3.0+04
0.05 45+06 50+£07 32=£06 3.2=%05

CCCP 0.001 46+05 48+06 32+03 3.0+0.3
0.005 45+04 46=£07 3.0x04 32%05
0.01 50+05 48+05 29+04 3.1+£04
0.05 57+10 63+08 33+06 35=£04

, (pS)

CCC 0.001 36+02 36£02 72+05 7.7+0.8
0.005 35+£02 35+02 76+05 7.4=£0.6
0.01 35+02 35+£03 75£06 7.3%0.6
0.05 35+£02 35+02 72408 73=£04

CCCP 0.001 35+02 34+£03 73£06 7.1+05
0.005 35+02 35+£02 75£07 7.2%0.5
0.01 33£02 35+02 76+06 73=£05
0.05 36+02 38+£02 78=£05 7.9=+0.7

negligible effects when induced polarizability was included
for the graphene model. We extended our analyses in a situa-
tion in which the responsiveness of polarizable models may
produce relevant effects and also a comparison with experi-
mental data could be carried out. In this way, we computed the
water contact angle (WCA) from MD simulations of a water
droplet placed on top of a graphene layer, as shown in Fig. 2, for
fixed charge, polarizable models and for combinations thereof.
We also tested the dampened CCCPD model, as strong polar-
ization at the water—graphene-vacuum interface may produce
overpolarization. The results are presented in Fig. S3 (ESIT)
(WCA time series) and summarized in Table 3.

Overall, the WCA is more affected by the water model than
the graphene model. In detail, polarizable water models have a
higher contact angle (~90°) than non-polarizable water model
(~70°), reflecting that induced polarizability (and the reduced
LJ parameters of the COS/G2 and COS/D2 models) reduces the
water-graphene interaction; COS/D2 has a slightly lower WCA
value than COS/G2 which is explained by the higher ¢ value for

Table 3 Microscopic water contact angles

SPC COS/G2 COS/D2
CCC 77.8° £ 0.29 98.1° £ 0.68 91.2° £+ 1.28
CCCP 68.3° £ 0.12 92.8° £ 0.92 —
CCCPD 67.5° £ 0.42 — 85.5° £ 0.54
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the LJ potential of the dampened model (see Table S2, ESIT).
When exploring the influence of induced graphene polarizability,
WCA values are reduced; briefly, there is a decrease of ~10 for
SPC water molecules going from a CCC to CCCP or CCCPD;
regarding the COS/G2 and COS/D2 water models, this decrease is
approximately ~6. These results indicate that polarizable gra-
phene interacts more favourably with water than non-polarizable
graphene.

Others have reported that WCA values are mainly dependent
on the surface tension () of the water model.”® In this regard, y
values have been reported for SPC, COS/G2 and COS/D2.>* The
SPC model has a lower surface tension (y = 48.5 mN m™ ")
when compared to COS/G2 (y = 59.0 mN m ') and COS/D2 (y =
63.6 mN m ') models and also presents a lower WCA. On the
other hand, both polarisable models essentially present a very
similar 7, this is expected as their main difference is the
polarisability dampening to avoid over-polarization, which
under bulk and at zero field conditions is negligible (see
Fig. 3] and K); we can conclude that polarisable water models,
which exhibit higher y values, enhance water-water interac-
tions and therefore increase the WCA with graphene.

We additionally explored whether relatively strong electric
fields along the graphene normal of +0.1 e nm™ > and —0.1 e nm >
(which produce potentials of around 1.5 and —1.5 V, respectively)
for the CCCP-COS/G2 pair influence the WCA values. The fields
rendered WCA values of 93.1° & 1.21 and 93.3° £ 0.89 for the
positive and negative fields, respectively; thus, no significant
effects on WCA values were observed for these field strengths,
as reported by others.*®®’

To compare our results with experimental observations, the
macroscopic contact angle (0,,) was estimated by computing
(microscopic)-WCA for water droplets of different sizes (for
the CCCP-COS/G2 and CCCPD-COS/D2 pairs); for more
details please refer to the methods section and eqn (11)-(13).
Accordingly and in Fig. 5, the cosine of WCA as a function of
the inverse droplet radius is shown, with the slope and

0.15 , , ,
0.10 } .
0.05 | =
0.00 |- -

—0.05 | .

—0.10 | .

—0.15 : : :
0.25 0.30 0.35

1/rp (nm™1)

Fig. 5 Cosine of the WCA as a function of the multiplicative inverse of the
droplet radius rg for the systems CCCP-COS/G2 (red dots) and CCCPD-
COS/D2 (green dots). Simple linear regressions were done for these
systems (CCCP-COS/G2, red line; CCCPD-COS/D2, green line); the slope
and intercept of which were used to calculate the tension line and the
macroscopic water contact angle, respectively.

cos 6

0.40
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Table 4 Line tension (t) and 0,

CCCP-COS/G2 CCCPD-COS/D2

—53x10 " m™*!
- 109.5°

—-43x10 " m™!
97.3°

D A

intercept of these curves employed to estimate the line tension
and 0, respectively which are shown in Table 4. The line
tension for the systems CCCP-COS/G2 and CCCPD-COS/D2 are
—5.3 x 107" Jm™ " and —4.3 x 107" J m™', respectively, and
0., estimations are 109.5° and 97.3°, respectively. These line
tension values are close to the experimental consensus,
reported to be in the order of 107" ] m ™" *® *° with the negative
sign in line with reported values for hydrophobic surfaces;*®”®
the 0, are on the upper range of experimentally reported
WCA,* thus reflecting the hydrophobic nature of the CCCP
and CCCPD graphene models, when combined with polarizable
water models. Given the aforementioned spread of experimentally
derived WCA, it becomes interesting to qualitatively compare our
results with recent similar computational studies. Therefore in
Table 5 a set of reported WCA values of similar systems (in sizes
and physicochemical nature) are presented. All in all, the addition
of induced polarizability renders the WCA much more in line with
the majority of these reports, when compared to the non-
polarizable SPC-CCC pair, which produces a somewhat hydro-
philic graphene surface. A direct quantitative comparison can
only be carried out for 0.; in this regard, the 0., estimations of
109.5° and 97.3° for the CCCPD and CCCP models, are within the
range of the reported MD-derived 0, values.

The COS/G2 and COS/D2 models are derived from the
primary SPC water model; hence, this systematic comparison
between these three models gives the closest view of what
the effect of induced polarization is. Nonetheless, there are
iterations of the SPC model, with the SPC/E version”® being
widely employed in the literature; thus it becomes interesting to
compare our WCA estimations with recently reported values
employing SPCE/E. Table 5 shows that microscopic WCA esti-
mations range from 91° to 104° for SPC/E over non-polarizable
graphene or similar materials; these are in line with our WCA
estimations for the COS models (see Table 3). The SPC/E was re-
parametrized to better reproduce the water dielectric constant
without any difference in the L] parameters, consequently it has
a bigger dipole moment than SPC (2.27 and 2.35 Debye,
respectively); the latter renders a y of 63.6 mN m ™" for SPC/E
which is quite similar to the ones calculated for both COS models
and in good agreement with the experimental data.>>*® This is in
line with the larger reported WCA values for SPC/E when com-
pared to SPC over a fixed charge graphene model. Quite interest-
ingly, later reports suggest that graphene is partially
hydrophylic*>”7#"# with a WCA of around 40°. In this regard,
Table 3 reveals that the primary SPC model renders a WCA closer
to this later experimental evidence (mainly due to its lower y),
particularly when including polarizability in the graphene layer
because of enhanced dipolar interactions (see Fig. 4A).

To investigate how popular fixed charge water models are
affected by graphene polarizability, we carried extra MD
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Table 5 Reported WCA (0) and macroscopic WCA (0,,) for similar systems

Computational system and methodology 0, 0 /0cxp Ref.
Water over graphene; Born-Oppenheimer QMD 87°%, — 68
Flexible SPC over graphene; MD —, 86° 69
CVD single-layer graphene on Cu substrate; exp. 86.2° 69
SPC/E over graphene monolayer; MD 104°, — 70
CVD graphene on Si-based substrate; exp. <95° 70
SPC/E over graphene; MD 91°, — 71
SPC/E over graphene; MD 100.7°, — 72
SPC/E over double-layer graphene; MD 94.3°% — 73
SPC/E over graphene-coated copper; MD 92.2°, — 74
SPC/E over double-layer graphene; MD 97.1°, — 75
TIP4P/2005 over graphene; MD 31°-147°, 24°-150° 48
SPC/E over single-layer graphene; MD 94.9°, — 76
Captive bubble on graphene; exp. 42°+ 3 77

simulations of bulk SPC/E and TIP3P** with a CCC or a CCCP
graphene layer and computed po, py and P1 values along the
graphene normal, which are shown in Fig. S7 (ESIt). There are
no significant differences in oxygen and water densities when
including induced polarizability and using SPC/E or TIP3P; as
expected, the CCCP model further increases dipolar alignment
of water with graphene when compared with the CCC-SCP/E or
CCC-TIP3P pairs (see Fig. S7C and F, ESIt) and this alignment
is enhanced with respect to SPC (see Fig. 4A) which can be
explained by the larger dipole moments of SPC/E and TIP3P
than SPC. This in combination with the polarizable graphene
model deepens the dipole-dipole interactions between water
and graphene; therefore, it is expected that the SPC/E-CCCP
pair will render WCA values below the ones reported in the
literature (see Table 5), akin the tendency presented in Table 3
for all the studied water models herein. This whole analysis
suggests that an efficient and rather simple approach to
calibrate the water-graphene interface in light of the recently
reported hydrophilicity of graphene and in the context of well
established fixed charge bio-molecular force fields is to include
induced polarizability in the graphene model while retaining
the fixed charge formulation for water.

4 Conclusions

In this work we have systematically explored the effect of
induced polarizability, via COS models, of the graphene-water
interface. Our results indicate that the water-graphene inter-
action of a solvated graphene layer using polarizable systems
does not render relevant differences when compared to non-
polarizable models, under zero field conditions. Most of the
properties of the graphene-water interaction mainly depend on
the water model, except for those related with dipolar orienta-
tion at the interface with graphene. Only under the influence of
an applied electric field we have observed changes in the water
structure and dynamics.

On the other hand, when estimating WCA values, there are
significant effects, which are not only due to the employed
water model. Briefly, the COS/G2 and COS/D2 models render
higher WCA values when compared to the SPC model.
Moreover, the use of polarizable graphene (CCCP or CCCPD)

7756 | Phys. Chem. Chem. Phys., 2022, 24, 7748-7758

reduced WCA values (for all water models) with respect to non-
polarizable graphene (CCC). Both polarizable models allowed
us to estimate macroscopic WCA values, which are within
experimentally determined values and in line with other similar
MD studies. Indeed the importance of polarizability on WCA
estimations has been previously pointed out by Misra and
Blankschtein,?® whereby employing the work of the adhesion
method to compute WCA over polarizable multilayered
graphene paramertrized against QM calculations has shown
that induced polarizability greatly affects interfacial entropy,
thus evidencing the importance of dipolar induction at the
graphene-water interface.

Regarding the underlying mechanism of the graphene-
water interaction, our results clearly show that graphene polar-
izability increases water dipolar alignment along the graphene
normal (see Fig. 4); this implies that the water-graphene
interaction is enhanced when including polarizability into
graphene, not regarding the water model. The latter predicts
that WCA values when using the CCCP and CCCPD models
should be lower when compared to the CCC models, which is
exactly what was obtained (see Table 3). Therefore, the main
effects of graphene’s induced dipoles are an enhancement of
the water graphene dipole-dipole interactions at the first water
layer, not regarding the nature of the water model, which
macroscopically renders lower WCA values.

Overall, the more simplistic and widely employed fixed
charge models for the graphene-water interaction, when care-
fully calibrated, produce similar results under bulk and zero
field conditions with respect to the more sophisticated and
numerically costly COS models only differing in the water
dipolar alignment at the first water layer when including
polarizabiity in graphene. Thus, only for conditions in which
an increased electrostatic responsiveness is important, such as
WCA calculations, the use of COS models is justified and may
provide some further insight into the molecular mechanisms at
the graphene-water interface.

Note added after first publication

This article replaces the version published on 16 March 2022,
which contained errors in Table 1.
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