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ABSTRACT:  Wetting experiments show pure graphene to be weakly hydrophilic, but its 
contact angle (CA) also reflects the character of the supporting material. Measurements and 
Molecular Dynamics simulations on suspended and supported graphene often reveal a CA 
reduction due to the presence of the supporting substrate. A similar reduction is consistently 
observed when graphene is wetted from both sides. The effect has been attributed to transparency 
to molecular interactions across the graphene sheet, however, the possibility of substrate-induced 
graphene polarization has also been considered. Computer simulations of CA on graphene have 
so far been determined by ignoring the material’s conducting properties. We improve the 
graphene model by incorporating its conductivity according to the Constant Applied Potential 
Molecular Dynamics. Using this method, we compare the wettabilities of suspended graphene 
and graphene supported by water by measuring the CA of cylindrical water drops on the sheets. 
The inclusion of graphene conductivity and concomitant polarization effects lead to a lower CA 
on suspended graphene but the CA reduction is significantly bigger when the sheets are also 
wetted from the opposite side. The stronger adhesion is accompanied by a profound change in 
the correlations among water molecules across the sheet. While partial charges on water 
molecules interacting across an insulator sheet attract charges of the opposite sign, apparent 
attraction among like charges is manifested across the conducting graphene. The change is 
associated with graphene polarization, as the image charges inside the conductor attract equally 
signed partial charges of water molecules on both sides of the sheet. Additionally, by using a 
non-polar liquid (diiodomethane), we affirm a detectable wetting translucency when liquid-
liquid forces are dominated by dispersive interactions. Our findings are important for predictive 
modeling toward a variety of applications including sensors, fuel cell membranes, water 
filtration, and graphene-based electrode materials in high-performance supercapacitors.  
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An atomically thin layer of graphene, a single-atom-thick sheet of sp2-hybridized carbon 

atoms arranged in a hexagonal honeycomb lattice, exhibits unique mechanical, optical, and 

electronical properties.1-8 As a result, graphene has become a subject of intense basic and applied 

research.9-15 For example, because of its extraordinary surface to volume ratio,16,17 

experimentalists have suggested graphene-based electrodes can enhance the performance of 

supercapacitors17,18 and batteries.19,20 Extremely thin and electrically conductive, graphene is 

widely used in biosensors,21 lab-on-a-chip, fabrication of membranes for water filtration22 and 

desalination, manufacture of fuel cells, and microfluidics platforms where graphene is in contact 

with water, vapor, and analytes.23,24 Many of the above applications critically depend on the 

graphene wettability in water. Wetting properties of graphene have been a subject of several 

theoretical and experimental investigations over the last decade,25-28 however, fundamental 

characterization and molecular level understanding of wetting phenomena on graphene remain 

incomplete. Moreover, an accurate measurement of the contact angle (CA) on graphene is often 

difficult to accomplish because of defects, airborne contaminants, and oxide formation on the 

surface.   

Contact angle measurements have also revealed a significant dependence of graphene 

wettability on the supporting substrate, a phenomenon often interpreted as a consequence of 

graphene transparency to water-substrate interactions.26, 29-32 For instance, the water static 

contact angle on neat graphene supported by copper is 44°, while it is 60° for the pyrolytic 

graphite.25 The experimental estimate for suspended graphene, on the other hand, has been 

reported32 at 85±5o, close to theoretical predictions28,33,34 of  87o, 90o, and 79o, respectively. The 

effect is not limited to solid substrates. Comparisons between contact angles on suspended 

graphene with those measured on graphene fragments supported by water have generally shown 

increased wettability when graphene was surrounded by water from both sides. Early MD 

simulations indicated the contact angle of a water droplet on a graphene sheet is about 7° 

lower when the system is submerged in water.35 Experiments performed by Checco and his 

group32 using graphene on a pillared substrate revealed an even bigger effect. Replacing air 

between the pillars by water resulted in estimated CA reduction between 19 and 24o. A 

qualitatively similar effect has been observed with ice or hydrogel support replacing the 

underlying water.36 The clear distinction between graphene wettabilities in the presence and 

absence of supporting substance has important repercussions for the predictions of graphene 
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properties in dispersions. Theoretical predictions of the effect have mostly focused on direct 

interactions between water molecules and solid or liquid support on the opposite side of the 

sheet. Based on the Young-Dupre equation, the contact angle of a graphene-coated substrate 

should correspond to the adhesion strength associated with combined attraction exerted on the 

water by graphene and the supporting substrate,29-32, 37 or underlying liquid.32, 35 Using a simple 

mean-field method for pair-wise additive dipolar and dispersive interactions, Driskill et al.35 

estimated the contact angle difference ∆𝜃 between graphene platelets supported by water and 

air to be near -10°.  

While the presumed interaction additivity provided a plausible rationale for early 

experimental observations, it also resulted in considerable quantitative differences between 

predicted and measured CA in numerous cases. Following comparisons with experiments, ab 

initio modeling, and classical accounts of multi-body interactions, a number of groups have also 

discussed substrate-induced changes of the electronic structure of graphene, which in turn affect 

graphene-water forces and propensity for wetting.17, 25, 38-41 Distinct but interrelated effects 

predicted in first principles studies25, 40-44 include local (atomic) and large-scale polarization 

events, the shift in graphene Fermi level, and charge transfer between substrates and graphene, 

all of which can potentially tune graphene’s apparent polarity.45,46 When graphene is supported 

by a polar liquid like water, polarization effects are expected to play a notable role, however, 

prohibitive system sizes and slow statistical convergence have so far precluded direct estimates 

of these effects on wetting properties in ab initio simulations.  Atomic polarizabilities of 

graphene and graphite have been considered in MD calculations with polarizable force fields 

based on charge-on-spring (Drude oscillator),38 or OPLS-AAP models.17, 38,47 Misra and 

Blankschtein highlighted the importance of the induction energy and associated entropy on the 

wetting propensity of graphite39 using a rigorous self-consistent treatment of induced dipolar 

interactions. Notably they demonstrated that the effect cannot be captured by conventional 

pairwise-additive approaches with adjusted water/carbon interaction.  

First principles calculations show that ‘planar graphene acts as a metal along the carbon 

plane and as semiconductor perpendicular to it,44 with the ratio of the lateral and normal 

permittivities diverging44 for sizeable sheets. With the exception of sheet edges (relevant only 

for small-size sheets), the lateral mobility of p electrons is demonstrated to produce essentially 

perfect shielding of external electric field44 in the tangential directions. A similar dielectric 
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anisotropy44, 48,49 has been observed in density functional calculations for semi-metal carbon 

nanotubes (CNT-s).50 With the transverse components of the permittivity and polarizability 

virtually independent on the band gap, ∆g, and the longitudinal polarizability scaling roughly as 

∆g-2, the graphene-like armchair CNT-s, characterized by chiral vectors (m,n) with n=m and 

vanishing band gap ∆g, featured low transverse but divergent longitudinal polarizabilities.50 Even 

in semi-metal zig-zag CNT-s, characterized  by chiral vectors (3n,0) and low but finite band gaps 

from ~0.17 eV at n=3 to ~0.04 eV at n=5, the observed ratio of longitudinal and transverse 

polarizabilities varied from O(102) to O(103), respectively.50 The pronounced polarizability 

anisotropies in graphene-like (semi-metallic) CNT-s50 reinforce the observations from single-

layer graphene permittivity calculations44 outlined above. Treating graphene as a conductor2 is 

hence expected to capture the dominant features of its polarization and associated induction 

effects in a polar environment.   

So far, contact angle simulations of water on graphene have been performed without 

explicitly accounting for the material’s conductivity. In this paper, we augmented the graphene 

force field by adding the conductor properties using the fluctuating-charge technique of Constant 

Applied Potential Molecular Dynamics (CAPMD).51,52 Consistent with first principles 

calculations,44 the fluctuating carbon atom charges of the CAPMD model eliminate the in-plane 

components of the electric field associated with the structural fluctuations53,54 in adjacent water. 

The induced Gaussian charges on carbon atoms also affect the perpendicular component of local 

field, shielding the direct interactions among partial charges of water molecules at the opposite 

sides of the carbon layer. In addition to increased propensity to wetting, graphene polarization 

underlies a qualitative change of correlations among water molecules separated by the sheet. We 

evaluated the wettability by measuring the contact angle of cylindrical water drops on a 

conducting graphene sheet. We found that the contact angle of a water droplet on a graphene 

sheet submerged in water is lower than in the absence of water under graphene. In other words, 

water-graphene adhesion is stronger when graphene is wetted from both sides. The effect is 

enhanced when we incorporate graphene conductivity. The greater reduction in the contact angle 

on a submerged sheet is associated with the indirect, graphene-mediated attraction between the 

water partial charges of equal sign bridged by the induced (image) charges on the electrically 

polarized graphene. The mechanism is important for the basic understanding of hydration of thin 

conducting materials.  
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Parallel calculations for a nonpolar liquid (diiodomethane) confirm that dispersion forces 

alone result in a moderate “wetting transparency”,45 however, only two-side wetting by polar 

solvents proves sensitive to the inclusion of material’s conductivity.  The effect is of potential 

importance for in silico predictions of graphene wettability by water to optimize applications 

from sensors to porous electrodes, fuel cell membranes, and water filtration.  The conductor 

properties can also play a role in hydrophobic interactions among dispersed graphitic 

nanoparticles,55 which are often used as showcase systems in modeling56-59 nanoparticle 

interactions in water. 

RESULTS AND DISCUSSION  

To assess the importance of graphene conductivity and associated polarization effects on 

its wetting propensity, we monitor simulated water nanodrops on a suspended (unsupported) 

graphene sheet and on a sheet supported by liquid water from the opposite side. In each of the 

two scenarios, we compare the results for water contact angles, and characteristic structures of 

hydration water, using a conventional graphene model devoid of atom charges or polarizability 

with those obtained by accounting for the conductor properties of graphene. The cylindrical 

droplet shape is used to avoid line tension effects with nanodrop sizes amenable to MD 

simulations. The model setups are illustrated in Figure 1, and the details are given in the Methods 

section. The force field treating graphene as an insulator has been described in earlier work.35 In 

the present work, the conductivity is incorporated using the method of fluctuating charges from 

the Constant Applied Potential Molecular Dynamics (CAPMD) developed by Sprik and 

Siepmann51 and Madden and coworkers.52 In this approach, every carbon atom of graphene 

carries a Gaussian charge distribution 𝜌!'𝑟 − 𝑟"*	with an integrated charge of qj and the fixed 

Gaussian charge width52 h. 

       																																														𝜌"(𝑟) = 𝑞"𝐴𝑒𝑥 𝑝 4−5𝑟 − 𝑟"5
#ƞ$#7																													(1) 

 

where rj denotes the atom’s position, qj is the instantaneous value of the fluctuating charge on 

atom j, and A = ƞ%π% #	'  is the normalization constant. Oxygen and hydrogen atoms of water 
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molecules carry fixed point charges, with the local charge density r(r) at the position r due to an 

atom i located at ri given by 

 																																																									𝜌((𝑟) = 𝑞(𝛿(𝑟 − 𝑟()                                         (2)  

 

Figure 1: Snapshots of spreading of the semi-infinite hemi-cylindrical water 
droplet atop insulator without (a-b) or with a layer of water (c) placed below the 
sheet. The system containing a 6.4.103 molecule drop on a 5.6.103 atom graphene 
sheet is periodically replicated in lateral directions. (d) A snapshot of a 
cylindrical water droplet atop graphene sheet in CAPMD (See Methods section). 
The different colors of the graphene surface denote the nominal ‘electrodes’ of 
the CAPMD setup at vanishing voltage V.  

(a) 

(c) (d) 

(b) 



7 
 

where ρ(r) and δ(r − r!) are total charge density and delta function. The total charge density at 

r is given as the sum of contributions from all carbon atoms (Eq. 1) and partial charges from the  

water molecules (Eq. 2). The internal columbic energy of the system Uc is 

 
																																																					𝑈) =

*
#∬

+,-ˊ.+,-ˊˊ./-ˊ	/-ˊˊ
|-ˊ$-ˊˊ|

                                     (3) 
 

To secure a desired electrostatic potential V!2 on graphene atoms (typically the imposed electrode 

potential), carbon charges qj undergo a perpetual redistribution responding to the changing 

configuration of water molecules.51,52,60 In a general case, the instantaneous charges qj are 

obtained variationally by minimizing the total electrostatic energy Ut = Uc - Sjq!V!2.	 In the 

present scenario, V!2 are set equal to zero for all carbon atoms j and the minimization is carried 

out subject to the net neutrality condition, Sjqj=0. 

 Through perpetual in-plane charge redistributions, the model also provides electrostatic 

shielding of the perpendicular component of the nonuniform field from the partial charges of 

water molecules. At the present level of approximation, it does not explicitly account for the 

finite out-of-plane polarizability39, 43, 50, 61 of carbon atoms in graphene. Given the two in-plane 

polarizability components considerably exceed the out-of-plane one already in graphite,44, 62 and 

more so in highly anisotropic single-layer graphene44 and semimetallic CNT-s,50 this approach 

is likely to capture the main contribution to the induction energy associated with graphene 

wetting. A definitive statement would require augmenting the model by drude oscillators but this 

appears technically challenging in combination with the CAPMD approach accounting for the 

metal-like in plane polarization.  

   As detailed in the Methods section, we model water molecules using the SPC/E water 

potential63 and graphene atoms as Lennard-Jones (LJ) particles. In view of experimental 

uncertainties in determining the suspended graphene/water interaction,32, 34, 64,65 we consider 

three different strengths of carbon interaction with water oxygen atoms, eco  (Table 1) with the 

intermediate strength, eco~0.39 kJ mol-1 corresponding to recent experimental32 and quantum-

mechanical simulation28 estimate for the CA on neat suspended graphene at ~ 86±3o. Results for 

weaker (eco~0.195 kJ mol-1) and stronger (eco ~ 0.52 kJ mol-1)  water surface interactions are 

included to cover the broad range of CA values indicated in independent experiments. Identical 
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LJ interactions are used in conducting and insulator representations. In describing our results, 

we refer to the conducting (CAPMD fluctuating-charge) and non-conducting model systems 

using the terms ‘graphene’ and ‘insulator’, respectively.  

Table 1: Contact angle θ of a cylindrical droplet on the suspended and supported graphene 
for different values of 𝜺𝒄𝒐. 𝛉𝐜 refers to measurements without a water layer underneath the 
surface and 𝛉𝐰	correspond to a layer of water placed underneath graphene. 

  

    Graphene/water density profiles. We begin by describing the structure of hydration layers 

on both sides of the surface. The oxygen density profiles shown in Figure 2 reveal only a small 

𝜀%&
/𝑘𝐽	𝑚𝑜𝑙'( 

suspended 

insulator 𝜃% 

water-supported 

insulator 𝜃) 

suspended 

graphene 𝜃) 
water-supported 

graphene 𝜃) 

     0.1951 127°±1° 120°±1° 118°±1° 105°±1° 

     0.3913 89°±1° 81°±1° 87°±1° 75°±1° 

     0.5208 59°±1° 52°±1° 54°±1° 45°±1° 

 

 

Figure 2: Density profiles of water in the central region of a cylindrical droplet base on the 
suspended or supported insulator and graphene sheets (modeled by CAPMD) with	𝜺𝒄𝒐 =
𝟎. 𝟑𝟗𝟏𝟑	𝒌𝑱	𝒎𝒐𝒍'𝟏. Black curve: simulation result for the droplet density as function of the 
height z on the suspended insulator. Red: droplet on the insulator supported by an aqueous 
layer. Green: droplet on the suspended graphene. Blue: droplet on supported graphene.  The 
densities are normalized by the density inside the bulk portion of the droplet.  
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difference in the distributions of water molecules on the insulator compared to the graphene 

sheet. The only detectable difference is seen in the slight increase in the heights of the first 

hydration peaks for both the suspended and supported graphene relative to those observed with 

the insulator sheet. A somewhat worse statistics is observed in conductor systems with added 

degrees of freedom (fluctuating carbon atom charges), especially in the case of graphene 

supported by water where charge fluctuations are more pronounced (vide infra). In Figure 3, we 

compare the density profiles of water next to strongly hydrophobic and hydrophilic insulator 

surfaces (Systems 1 and 3 in the 1st column in Table 1) on both sides of the submerged graphene 

sheet. These results show the 1st peak positions at the hydrophobic surfaces are significantly 

lower and slightly (~ 1Å) withdrawn from the sheets compared to the hydrophilic cases. Water 

density profiles are essentially identical on both sides of the graphene sheet, the small reduction 

of the height of the 1st peak on the drop side being explained by mild density variation along the 

radial direction of the droplet’s base.                                                       

   Contact angles. Figure 4 illustrates the time dependence of the dynamic contact angles we 

extract from the instantaneous droplet contours (see Methods section). The curves showing 

instantaneous contact angles feature appreciable noise due to drop’s shape fluctuations, which 

 

Figure 3: Density profile of water on both side of the insulator surface for 𝜺𝒄𝒐 =
𝟎. 𝟏𝟗𝟓𝟏	𝒐𝒓	𝟎. 𝟓𝟐𝟎𝟖	𝒌𝑱	𝒎𝒐𝒍'𝟏. The plot shows each profile in relation to the z-
dimension of the system box. The insulator sheet is placed at 𝒛 = 𝟐𝟎Å. 
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are mostly averaged out in the cumulative contact angle results, Table 1. Figure 4-left shows the 

simulated contact angles of a cylindrical droplet on a suspended graphene sheet obtained using 

the insulator (black) or conducting graphene (green) models. Figure 4-right compares the CA 

results for (conducting) graphene in two different situations: (a) suspended sheet with empty 

space underneath, and (b): supported sheet atop a slab of water. As shown in Table 1,  the 

reduction in contact angle on submerged conducting graphene is between 9o-13°, considerably 

more than the change of 6o-7o predicted35 with the insulator model. The comparison between the 

two different surface models shows that the conductivity of the surface has a smaller effect on 

the contact angle when the droplet is placed on a suspended sheet.  

Table 1 also compares the results of time-averaged contact angles of water on graphene 

and insulator surfaces for a different set of oxygen-carbon energy parameters 𝜀)3. These results 

show that the inclusion of material conductivity is most visible on hydrophobic model surfaces 

where the related polarization effects present a greater share in the total surface/water attraction.  

Lastly we note a difference between our results for water on graphene and the original calibration 

for graphite provided by Werder et al.66 In addition to replacing graphite by graphene, this 

differences reflect several methodology improvements, the most significant being the use of 

 

Figure 4: Contact angle vs. time for a cylindrical water droplet on the suspended insulator and 
graphene sheets (left) and suspended or water-supported graphene sheets (right) for carbon-
water interaction strengths 𝜺𝒄𝒐 = 𝟎. 𝟑𝟗𝟏𝟑	𝒌𝑱	𝒎𝒐𝒍'𝟏.  
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Ewald summation to avoid the cutoff (10 Å in Ref.66) of electrostatic interactions, and the choice 

of cylindrical drop geometry33 to eliminate the finite-size effects associated with line tension. 

Would the results we present change with different water models? Surface tension and 

associated contact angles of water are known39, 67,68 to depend on the particular force field but 

the trends we study appear less sensitive to the particular choice. While calculations of contact 

angle changes with CAPMD are too costly for comparisons of different water models, we refer 

to a related study39 comparing the induction effects on the wetting free energies on graphite for 

two distinct water potentials, the nonpolarizable SPC/E63 and polarizable SWM4-NDP model.69 

Interestingly, the induction effects (central to our study) are found virtually insensitive to the 

applied potential.   

Since the model of ref.39 also includes out-of-plane polarizabilities, it is of interest to 

include a brief comparison of the magnitudes of induction effects in their study and the present 

method, which captures only in-plane polarization. When applied to study single-surface 

wetting, the CAPMD approach yields induction energy and entropy changes ΔUind = -7.1 mJ m-2 

and T𝛥Sind ~ -2 mJ m-2, respectively (we estimate the entropic term from the difference between 

the induction surface energy and the wetting free-energy corresponding to the average contact 

angle change upon inclusion of polarization effects). The above values are comparable to the 

induction energy ΔUind = -8.4 mJ m-2 and associated entropy reduction T𝛥S= -4.4 mJ m-2 observed 

in ref.39 when using the polarizability and damping parameters deduced from the polarizability 

tensor of graphene (Model II in Table 1 of ref.39). Incorporation of explicit out-of-plane 

polarizability could strengthen the attraction and angular restrictions in our model, potentially 

improving the agreement between energetic and entropic effects from the two approaches. While 

our code does not support such a calculation in its present form, the moderate energy difference 

between ΔUind values from the two models appears compatible with the relative magnitudes of 

in-plane (𝛼44	and	𝛼55	) and out-of-plane (𝛼66) polarizabilities62 adopted in ref.39. The induction 

effects predicted by the two models discussed above can, however, not be directly compared 

with more prominent energy and entropy changes observed in Model III of ref.39, which relies 

on adjusted polarizability and damping parameters to account for the additional attraction arising 

from the overlapping charge distributions of solvent and carbon atoms. 
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    Dipolar correlations across graphene. To gain a more detailed picture of the orientational 

polarization of hydration water, in Figure 5 we show the water dipole angle distributions 

𝑝(𝑐𝑜𝑠	𝜑) for both the suspended and supported insulator and conducting graphene sheets. Here, 

j  represents the angle between a water dipole and the normal to the graphene surface. We 

quantify the interfacial polarization in terms of the average dipole of the interfacial molecules 

< 𝝁(𝑡) >= *
7
< ∑ 𝝁((𝑡)7

( >, where the sum runs over all water dipoles 𝝁( in the first hydration 

layer. We define this layer as the region between the surface and the first minimum in the 

water/surface density profile. As can be seen in Figure 5, in the system with the insulating surface 

(black and red curves in Figure 5), the presence of the supporting aqueous slab has a strong 

influence on the orientational polarization in the droplet base. This effect, associated with dipole-

dipole interaction across the surface, is essentially screened out when we include graphene 

conductivity (green and blue curves). As will be shown below, partial molecular charges of the 

same sign appear attracted to each other across the conducting graphene in contrast to the 

conventional picture observed with the insulator model, where attractions apply to charges of 

opposite signs. In addition to the average dipole moments shown in Figure 5, we also calculate 

the dipole-dipole correlation functions,	𝑐+(𝑟) =
,-.!

"#$(0)-.!%#""#&(2)
,-.!'3

> based on molecular 

 

Figure 5: Dipole angle probability distributions 𝐏(𝐜𝐨𝐬	𝛗) for water molecules in the 
solid/water contact layer of the cylindrical nanodroplet on different surfaces.  𝛆𝐜𝐨 =
𝟎. 𝟑𝟗𝟏𝟑	𝐤𝐉	𝐦𝐨𝐥'𝟏, 𝛔𝐜𝐨 = 𝟑. 𝟏𝟗Å. Black line: suspended insulator. Red: water-supported 
insulator. Green color: suspended graphene, blue color: water-supported graphene. 
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orientations in the 1st hydration layers of the cylindrical droplet base on top of the graphene, µ 

top, and in the aqueous slab below the water-supported sheet, µ bottom. To enable the assessment 

of the absolute magnitudes of  𝑐+(𝑟)	, Table 2 presents the variances of dipole components, <

𝛿𝜇8# >, which we used to normalize 𝑐+(𝑟)	.	The calculation of dipole correlation functions is 

included to highlight a qualitative change of dipolar interactions due to the polarization of 

conducting graphene layer. We therefore present the results for both the conducting and non-

conducting graphene models (Figure 6). The distance r corresponds to the lateral distance 

between the centers of a pair of dipoles in the opposite hydration layers and the average is taken 

over all possible pairs. In all cases, the variances < 𝛿𝜇8# >	are essentially identical on both sides 

of the sheet. As expected, the correlations across nonconducting graphene sheet at small lateral 

distances r (Figure 6) are positive for z components (normal to the surface) of the dipole moments 

of water, and negative for the lateral (x or y) components. The signs of cz(r) and cxy(r) at small r 

are compatible with (average) attraction among the dipoles. Interestingly, the signs of both 

functions are reversed and the average dipole interactions become weakly repulsive when we 

apply the conducting graphene model. As such, the direct dipole-dipole term does not contribute 

to the contact angle reduction in the latter system. The sign change is explained in terms of the 

polarization of graphene, with image charges inside the conductor layer attracting equally signed 

partial charges of water molecules on both sides of the sheet. Water-graphene attraction is 

strengthened through enhanced polarization of graphene flanked by equally-signed partial 

charges facing each other across the sheet thus increasing the wetting propensity (lower contact 

angle) when water is present on both sides of the conducting graphene layer. We quantify the 

polarization enhancement on submerged graphene by comparing the induced-charge 

probabilities on carbon atoms in suspended (one-side wetting) and submerged (both side wetting) 

graphene sheets. As shown in Fig. 7, the presence of polar water molecules on both sides of the 

sheet results in a noticeable broadening of the charge distribution. Coulombic  dipole/induced-

charge interactions corresponding to representative charge magnitudes (Fig. 7) appear 

compatible with the estimated induction energy discussed above.  

A sign reversal of Coulombic interactions analogous to the one discussed above has been 

indicated in two18 and three-dimensional70,71 ionic systems in the presence of temporal or spatial 

fluctuations of charge-density distributions. The insulator model devoid of polarization effects, 

on the other hand, features the expected Coulombic attraction between the partial charges of 
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Figure 6: Dipole-dipole correlation functions measuring orientational correlations 
between water molecules in the hydration layers of a cylindrical droplet atop the 
insulator sheet (left: a,c,e) or conducting graphene (right: b,d,f), and liquid water below 
the sheet for different values of 𝜺𝒄𝒐=0.1951 kJ mol-1 (top), 0.3913 kJ mol-1 (middle), and 
0.5208 kJ mol-1 (bottom).   	𝝈𝒄𝒐 = 𝟑. 𝟏𝟗Å.  
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opposite signs. Fig. 8 illustrates the (weekly) preferred configurations for a pair of water 

molecules interacting across the graphene sheet in the presence (right) or absence (left) of 

graphene polarization. Fig. 8 right also shows positive (blue) and negative charges on carbon 

atoms induced by the electric field of adjacent water molecules. Induced charges are described 

by a Gaussian distribution around carbon atoms (width below 1 Å).52 Charge probabilities for 

this scenario are described by the blue curve in Fig. 7.    

The correlations across the sheet introduce a subtle interaction term, which is 

superimposed to much stronger molecular interactions (including hydrogen bonding) inside a 

contiguous liquid on either side of graphene, along with the dispersion attraction to the carbon 

sheet. These interactions result in a spontaneous near-parallel alignment of the dipoles in the 

hydration layer along the surface, with only a slight preference for dipole orientation pointing 

into the liquid phase (See Fig. 8 and Table 2). When water is present on both sides of the 

(nonpolarizable) insulator sheet, the lateral alignment of the dipoles with the surface is slightly 

      

Figure 8: Favored configurations for a pair of water molecules interacting across a graphene 
sheet submerged under water. Left: insulator sheet, right: conducting graphene. Neutral 
carbon atoms are shown in grey, whereas we use blue or red color when the atoms carry 
positive or negative induced charges, respectively. 

 

Figure 7: Normalized induced-charge probability densities on carbon atoms below 
a cylindrical aqueous drop on suspended (green) or supported graphene (blue) sheet 
with LJ parameters 𝛆𝐜𝐨 = 𝟎. 𝟑𝟗𝟏𝟑	𝐤𝐉	𝐦𝐨𝐥'𝟏, 𝛔𝐜𝐨 = 𝟑. 𝟏𝟗Å.  qr = q eo
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destabilized (Fig. 5) as the chain dipole-dipole configuration enables a stronger dipolar 

interaction across the sheet than the antiparallel one.72 An analogous perturbation of water-wall 

orientations does not take place with the conducting graphene, where the direct dipole-dipole 

interaction across the sheet is overwhelmed by the interaction with image charges induced by 

the molecules from both sides of the sheet and where the attraction by the image charges is 

compatible with the (already favored) lateral dipole alignment with the surface.   

Although the conducting graphene screens the direct interaction between the dipoles on 

the opposing sides of graphene, the attraction by image charges induced by the molecules from 

both sides results in the overall increase in the wetting affinity and a reduction of the contact 

angle relative to that observed with the insulator model. Interestingly, the synergistic effect of 

graphene polarization due to the molecules from both sides is required to observe a notable 

contact angle change, while the introduction of material’s conductivity has a smaller effect with 

droplets on suspended graphene, i.e. in the absence of aqueous support.  

To illustrate the conductivity and hydrophilicity effects on spontaneous orientation and 

orientational polarizability, in Table 2 we compare the average dipole moment normal to the 

graphene surface and the variance of the normal and lateral dipole components for both non-

conducting and conducting graphene characterized by different water-carbon interaction 

strengths  from Table 1. The weak polarization of water quantified in terms of finite <µz> (with 

the dipoles pointing slightly away from the interface) slowly increases upon strengthening the 

water-surface attraction. The change takes place symmetrically on both sides of the sheet, 

however, the statistical quality of calculated <µz> is better in the water slab below the sheet 

(<µz>bot) than in the hydration layer of the droplet base (<µz>top) where the results may be 

affected by the fluctuations of the drop’s perimeter.   While the  addition of water  on both sides 

of the insulating sheet weakens the preference for the dipole alignment with the surface (Figure 

5), the positive and negative deviations mostly cancel, leaving only a small enhancement of the 

polarization <µz> upon the introduction of aqueous support under graphene.  

The data describing orientation fluctuations of water molecules next to graphene (Table 2) show 

a significant difference between the variances of water dipole components in the normal and 

lateral directions. The difference conforms to the known73 anisotropies of the orientational 

polarizability and permittivity tensors of interfacial water. Specifically, the orientational 
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polarizability of water molecules along the surface normal, 𝛼663-~
9:;"#<
=>

, is almost twice smaller 

than the corresponding values in the lateral (x,y) directions. 𝛼663- 	decreases further with 

strengthened orientational restrictions when the surface is rendered more hydrophilic. A similar 

effect is observed in the presence of image charges in graphene when treated as a conductor. 

Conversely, the increase in hydrophilicity, and the addition of image charge effects, result in a 

slight enhancement of the lateral polarizability components (𝛼443- and 𝛼553- ). Because of the close 

relation between the dielectric constant and the dipoles’ fluctuation < 𝛿𝜇 >#, our results indicate 

that the lateral components of the permittivity tensor substantially exceed the normal component 

in analogy to the observations in a planar confinement.74  

Table 2: Average dipole moments (in D) and mean squared fluctuations of dipole 
components (x, y, or z) of water molecules in the first hydration layers of an insulating 
(a) and conducting (b) model graphene sheets wetted by an aqueous drop on the top side 
and supported by an aqueous slab on the bottom, all for three different carbon-water 
interaction strengths 𝜺𝒄𝒐. (c) suspended insulating sheet. 

(a) graphene-like insulator sheet on water 

 

 

     

(b) conducting graphene on water 
 

 

 

 

(c) suspended sheet: 

 

 

 

𝜀()
𝑘𝐽𝑚𝑜𝑙*+ < µ, >-./ 

D 

< µ, >0.- 

D 

< δµ1,34 > 

𝐷4 

< δµ,4 > 

𝐷4 

0.1951  0.100±3% -0.110±1% 2.19±0.5%  1.14±0.5% 

0.3913  0.124±3% -0.122±1% 2.21±0.5%  1.08±0.5% 

0.5208  0.132±3% -0.128±1% 2.23±0.5%  1.04±0.5% 

𝜀()
𝑘𝐽𝑚𝑜𝑙*+ < µ, >-./ 

𝐷 

< µ, >0.- 

𝐷 

< δµ1,34 > 

𝐷4 

< δµ,4 > 

𝐷4 

0.1951 0.104±3% -0.104±1% 2.20±0.5% 1.10±0.5%  

0.3913 0.120±3% -0.122±1% 2.24±0.5% 1.04±0.5% 

0.5208 0.126±3% -0.134±1% 2.26±0.5% 0.99±0.5% 

ε5.
𝑘𝐽𝑚𝑜𝑙*+ < µ, >6789:;<)=

<)>  < µ, >?=;>@A7A
<)>  

0.1951 0.089±3% 0.106±3% 

0.3913 0.122±3% 0.129±3% 

0.5208 0.130±3% 0.133±3% 
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    Non-Polar Liquid. To enable a comparison with systems devoid of long-range electrostatics, 

we follow the same procedure to compute contact angles of diiodomethane (CH2I2) on suspended 

and CH2I2- supported graphene sheets. The hemicylindrical drop was divided into three slices to 

remove the possible effect due to long-range triple line fluctuations. The drop contour of each 

slice was calculated through a square binning of the local number of heavy (C and I) atoms on 

the yz plane with a 3Å resolution.  

The results for time-averaged contact angles of diiodomethane on suspended and 

supported graphene are 50.8o and	48.9o, respectively. The contact angle reduction of about 2° 

affirms a degree of ‘wetting translucency’ when the liquid molecules interact across graphene 

solely through dispersion forces. Within statistical uncertainty, the magnitude of the effect agrees 

with the mean field prediction for the van der Waals contribution to the contact angle reduction:  

                                               Dcosq ~                     (4) 

introduced in our earlier work35. Here, the summation runs over all interacting site pairs (i,j) of 

liquid molecules (I and CH2 with the united-atom CH2I2 model) of site number densities r i  and 

Lennard Jones parameters eij =( eiej)1/2, sij = (si+sj )/2, and dij = (sc + sij ). g  is the surface tension 

of the liquid. Using the diiodomethane parameters collected in the Force fields section obtains 

the contact angle reduction for the submerged graphene in diiodomethane Dq ~ –3o. Since 

diiodomethane molecules carry only minute atom charges (see Methods section), the 

electrostatic interactions between the droplet and the solvent slab below graphene, along with 

any image charge effects, remain too weak to manifest the trends observed with the highly polar 

water molecules (Fig. 6). The results for the diiodomethane system are hence independent of 

whether we treat graphene as an insulator or a conductor; the use of the advanced CAPMD 

approach is not warranted in these cases. 
 

CONCLUSIONS 

 Using Constant Applied Potential Molecular Dynamics simulations, we examine the 

influence of liquid-liquid interactions across a conducting graphene sheet on the wetting 

propensity, which we quantify in terms of the contact angle of a cylindrical nanodroplet 

spreading over the graphene surface. We present a comparison between the systems with and 

=−
2π

j∑i∑ ρiρ j
6γ

εijσij
6

dij
2
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without the supporting liquid under the sheet, and with systems ignoring graphene’s conductivity 

and associated polarization. Our results show the impact of the supporting liquid is substantially 

stronger when graphene’s conductivity is taken into account notwithstanding the screening of 

direct electrostatic interactions between polar molecules at the opposite sides of the graphene 

layer. We explain this counterintuitive behavior in terms of the effective attraction between 

partial molecular charges of the equal sign, mediated by image charges induced in graphene to 

eliminate the lateral electric field inside the conductor. The mechanism is confirmed by 

monitoring the orientational correlations among water molecules at the opposite sides of the 

graphene sheet. A pair of water molecules facing each other across an insulator sheet tend to 

favor an antiparallel alignment along lateral (x,y) directions and a parallel one along the surface 

normal (z) to minimize their dipolar interaction. Addition of water under graphene sheet hence 

perturbs molecular orientations in the droplet base atop the sheet. When we incorporate graphene 

conductivity, the polarization of the model graphene sheet shields the direct dipole-dipole 

interactions across it. The image charges on graphene, positioned between the partial charges on 

water atoms at the opposite sides of the sheet introduce an indirect attraction between like 

charges, reversing the sign of dipolar correlations across the sheet. To balance the electrostatic 

potential due to like charges of polar water molecules from both sides of the sheet enhances the 

magnitude of local graphene polarization, resulting in an enhanced propensity for wetting. The 

reduction of water contact angle on the conducting graphene wetted on both sides is hence 

considerably greater than predicted using the insulator graphene model. Accounting for this 

difference is significant for accurate model predictions of wetting properties of graphene on the 

one hand, or related dielectric materials like e.g. boron-nitride,61 phosphorene,75 or saturated 

derivatives of graphene on the other. The self-consistent atomic polarization model of ref.39 can 

also describe induction effects in the latter class of 2-dimensional materials. Parallel 

computations in a nonpolar liquid, diiodomethane, whose properties are dominated by the van 

der Waals interactions, on the other hand, show no dependence on graphene electrostatics. In 

this case, a moderate wettability increase upon two-side wetting agrees with the mean field 

prediction for the contact angle reduction, which relies solely on direct dispersion forces between 

the liquid molecules on two sides of the sheet, unaffected by the intervening carbon layer. 
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MODELS AND METHODS 

    Force fields: The nonconducting model surface consists of a single layer of 5600 charge-free 

carbon atoms on graphene lattice, interacting with water via the Lennard-Jones (LJ) potential.35, 

76,77 The conductor behavior of graphene is captured by the addition of fluctuating Gaussian 

charges on carbon atoms as outlined in the Discussion section. We mitigate finite size effects by 

periodically replicating the surface in the lateral (x,y) directions. While the addition of local 

defects, impurities, and surface corrugations greatly enrich the physics of graphene-based 

materials, in the present work we only consider neat, ideally smooth graphene surfaces. 

Neglecting the surface flexibility,78 graphene atom positions are held fixed during the simulation. 

Clearly, the CAPMD approach becomes inaccurate and eventually breaks down with increasing 

deformations79 or chemical modifications80 conducive to band gap opening and a concomitant 

transition to the semiconductor or insulator behavior. It is unclear what extent of corrugation 

would be required to observe an appreciable reduction of the screening effectiveness of the sheet 

in the present context.   

  We use identical graphene surface in simulations of aqueous and diiodomethane droplets. 

Following the preceding work,35 we described water interactions by the extended simple point 

charge potential (SPC/E)63, 81 which has been known to capture the essential interfacial and 

dielectric properties of liquid water. The use of this force field is motivated by our recent 

dynamic studies of bulk and confined water.33, 76, 82,87 The potential consists of a Coulomb 

potential acting between partial point charges on oxygen (−0.8476	𝑒2) and hydrogen (0.4238	𝑒?) 

atoms with O-H distance 1Å and H-O-H angle at 109.47°. The oxygen atoms also interact via 

LJ potential with eOO=0.651 kJ mol-1 and sOO=3.166 Å. The LJ interaction between the SPC/E 

water molecules and carbon atoms on graphene is characterized by 𝜀)3 values from 0.19 to 0.51 

kJ	mol$* and we use a smooth LJ cutoff at 12	Å. The carbon atom LJ diameter 𝜎)) = 3.214	Å 

leads to the water-carbon contact distance 𝜎)3 = 3.19	Å. 

The non-polar droplet is comprised of 850 diiodomethane, 𝐶𝐻#𝐼#, molecules with the 

CH2 group modeled using the united atom representation. The united atom CH2 group carries a 

charge 0.022𝑒? and each of the explicit I atoms has a point charge −0.011𝑒?. The I-CH2 bond 

length is 2.21 Å and the I-CH2 -I bond angle is 116.6°. We use the LJ potentials corresponding 
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to 𝜀@A# = 0.4105𝑘𝐽	𝑚𝑜𝑙$*, 𝜀B = 3.5	𝑘𝐽	𝑚𝑜𝑙$*, 𝜎@A# = 4.07	Å, 𝜎B = 3.849	Å	88,89 with the 

Lorentz-Berthelot mixing rules and the LJ cutoff distance of 12 Å.  

    Molecular dynamics.  In the absence of material’s conductivity, the simulations were 

performed using the large-scale atomic molecular massively parallel simulator package 

(LAMMPS).90  The temperature was held constant at 300K using the Nose-Hoover thermostat91 

with a relaxation time of 0.2ps. Verlet integration was used with time step 2 fs. The total length 

of a typical run was 3ns. Long-range electrostatic interactions were computed using the particle-

particle-particle-mesh (PPPM) solver, with 10$C accuracy. The slab correction of Yeh and 

Berkowitz92 was added to the  Ewald summation to account for the two-dimensional periodicity 

of our system. The computations for conducting graphene were performed using an adaptation86 

of the Constant Applied Potential MD (CAPMD)52 code designed for simulations of two-

electrode systems with a preset interelectrode potential difference.93 The lateral periodicity was 

enforced by rigorous two-dimensional Ewald summation.52 To enable the use of the original 

CAPMD code designed to control the difference between separate conducting objects, we treated 

the model graphene plate as a pair of distinct ‘electrodes’ at identical potential by assigning a 

vanishing V!2	to all carbon atoms j (denoted by different colors in Fig. 1d). 

    Simulation details. The simulations start by placing a water droplet on a rectangular lattice 

containing	~6.4 × 10%	water molecules on the graphene surface. The surface of size 

123Å × 119Å coincides with the (x,y) plane. The initial drop has a quadratic cross-section in 

(x,z) plane and extends along the entire surface width along the x direction. During the 

equilibration, the droplet acquires a cylindrical shape illustrated in Figure 1. Our choice to 

employ cylindrical rather than hemispherical drop has been motivated by two reasons. The 

cylindrical droplet avoids the curvature of the three-phase contact line, which leads to 

considerable line tension effects with hemispherical nanodroplets.94 An additional advantage of 

the semi-infinite cylindrical geometry is the optimization of parallelized computation. The 

improved computational efficiency permits simulation of bigger cylindrical drops compared to 

calculations in the hemispherical drop geometry, improving the statistics of contact angle 

calculation.  
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      All MD simulations were initialized by using the LAMMPS package.90 Since LAMMPS is 

orders of magnitude faster than CAPMD code,52, 86 it enabled an efficient pre-equilibration 

before running the CAPMD simulations. While we performed NVT molecular dynamics 

simulations, the system maintained a droplet-vapor equilibrium with pressure fluctuating around 

the vapor pressure of the liquid.  The two types of systems we considered comprised a   

cylindrical drop on the suspended model graphene surface or the surface supported by a uniform 

liquid of slab thickness around 13.1	Å which contains ~6.9 × 10%	water molecules or 2000 

diiodomethanes. The above width has been demonstrated35 sufficient to secure the convergence 

of the droplet properties atop the graphene layer with respect to the dimensions of the supporting 

liquid slab. In order to keep the slab thickness uniform, below the slab we introduced an implicit 

wall interacting with the liquid molecules through a harmonic repulsion. A second wall is also 

placed at the top boundary of the simulation box to prevent the escape of vapor water molecules 

along the non-periodic z direction. The details of auxiliary walls placement and the repulsive 

potential bear no effect on the calculated wetting behavior on graphene.   

    Contact angle measurement. To establish a direct connection with experiments,25,26,31,36 we 

determine the microscopic analogue of the droplet contact angle. We use a technique33 similar 

to that presented by de Ruijter et al.95 that characterizes the dynamics of droplet spreading by 

calculating the dynamic contact angle for each configuration. We divide the hemicylindrical drop 

to three slices to remove the possible effect due to long-range triple line fluctuation. The contour 

of each slice is calculated through a square binning of the local density of water on the yz plane 

with a 2Å resolution. The dividing surface corresponds to the iso-density plane with half the 

density of the droplet core. The contact angle is determined from the circular fit of the drop 

contour.96 Because of the known droplet distortion within a few molecular diameters from the 

solid surface, we fit only the contour above the heights characterized by detectable liquid/solid 

density profile oscillatons.95, 97 We adopt the empirical threshold height at half the oscillation 

period above the second density peak. In view of worsened statistics near the top of the drop, we 

determine the drop contour from the computed density distributions within ~10 Å thick 

midsection of the drop, parallel to the x direction and centered with respect to the drop center of 

mass.33 The contact angle is determined at the cross-section of the contour and the reference 

contact plane at an oxygen radius below the first liquid density peak.  
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