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Figure 14: Snapshots from MD trajectories of the droplet detachment from a fiber for the 

atomistic model. Figures a-b show that the breakup happens at different distances from the 

fiber and different times for two different atomistic simulations with 500rV = . The droplet 

consists of 4000 SPC/E water molecules and the fiber radius is 6.4 Å. The force is F=0.0125

1o
1 AkJ mol

−

−
. Figures c-e show the formation of a satellite droplet following the 

detachment of the drop from the fiber under the force F=0.0292 
1o

1 AkJ mol
−

−
 for the 

atomistic water model and 2000rV = . The droplet contains 17000 SPC/E water molecules 

and the fiber radius 6.4fr = Å. .......................................................................................... 43 

Figure 15: The minimum force required to detach the droplet from a fiber at different 

reduced volumes. Top: the black curve describes simulation results of the atomistic model 

with the fiber radius 6.4 Å. The red curve was produced by scaling the result for 250rV =  

in proportion to 2/3

rV − . Middle, black circles: atomistic simulations with the fiber radius

6.4fr = Å; orange triangles: CG system and fiber radius 12.8 Å, rescaled to 6.4fr = Å; 

blue diamonds and green squares: data from the Finite Element  simulations with two 

different fiber radii 5 µm and 107.5 µm16 rescaled to 6.4fr = Å . The latter two curves 

correspond to a bigger contact angle of water on the fiber θ~50°.16 Bottom: results for fiber-

water interaction strengths 10.62 co kJmol −=  and 10.56 co kJmol −= . Contact angles of 

atomistic water on flat surface with the same interactions are ≈30° and 50°, respectively. 

The pink “x” and crayon triangles represent the force required to detach a droplet from a 

fiber with radius 6.4 Å, for an atomistic model system with different water-fiber 

interactions. The remaining three sets of data (violet, green, and blue) correspond to 

macroscopic systems with 107.5fr = Å µm, rescaled to 6.4fr = Å. The violet stars describe 

experimental points16 and the blue square and green diamonds are from Finite Element 

simulations with contact angles 30°, 50°, respectively.16 Error bars are of the same size as 
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Figure 16: Morphology diagram of nano-sized droplets on a fiber with radius ,  6.4fr = Å 

and 10.6639  co kJ mol −= , as a function of applied force F and reduced volume of the drop, 

rV . The red color indicates the minimum force of detachment and green color indicates the 

threshold force above which no residue of the droplet remains on the fiber. The number of 

water molecules varies from 2000 to 17000. The inset shows the probability 
residueP of 

observing a residue on the fiber vs reduced volumes when applying the minimum 

detachment force. .............................................................................................................. 50 

Figure 17: Time correlation function, R(t), of the height of the center of mass of droplet on 

fiber for an atomistic system with reduced volume 2000rV =  and fiber radius,  6.4fr = Å. 

At time close to 1ns, R(t) crosses to the negative value due to inertia. The inset figure shows 

the detachment time of the droplet as a function of applied force. ................................... 52 

Figure 18: Symbols: MD detachment times of water droplets from the fiber of radius 6.4 

Å as functions of the relative excess of applied forces of strengths well above the minimal 

detachment force 
minF  (Figure 15a) for the atomistic model of water. Scaling of the form 

(2/3)

min( / 1)dt F F − is indicated for all droplet volumes above the smallest size ( ~ 250)rV  

where only approximate compliance is observed. Lines are fitted to the MD data using the 

fixed slope -2/3. ................................................................................................................ 53 

Figure 19: Percentage of the residue of a droplet remaining on the fiber,  6.4fr = Å or 12.8 

Å, obtained by applying a minimum detachment force. ................................................... 54 

Figure 20: (a) Percentage of the residue of a droplet remaining on the fiber,  6.4fr = Å, 

obtained by applying a range of forces. The curves start at the minimum force of 

detachment. Error bars are estimated from multiple simulations for respective forces with 

each system statistically independent from others. (b) Percentage of the residue of the 

droplet on the fiber versus the detachment time. .............................................................. 56 
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Figure 21: The average number of water molecules remaining on the fiber versus the total 

number of water molecules at detachment forces producing the maximal residue. The 

symbols denote the maximum residue on the fiber with radius 6.4 Å at the time of 

detachment obtained from atomistic MD simulations. The dashed line indicates the fitting 

function 2/3

r totN N  that is predicted by observing that the maximum residue corresponds 

to the double-cone pinch-off form of the detaching droplet. ............................................ 58 

Figure 22: Snapshots of MD trajectories of the droplet at the time of detachment from the 

fiber for the atomistic model with fiber radius,  6.4fr = Å, when the residue is maximized. 

The droplet sizes vary from 4000, 8000, 10000, 17000 SPC/E water molecules. ............ 59 

Figure 23: The force producing the biggest average residue, maxF on the fiber as a function 

of the reduced volume. The dashed curve indicates the fitting function 2/3

rV . The droplet 

sizes in atomistic simulations vary from 2000 to 17 000 SPC/E water molecules. .......... 61 

Figure 24: Snapshot of an equilibrium shape of aqueous droplet atop a model graphene 

surface. .............................................................................................................................. 67 
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Abstract 
 

The adhesion at solid/liquid interface plays a fundamental role in diverse fields and helps 

explain the structure and physical properties of interfaces, at the atomic scale, for example 

in catalysis, crystal growth, lubrication, electrochemistry, colloidal system, and in many 

biological reactions. Unraveling the atomic structure at the solid/liquid interface is, 

therefore, one of the major challenges facing the surface science today to understand the 

physical processes in the phenomena such as surface coating, self-cleaning, and oil 

recovery applications. In this thesis, a variety of theory/computational methods in statistical 

physics and statistical mechanics are used to improve understanding of water adhesion at 

solid/liquid interfaces. In here, we addressed two separated, but interconnected problems:  

First, we consider water adhesion on fiber/surface, responsible for the emergence of droplet 

residue upon droplet detachment. In this project, we study the mechanism of water droplet 

detachment and retention of residual water on smooth hydrophilic fibers and surfaces using 

nonequilibrium molecular dynamics simulations. We investigate how the applied force 

affects the breakup of a droplet and how the minimal detaching force per unit mass 

decreases with droplet size. We extract scaling relations that allow extrapolation of our 

findings to larger length scales that are not directly accessible by molecular models. We 

find that the volume of the residue on a fiber varies nonmonotonically with the detaching 

force, reaching the maximal size at an intermediate force and associated detachment time. 

The strength of this force decreases with the size of the drop, while the maximal residue 

increases with the droplet volume, V, sub-linearly, in proportion to the 𝑉2/3. 
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Second, we address the adhesion on conducting graphene. We improved the graphene 

model by incorporating the conductivity of graphene sheet using the fluctuating charge 

technique of Constant Potential Molecular Dynamics (CPMD). We evaluated the 

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

graphene sheet. We found that the CA of a water droplet on a graphene sheet supported by 

water is lower than in the absence of water under graphene. Our calculations reveal 

effective attractions between partial charges of equal sign across the conducting graphene 

sheet. Attractive correlations are attributed to the formation of the highly localized image 

charges on carbon atoms between the partially charged sites of water molecules on both 

sides of graphene. By performing additional computations with nonpolar diiodomethane, 

we confirm that graphene transmits both polar and dispersive interactions. These findings 

are important in applications including sensors, fuel cell membranes, water filtration, and 

graphene-based electrode material to enhance the supercapacitor performance. A challenge 

for future work concerns dynamic polarization response of wetted graphene at alternating 

(AC) field condition. 
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Chapter 1: Introduction 
 

Understanding how interfacial interactions control systems such as nanofluids, and 

polymer nanocomposites, is of considerable interest both scientifically and for 

technological applications. Deep understanding of solid−liquid interactions at a molecular 

level is important for technological applications such as surface coating, self-cleaning, oil 

recovery applications.1 

The interaction of a liquid with a solid is characterized by the word ‘wetting’. Wetting can 

involve spreading of a liquid over a solid surface, the penetration of a liquid into porous 

materials, or the displacement of one liquid by another (Figure 1).2 While there is always 

some attraction between any liquid/solid pair, the spontaneity of wetting depends on the 

combined effect of the change of solid/liquid, solid/gas, and liquid/gas areas in the 

process.3 

The solid/liquid interface plays a fundamental role in diverse fields and helps with an 

understanding of the physical phenomena and structural knowledge of the interface, at the 

atomic scale, for example in catalysis, crystal growth, lubrication, electrochemistry, 

colloidal system, and in many biological reactions. Unraveling the atomic structure at the 

solid/liquid interface is, therefore, one of the major challenges facing the surface science 

today to understand the physical processes in model systems. Driving force of spontaneous 

interface formation and the reason that they remain stable is Adhesion. 
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1.1 Basic surface thermodynamics 
 

The contact angle measurement is the best experimental approach to obtaining the strength 

of interaction between liquid and solid. The contact angle is the angle, conventionally 

measured through the liquid, where a liquid/vapor interface meets a solid surface3 (Figure 

2).3 The contact angle quantifies the wettability of a solid surface by a liquid via the Young 

equation 4 

 𝑐𝑜𝑠𝜃 =
𝛾𝑆𝑉 − 𝛾𝑆𝐿

𝛾𝐿𝑉
 (1) 

 

where 𝛾𝑆𝐿, 𝛾𝐿𝑉, and 𝛾𝑆𝑉 are the surface free energies or interfacial tensions of the solid-

liquid, the liquid-vapor, and the solid-vapor interfaces. A contact angle less than 90° 

usually indicates that wetting of the surface is favorable, and the fluid will spread over a 

large area of the surface. Contact angles above 90°, generally mean that wetting of the 

Figure 1: Image of water droplets supported on (a) hydrophilic, and (b) hydrophobic surfaces.  
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surface is unfavorable, so the fluid will minimize contact with the surface in favor of a 

more compact liquid droplet. 

The wetting ability of a liquid is a function of the surface energy of the solid-gas interface, 

the liquid-gas interface, and the solid-liquid interface. The surface energy across an 

interface or the surface tension at the interface is a measure of the energy required to form 

the unit area of a new surface at the interface. The intermolecular bonds or cohesive forces 

between the molecules of a liquid cause surface tension. When the liquid encounters 

another substance, there is usually an attraction between the two materials. The adhesive 

forces between the liquid and the second substance will compete against the cohesive 

forces of the liquid. Liquids with weak cohesive bonds and a strong attraction to another 

material (or the desire to create adhesive bonds) will tend to spread over the material. 

Liquids with strong cohesive bonds and weaker adhesive forces will tend to bead-up or 

form a droplet when in contact with another material. 

Depending on the thermodynamic state or the hydrodynamic status of the liquid drop in 

which the contact angle is measured, two types of contact angles can be defined. If the 

Figure 2: Schematic of a liquid drop showing the quantities in the Young equation.  
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contact angle is measured when either the liquid drop continues to spread or when its 

thermodynamic state conditions continue to change, the measured contact angle is termed 

the dynamic contact angle. However, if the contact angle is measured under conditions in 

which the liquid drop is stationary and the surrounding conditions are in the steady state, 

the measured contact angle is known as the static/equilibrium contact angle. The dynamic 

contact angle can also reflect the hydrodynamic conditions, whereas the equilibrium 

contact angle depends only on the surface properties of the solid-liquid-vapor system under 

the given thermodynamic conditions. 

As we mentioned before, if the three tensions are known, the wetting state of the fluid 

follows directly. If 𝛾𝑆𝑉 < 𝛾𝑆𝐿 + 𝛾𝐿𝑉, a droplet with a finite contact angle minimizes the 

free energy of the system; we speak of partial wetting. On the other hand, if 𝛾𝑆𝑉 = 𝛾𝑆𝐿 +

𝛾𝐿𝑉, the contact angle is zero. The system will consequently be in equilibrium when a 

macroscopic uniform liquid layer covers the whole solid surface, and we speak of complete 

wetting. The distinction between the different wetting states is usually made by considering 

the equilibrium spreading coefficient 𝑆𝑒𝑞 ≤ 0, which represents the surface free energy 𝛾𝑆𝑉 

relative to its value for complete wetting3: 

 𝑆𝑒𝑞 ≡ 𝛾𝑠𝑣 − (𝛾𝑆𝐿 + 𝛾𝐿𝑉) = 𝛾(𝑐𝑜𝑠𝜃 − 1) (2) 

 

Figure 3 shows the three wetting states that may exist in any three-phase system. For a 

solid-liquid-vapor system, complete drying would correspond to the intrusion 

of a macroscopic vapor layer between the solid and the liquid. “Drying” does not imply 

evaporation; see below. From a thermodynamic point of view, the wetting 
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and drying states are very similar, the only difference being that liquid and vapor re 

interchanged. In practice, drying is rather rare with mercury on, for instance, 

glass as a notable exception since van der Waals forces tend to thin vapor layers. Partial 

wetting corresponds to drops, surrounded by a microscopically thin film adsorbed at the 

surface, and complete wetting to a macroscopically thick layer. In a 

partial wetting state the surface apart from the droplet is usually not completely dry. In 

thermodynamic equilibrium there will be at least some molecules adsorbed onto the 

substrate. It is for this reason that we speak of a microscopic film; in experiments the 

average thickness of this film varies between a fraction of a molecule to several molecules, 

depending on the affinity of the molecules for the substrate, and the distance to the bulk 

critical point. 

Note that for complete wetting the equilibrium spreading coefficient is zero or positive. 

Figure 3: The three different possible wetting states according to Young’s equation 
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The solid-vapor interface then consists of a macroscopically thick wetting layer, so 

that its tension is equal to the sum of the solid-liquid and liquid-vapor surface tensions. 

The Young equation can also be derived thermodynamically for the ideal planar solid 

surface of Figure 2, provided that the system is treated as one in thermal and mechanical 

equilibrium and the quantities ɣ𝑆𝐿 , ɣ𝐿𝑉 , ɣ𝑆𝑉 are defined as follows5: 

𝛾𝑆𝐿 = (
𝜕𝐹

𝜕𝐴𝑆𝐿
)

𝑇,𝜇𝑖

 

𝛾𝑆𝑉 = (
𝜕𝐹

𝜕𝐴𝑆𝑉
)

𝑇,𝜇𝑖

 

𝛾𝐿𝑉 = (
𝜕𝐹

𝜕𝐴𝐿𝑉
)

𝑇,𝜇𝑖

 

 

 

 

 

 

(3) 

 

where F is the Helmholtz free energy (or the work function) of the system, 𝐴𝑆𝑉 is the area 

of the solid-vapor interface, etc., 𝛵 is the temperature, and 𝜇𝑖 is the chemical potential of 

each component in the phases present. Implicit in this treatment, and also in Young's 

derivation, is the assumption that the contact angle is independent of the volume of the 

drop and depends only on the temperature and the nature of the liquid, solid, and vapor 

phases in contact. 

In most applications, it is the contact angle that determines the behavior of the wetting 

system rather than the surface tension of the solid, but when complete wetting happens, 
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contact angle stops being a precise measure of wetting adhesion strength. In this case, we 

can use the work of adhesion 𝛷𝑎𝑑ℎ as an alternative way to characterize interfacial tension5. 

 −𝛷𝑎𝑑ℎ = 𝛾𝐿𝑉 + 𝛾𝑆𝑉 − 𝛾𝑆𝐿 (4) 

 

This equation is simply the thermodynamic expression of the fact that the reversible work 

of separating the liquid and solid phases must be equal to the change in the free energy of 

the system. The three terms on the right of Equation (4) are the free energies per unit surface 

area of the liquid-vapor, solid-vapor, and solid-liquid interfaces, respectively. Instead of 

using individual interfacial tensions, Equation (4) can be rewritten as6 

 −𝛷𝑎𝑑ℎ = ɣ(1 + 𝑐𝑜𝑠𝜃) (5) 

 

Equation (5) expresses the reversible work of adhesion of the liquid to the solid in terms 

of the liquid surface tension and the contact angle for the given solid and liquid. 
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1.2 Droplet detachment from a fiber 
 

The adherence to, and removal of droplets from cylindrical fibers underlie applications 

from fog harvesting,7-9oil–water and oil–air separation, and water transport in fuel cells.10-

13 In all these applications, the performance of the system depends on the conditions for 

the liquid release from, and the extent of retention by the fibers,14 and quantitative 

information about droplet–fiber interaction is of great value in designing a new product. 

The equilibrium shape of a droplet on fiber has been examined in reasonable depth in the 

literature.15-19 For droplets and fibers in the micrometer range, it is known that when the 

gravity effect is negligible, two topologically distinct droplet shapes occur: asymmetric 

clamshell and axially symmetric barrel conformations, depending on the droplet volume, 

the contact angle, and the fiber radius (see Figure 4).18, 20 Fiber roughness and fiber 

orientation can also have a significant effect on the equilibrium shape of droplet and 

wettability.21-23 

Motivated by various applications in the field of automotive engineering, e.g., removal of 

airborne oil droplets from the engine exhaust via the so-called coalescence filters, 

experimental studies have been conducted to measure the force required to detach a droplet 

from a fiber and to use that information to estimate an allowable velocity for the flow of 

smoke through a filter.24-27 
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Using continuum simulations, the equilibrium shape of an isolated droplet deposited on a 

fiber under the influence of an enhanced external body force has been determined recently 

by Amrei et al.28 These authors incrementally raised the magnitude of the external body 

force applied to a droplet until no equilibrium shape/position could be obtained for the 

droplet on the fiber. They referred to the maximal force the droplet could sustain in an 

equilibrated state as the force of detachment and studied its dependence on fiber diameter, 

fiber roughness, fiber wettability, and droplet volume.21, 29-33 The continuum simulations,28 

however, could not resolve the time-dependent dynamics of droplet detachment, and more 

importantly, the volume of the droplet residue on the fiber. The latter is especially 

important from an industrial viewpoint as it affects the repeatability of the droplet 

separation processes. For instance, to increase the efficiency of fiber filters, the volume of 

the residue should be suppressed to prevent the clogging of the fiber network,23, 34, 35 while 

in water harvesting increasing the residue volume on the fiber arrays improves the net’s 

Figure 4: Schematic and macroscopic drops from experiment representing 

barrel and clamshell shapes of a water droplet on a fiber. 
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efficiency.8 The residual volume depends on the droplet volume, the contact angle, fiber 

radius, and the surface microstructure on the natural fiber.23, 36 Despite the importance of 

knowing the amount of the residue on the fiber in engineering processes, only a few studies 

report on the volume of the residue on the fibers. For instance, Weyer et al.37 investigated 

the droplet motion on the crossed fibers and demonstrated that, depending on the fiber 

diameter and volume of the droplet, a controllable liquid residue remained at the fiber 

nodes. Kim et al.34 also studied the droplet impact on a thin fiber and suggested the 

mechanical model that predicted the residual water mass on the fiber with respect to the 

fiber radius and impact speed. None of the previously reported studies, either experimental 

or computational, have discussed the detachment of a droplet from a fiber when the external 

force was stronger than the detachment force. Likewise, no study has yet reported the 

volume of the residue left on a fiber when the droplet was detached with a force stronger 

than the detachment force (e.g., the volume of the residue on a fiber when the velocity of 

the flow through a filter exceeded an allowable velocity). 

1.3 Adhesion on conducting surface 
 

Recently, the interest in metallic electrodes in electrochemistry lead to the development of 

a methodology suitable for extremely polarizable and conducting substrate to model 

electrodes.38 Sprik and Siepmann39, who studied the adsorption of water molecules at 

metallic surfaces, developed a model of electrode polarization. This model modified by 

Madden and coworkers40 is based on fluctuation charge on the electrode surface. More 

information about this model can be found in section 3.2. 
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We use the model to study the adhesion at the conducting solid and liquid interfaces in 

graphene. We model conductor atoms (carbon atoms in graphene) using the fluctuating-

charge technique of the Constant Potential Molecular Dynamics(CPMD),40, 41 which 

alleviates geometric restrictions of the more efficient image-charge approach. 

1.3.1 Water adhesion on conducting graphene 

 

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 properties42-49. As a result, graphene has become a subject of intense basic and 

applied research50-56. For example, because of its extraordinary surface to volume ratio57, 

58, experimentalists have suggested graphene-based electrodes can enhance the 

performance of supercapacitors41, 58 and batteries59, 60. Extremely thin and electrically 

conductive, graphene is widely used in biosensors61, 62, lab-on-a-chip, fabrication of 

membranes for water filtration63 and desalination, manufacture of fuel cells, and 

microfluidics platforms where graphene is in contact with water, vapor, and analytes.64, 65 

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 decade66-69, however, fundamental characterization and 

molecular level understanding of wetting phenomena on graphene remain incomplete. 

Moreover, an accurate measurement of the contact angle (CA)70-72 on graphene is often 

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

the surface. 
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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 interactions67, 73-76. For instance, the water 

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

pyrolytic graphite66. The experimental estimate for suspended graphene, on the other hand, 

has been reported76 at 855o, close to theoretical predictions69, 77,78 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 water6. Experiments 

performed by Checco and his group76 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 (Figure 5). 

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

underlying water79. The clear distinction between graphene wettabilities in the presence 

and absence of supporting substance has important repercussions for the predictions of 

graphene 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 substrate4, 73-76, 
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or underlying liquid6, 76. Using a simple mean-field method for pair-wise additive dipolar 

and dispersive interactions, Driskill et al.6 estimated the contact angle difference 

∆𝜃 between graphene platelets supported by water and air to be near -10°. 

 

A somewhat smaller CA reduction, nearly independent of the hydrophilicity of the model 

graphene, was found in parallel Molecular Dynamics simulations for the same model 

system (Figure 6). While the presumed interaction additivity provided a plausible rationale 

Figure 5: Experimental measurement of the water contact angle on a 

single graphene sheet almost completely suspended on air or supported by 

water, by varying the fraction of solid area of the support. 



www.manaraa.com

 

 

27 

 

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 wetting58, 66, 80-

82. Distinct but interrelated effects predicted in first principles studies66, 81-83 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 polarity84, 85. 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 

Figure 6: MD simulation of water contact angle on a single graphene sheet almost 

completely suspended on and supported by water 
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statistical convergence have so far precluded direct estimates of these effects on wetting 

properties in ab initio simulations.  Atomic polarizability of graphene has been considered 

in classical MD calculations with polarizable force fields based on charge-on-spring 

(Drude oscillator), or OPLS-AA models58, 80,86. While these studies offer first valuable 

insights into the role of molecular polarizabilities, the underlying models underestimate the 

large-scale polarization associated with the lateral mobility of  electrons in the conducting 

graphene sheet and cannot capture the very pronounced anisotropy87, 88 of its polarizability 

tensor, a weakness shared with discontinuous-dielectric model alternatives89-91. 
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Chapter 2: Water adhesion on hydrophilic surfaces 
 

2.1 Droplet detachment from a fiber 
 

In the present work, we study the mechanisms of droplet detachment and retention of liquid 

droplets through the atomistic molecular dynamic (MD) simulations. While valid insights 

could in principle follow from continuum simulations, our approach relies directly on input 

atomic and molecular forces rather than on experimental data for presumably invariant and 

uniform macroscopic properties such as the interfacial tensions, viscosity, drop’s perimeter 

friction,92 and possibly line tension effects. We address the fundamental questions about 

the droplet size-dependence of the minimal force capable of detaching a droplet from the 

fiber, and the effects of droplet size and applied force on the amount of liquid residue left 

on the fiber after the detachment. Our modelling studies of the droplet breakup uncover a 

strongly nonmonotonic influence of external force, with the amount of residual water 

maximized under the intermediate force strengths whereas a complete or near-complete 

detachment of the droplet can be achieved in both extremes, with the applied force only 

slightly, or considerably exceeding the minimal force of detachment. We perform multiple 

MD simulations for water droplets on a smooth hydrophilic fiber at varied system sizes 

and extract scaling relations that enable extrapolation of our findings to larger length scales 

that are not directly accessible by molecular models. Because of its fundamental appeal 

and importance for applications, we hope the work will inspire experimental investigations 

and theoretical analyses of liquid retention and its control through varied stimuli for droplet 

detachment from the fibers. 
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2.2 Methodology 
 

2.2.1 Force fields 

 

The model fiber was built with Visual Molecular Dynamic (VMD) package.93 It consists 

of a rigid carbon nanotube with radius 𝑟𝑓  =  6.4 Å or 12.8 Å comprised of 4336 or 22503, 

Lennard Jones (LJ) carbon atoms.6, 94 The radius of the fiber is held fixed during the 

simulation. To avoid possible finite size effects, the fiber is periodically replicated along 

the x-direction. We use the rigid extended simple point charge (SPC/E) potential to model 

the atomistic water droplet.95, 96 The model has been used repeatedly in studies of capillary 

phenomena involving water because it offers satisfactory estimates for water surface 

tension and wettability for a variety of materials. The use of this force field is motivated 

by our recent dynamic studies of bulk and confined water.62, 92, 94, 97-104This potential 

consists of a smoothly truncated Coulomb potential acting between partial point charges 

on oxygen (−0.8476𝑒0) and hydrogen (0.4238𝑒0) atoms and an O–H distance 1 Å and the 
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H–O–H angle at 109.471 (Figure 7). Further, oxygen atoms also interact via Lennard Jones 

potential (LJ).  

In all our atomistic simulations the water–fiber interaction is based on Lennard-Jones 

potential between the SPC/E water molecules and the fiber (Figure 8). The LJ strength was 

characterized by 𝜀𝑐𝑜  =  0.6639 𝑘𝐽 𝑚𝑜𝑙−1 with cutoff radius 11 Å.  

 

When simulating a larger fiber, which requires bigger droplets to cover the same range of 

reduced volumes 𝑉𝑟  =  𝑉/𝑟𝑓
3, we use the coarse-grained, monatomic water (mW)105, 106 

Figure 7: SPC/E water model 

Figure 8: Equilibrium barrel shape of a 2000 molecules atomistic droplet on a fiber 

6.4fr =with Å. 
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model to reduce the computational cost. We selected this model because of its similar 

properties105 with the atomistic model (SPC/E) at room temperature107 such as contact 

angle, surface tension, and work of adhesion. The model does not feature electrostatic 

interactions associated with explicit hydrogen and oxygen atoms. Each mW water 

molecule behaves as a single site particle, which is interacting with its neighbors through 

a short-ranged potential designed to form a tetrahedral structure. The intermolecular 

potential is comprised of a sum of pairwise two-body term, (𝛷2),  and three-body 

interactions, (𝛷3), that have the form of the Stillinger–Weber potential (SW).106 In the 

coarse-grained water model, the interaction between the water molecules and the fiber is 

modeled with the two-body SW potential with the contact distance water–carbon 𝜎= 3.2 

Å.  

 𝐸 = ∑ ∑ 𝛷2(𝑟𝑖𝑗)

𝑗>1𝑖

+ ∑ ∑ ∑ 𝛷3

𝑘>𝑗

(𝑟𝑖𝑗 , 𝑟𝑖𝑘 , 𝜃𝑖𝑗𝑘)

𝑗≠1𝑖

 
(6) 

 

 
𝛷2(𝑟𝑖𝑗) = 𝐴ɛ [𝐵 (

𝜎

𝑟
)

𝑝

− (
𝜎

𝑟
)

𝑞

] exp (
𝜎

𝑟 − 𝑎𝜎
) 

𝛷3(𝑟, 𝑠, 𝜃) = 𝜆ɛ[𝑐𝑜𝑠𝜃 − 𝑐𝑜𝑠𝜃0]2 exp (
ɣ𝜎

𝑟 − 𝑎𝜎
) exp (

ɣ𝜎

𝑠 − 𝑎𝜎
) 

 

(7) 

   

 

with 𝐴 = 7.049556277, 𝐵 = 0.6022245584, ɣ = 1.2, 𝑎 = 1.8, 𝜃𝑜 = 109.47°, the 

diameter 𝜎𝑚𝑊 = 2.3925 Å, and energy scale ɛ = 6.189𝑘𝑐𝑎𝑙 𝑚𝑜𝑙−1. These are the most 

satisfactory parameter choice for SW potentials.108 The parameter 𝜆 = 23.15 is a measure 
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of the tetrahedrality of the potential. The higher the value of λ, the more tetrahedral the 

model is. 

To start from barrel shape droplet (Figure 9), we considered 𝑒𝑐–𝑚𝑊 =  0.8158 𝑘𝐽 𝑚𝑜𝑙−1 

for carbon–mW interaction. All intermolecular forces in the mW model vanish at a distance 

as, where a = 1.8.109 

2.2.2 Simulation details 

 

The simulations start by placing a water droplet on a cubic lattice above the fiber positioned 

along the z axis of a cubic simulation box of size 300 Å. During the equilibration, the 

droplet on the fiber reaches the symmetric equilibrium barrel shape. We considered seven 

sizes of water droplets composed of 2 ×  103, 4 ×  103, 6 ×  103, 8 ×  103, 10 ×

 103, 13 ×  103, and 17 ×  103  water molecules which were represented by the atomistic 

water model, SPC/E,96 on top of a rigid fiber with radius 𝑟𝑓  =  6.4 Å. Based on volumes 

of the droplets, (𝑉), and fiber 

12.8fr =Figure 9: Equilibrium barrel shape of atomistic droplet on a fiber with Å 
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radius 𝑟𝑓, the reduced volume of the system, 𝑉𝑟, varied from 250, 500, 750, 1000, 1250, 

1500, and 2000. Depending on the size of the droplet, the total length of the simulation run 

varied from 2.5 to 5 ns. 

For the simulations with a fiber with a radius of 𝑟𝑓 = 12.8 Å, we used the coarse-grained 

monatomic water (mW).105, 106 By considering the same reduced volumes as with the 

atomistic droplets, the droplets comprised 1.7 ×  104, 3.4 ×  104, 5.2 × 104 , 6.9 ×

 104, 8.7 ×  104, 10.4 ×  104, 𝑜𝑟 13.9 ×  104, mW water molecules. 

Depending on the size of the droplet, the total length of the run varied from 5 to 10 ns. 

All MD simulations are carried out by using the LAMMPS package110 in NVT ensemble. 

The temperature is kept constant at 300 K using the Nose–Hoover thermostat111 with a 

relaxation time of 0.2 ps. Verlet integration is used with time step 1 fs for atomistic water 

and 5 fs for coarse-grained water. Periodic boundary conditions are applied and long range 

coulombic-PPPM Ewald summation with 10−5 accuracy is used in SPC/E simulations. 

The detachment of a droplet from the fiber was studied by using Non-Equilibrium 

Molecular Dynamics (NEMD). In numerical simulations, we used two approaches to apply 

the external force to the droplet. In the first approach, an external force was exerted on 

every molecule of a droplet, and its strength was increased gradually until the droplet 

detached from the fiber (Figure 10). In the second approach, after reaching the equilibrium 

state, a constant force was applied to every molecule in the droplet in a direction 

perpendicular to the fiber and remained constant during the simulation (Figure 10b). 
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Using sufficiently slow rate of force increase, the two methods yield consistent estimates 

of the minimum detachment force of the droplet. However, applying the constant force 

eliminates any concern about the appropriate rate of force escalation. We therefore mostly 

considered the second method using the constant force on the droplet. Depending on the 

force strength, the time necessary to observe the detachment varied from 50 ps to 2 ns for 

the strong and weak forces, respectively. 

To accommodate large drops, we also increase the size of the box in the direction of the 

force applied to the droplet (Figure 11). 
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Figure 10: Snapshots from a MD trajectory during the droplet detachment from a fiber for the 

atomistic model with 500rV = and fiber radius 6.4fr = Å. (1-a): snapshots at different times t and 

corresponding external forces 0 1 2 3

-1o
10,  0.0041,  0.0046,  0.005  AF F F F kJ mol−= = = = . The 

force is increased gradually until the drop is about to detach from the fiber. (1-b): snapshots 

showing the evolution of droplet shape at constant force, 

1
1

o

0.0058  ,AF kJ mol
−

−= exerted on 

the droplet during the simulation. 
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Figure 11: Snapshots from a MD trajectory during the droplet detachment from a fiber for the 

coarse-grained model with 500rV =  and fiber radius 12.8fr = Å. 

 

 

Force=0.0016 kJ/(mol-Å)

t = 50 pst = 0 ps t = 100  ps t = 170  ps t = 172 ps

Force=0.0016 kJ/(mol-Å)

t = 50 pst = 0 ps t = 100  ps t = 170  ps t = 172 ps

Force=0.0016 kJ/(mol-Å)

t = 50 pst = 0 ps t = 100  ps t = 170  ps t = 172 ps
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2.3 Results and discussions 

 

2.3.1 Droplet equilibrium shape on a fiber 

 

In  Figure 12, we plot a morphology diagram for atomistic water droplets on a fiber with 

radius 𝑟𝑓 = 6.4 Å as a function of the reduced volume and the strength of water–fiber 

interaction. The squares and triangles represent the conditions where the equilibrated 

droplets are of clamshell or barrel shape, respectively. We have found that weak water–

fiber interactions and small droplet volume favor the clamshell shape, while for strong 

water–fiber interactions and large droplet volume only the barrel shape is stable. With 

nanosized droplets on a smooth fiber, we do not observe a bistability of the two 

morphologies that has been reported with macroscopic droplets for a wide range of 

parameters.111 Comparatively low barriers between the two configurations of the droplets 

on the nano-sized fiber rationalize the absence of the bistable regime in nanoscale systems. 
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Figure 12: Morphology diagram of atomistic droplets deposited on a smooth fiber with fiber radius, 

6.4fr = Å , at varied reduced volumes and water-fiber interactions.  Green triangles denote the states where 

simulated droplets were consistently of stable barrel shape. Red squares show when the clamshell shape 

was stable. The number of water molecules corresponding to the given range of 𝑉 varies from 2000-17000. 
10.6 co kJmol −=The threshold value of carbon–water interaction strength  a corresponds to water–

33 3substrate contact angle , which can result in bistability in macroscopic systems. 
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2.3.2 Droplet behavior in the presence of an external force 

 

Figure 13 shows consecutive snapshots from MD trajectories of the atomistic droplet in 

the presence of external forces. The force is applied in the direction perpendicular to the 

fiber. It can be seen (Figure 13a) that for the weak force, the droplet shape transforms from 

symmetric barrel shape to asymmetric clamshell conformation. When the force per 

molecule becomes strong enough, the droplet eventually detaches from the fiber, but a 

certain percentage of droplet mass can remain on the fiber (Figure 13b). 

When applying a strong force on the droplet, the droplet shape doesn’t fully transition to 

the clamshell (Figure 13c), and it can detach as a whole. Figure 13e shows another possible 

outcome of applying a strong force to the droplet. It can be seen from a front view that the 

droplet detaches before reaching the clamshell shape. The snapshots of the coarse-grained 

system with fiber radius 𝑟𝑓 = 12.8 Å are also added to Figure 13d for comparison. As can 

be seen in Figure 13d, the bigger drops considered by the CG model detach faster from the 

fiber compared to the smaller ones represented by the AT model. The higher rates might 

be related to the differences in water diffusivity in the two models, with a diffusion 

coefficient of mW model 2.3 times bigger than the one of SPC/E model96. 

To understand the breakup mechanism and determine the amount of residue of a nanoscale 

liquid droplet on the fiber, we perform multiple independent simulation runs. As illustrated 

in Figure 14 (a-b) by applying the same force to the droplet, the amount of remaining water 

on the fiber varies alters from one simulation run to another. The variation of the residue 

size takes place because when a droplet stretches, it creates a narrow neck whose breakup 



www.manaraa.com

 

 

41 

 

position is subject to large fluctuations.112-114 In Figure 14 (c-e), we also illustrate the 

formation of a small satellite droplet emerging upon the breakup of the drop. 112-114 In this 

case, the satellite droplet separated from the droplet after it detached from the fiber.  The 

visualization of the breakup trajectory revealed that the process of detachment from the 

fiber resembles the droplet breakup in the nano jet.112, 113 In these studies, thermal 

fluctuations at the nanoscale were identified as the major cause of the irregular 

detachment.115 
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Figure 13: Snapshots from MD trajectories of the droplet detachment from fiber for the atomistic model and 

750rV =  36 10( water molecules). Figures a-c illustrate the droplet evolution at different external forces, 

1o
1 AkJ mol

−

−
F=0.0041, 0.0058, or 0.41 applied to the droplet in the direction perpendicular to the fiber. The 

6.4fr =atomistic droplet consists of 6000 SPC/E water molecules on the fiber with a radius Å. Figure d presents 

750.rV =snapshots from an MD trajectory of the droplet detachment from a fiber for a coarse-grained model at  

The force exerted on the droplet was 𝐹 = 0.0016
1o

1 AkJ mol
−

−
 . The droplet consists of 52428 mW water 

molecules and the fiber radius is 12.8 Å. Figure e, side view (bottom) and front view (top) snapshots from MD 

trajectories of the droplet detachment from fiber for the atomistic model with 750rV =  and 𝐹 = 0.016 
1o

1 AkJ mol
−

−

rVa the force strength that maximizes the average residue on the fiber at given . 
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Figure 14: Snapshots from MD trajectories of the droplet detachment from a fiber for the atomistic 

model. Figures a-b show that the breakup happens at different distances from the fiber and different 

times for two different atomistic simulations with 500rV = . The droplet consists of 4000 SPC/E 

water molecules and the fiber radius is 6.4 Å. The force is F=0.0125

1o
1 AkJ mol

−

−
. Figures c-e 

show the formation of a satellite droplet following the detachment of the drop from the fiber under 

the force F=0.0292 

1o
1 AkJ mol

−

−
 for the atomistic water model and 2000rV = . The droplet 

contains 17000 SPC/E water molecules and the fiber radius 6.4fr = Å. 
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2.3.3 Effect of droplet volume on the minimum detachment force 

 

Figure 15a shows the minimum force (per molecule) required to detach a droplet from a 

fiber (𝑟𝑓 = 6.4 Å) as a function of the reduced volume 𝑉𝑟. The minimum force per molecule 

of the liquid increases as the droplet volume decreases, in good agreement with the 

experiments and continuum simulations28 for macroscopic drops conducted using the 

Surface Evolver code.28  We also notice that the detachment happens after the nanodrop’s 

shape transforms from the symmetric barrel shape to the asymmetric clamshell and the 

apparent contact angle of the droplet on the fiber approaches ~90°. At this stage, the 

circumference of the drop C shows only a weak dependence on the distance from the fiber. 

Upon further increase of the applied force, the droplet elongates, reaching the neck stage. 

As the neck narrows, the detachment process can proceed spontaneously even under a 

weaker force. By using this picture and by balancing the maximal capillary force  𝑓𝑐  ∝ 

Cγ116 and the weight force acting on the droplet 𝜌𝑔𝑉~𝐹𝑅3 , 117where V, ρ, γ are the droplet 

volume, liquid density, surface tension of the liquid droplet, and R is the characteristic 

dimension of the drop 𝑅 ∝  𝑉
1

3  , and by assuming C is roughly proportional to R, we can 

predict the variation of the force needed to detach the droplet with droplet size, 𝐹𝑅3 ≈

𝛾𝑅 → 𝐹µ 1 𝑅2⁄ µ𝑉−2 3⁄ . Based on our estimate, increasing the volume of a droplet V 

from 𝑉1 to 𝑉2  decreases the minimum detachment force of the droplet by  the factor of   

(
𝑉1

𝑉2
)

2
3⁄
. In other words, the detachment force obtained for a specific reduced volume can 

be used to predict the force required to detach droplets of other sizes from the fiber. In  

Figure 15a, the red curve represents the data produced by scaling the results for 𝑉𝑟 = 250 
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in proportion to 𝑉𝑟

−2
3⁄
 for an atomistic system.  This scaling prediction is in reasonable 

agreement with the simulation results. 

2.3.4 Minimum detachment force for different fiber radii 

 

We have previously shown that for a constant reduced volume 𝑉𝑟, increasing the fiber 

radius from the radius 𝑟1 to radius 𝑟2, decreases the detachment force by a factor of (
𝑟1

𝑟2
)

2

. 

This prediction also follows directly from our earlier observation that the minimum 

detachment force (per unit mass) varies as  𝑉−2 3⁄ . If  𝑉𝑟 is held constant, 𝑉~𝑟𝑓
3, and 𝐹~𝑟𝑓

−2. 

In Figure 15b, we validate this relation by comparing our simulation results for 𝑟𝑓 = 6.4 Å 

with additional results at the same reduced volume but larger fiber radius 𝑟𝑓 = 12.8 Å. We 

rescale the results obtained with the bigger fiber radius by multiplying the force by a factor 

of (
𝑟1

𝑟2
)

2

=
1

4
. Figure 15b shows that the scaled results from fiber 𝑟𝑓 = 12.8 Å are in 

excellent agreement with simulation results of the fiber with radius 𝑟𝑓 = 6.4 Å. 

By applying the same concept, we rescaled the macroscopic data from the previous work,28 

which is in 𝜇𝑚 range, to predict the detachment force at length scales of our atomistic 

model. Figure 15b compares the detachment force obtained from MD simulations of the 

atomistic system with radius 𝑟𝑓 = 6.4 Å with those obtained by scaling the results for larger 

systems studied by MD coarse-grained simulations and Finite Element simulations,28 with 

radii 𝑟𝑓 = 12.8 Å, or 𝑟𝑓 = 107.5 µ𝑚, respectively. Figure 15b shows that the proposed 

relation for the 𝑟𝑓 dependence of the detachment force works well over the entire volume 
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range. This observation gives strong support to the notion that the scaling behavior 

observed with nano sized models is equally applicable to their macroscopic counterparts. 

2.3.5 Effect of adhesion strength on the minimum detachment force 

 

To check how the adhesion strength might affect the detachment force, we considered two 

different water-fiber interactions 𝜀𝑐𝑜 = 0.625 𝑘𝐽 𝑚𝑜𝑙−1 and 𝜀𝑐𝑜 = 0.564 𝑘𝐽 𝑚𝑜𝑙−1 

corresponding to contact angles on flat surfaces and with insignificat line tension effects, 

30° and 50°. Figure 15c shows the detachment force from MD simulations of atomistic 

systems with radius 𝑟𝑓 = 6.4 Å, compared to that obtained by scaling the results for larger 

systems, experiment (detachment of aqueous ferrofluid droplets on the fishing line under 

magnetic field) and  Finite Element simulations28, with fiber radius  𝑟𝑓 = 107.5 µ𝑚 and 

contact angles 𝜃 = 30° 𝑎𝑛𝑑 50°. As the fiber is made more hydrophobic, detaching a 

droplet from the fiber becomes slightly easier, especially for small size droplet. The effect 

of adhesion strength (contact angle) diminishes with increasing 𝑉𝑟 and becomes statistically 

insignificant for 𝑉𝑟 > 1.25 × 103. 
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Figure 15: The minimum force required to 

detach the droplet from a fiber at different 

reduced volumes. Top: the black curve 

describes simulation results of the atomistic 

model with the fiber radius 6.4 Å. The red 

curve was produced by scaling the result for 

250rV = 2/3

rV −
 in proportion to . Middle, 

black circles: atomistic simulations with the 

6.4fr =fiber radius Å; orange triangles: CG 

system and fiber radius 12.8 Å, rescaled to 

6.4fr = Å; blue diamonds and green squares: 

data from the Finite Element  simulations 

with two different fiber radii 5 µm and 107.5 

6.4fr =µm16 rescaled to Å . The latter two 

curves correspond to a bigger contact angle of 

water on the fiber θ~50°.16 Bottom: results for 

fiber-water interaction strengths 
10.62 co kJmol −= 10.56 co kJmol −= and

. Contact angles of atomistic water on flat 

surface with the same interactions are ≈30° 

and 50°, respectively. The pink “x” and 

crayon triangles represent the force required 

to detach a droplet from a fiber with radius 

6.4 Å, for an atomistic model system with 

different water-fiber interactions. The 

remaining three sets of data (violet, green, 

and blue) correspond to macroscopic systems 

107.5fr =with Å 6.4fr = µm, rescaled to 

Å. The violet stars describe experimental 

points16 and the blue square and green 

diamonds are from Finite Element 

simulations with contact angles 30°, 50°, 

respectively.16 Error bars are of the same size 

as the symbols. 
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2.4 Residual of the droplet on a fiber 

 

In Figure 16, we plot the morphology diagram obtained from the atomistic simulations of 

water droplet deposited on the fiber with radius 𝑟𝑓 = 6.4 Å, in terms of the control 

parameters such as the force and the reduced volume. The red color indicates the minimum 

force of detachment, and the green color represents the threshold force, beyond which no 

residue of the droplet remains on the fiber. 

According to Figure 16, we can observe three different outcomes in response to the applied 

force. This diagram is showing the boundaries between the three regimes corresponding to 

no detachment, partial detachment, or complete detachment of the drop from the fiber. In 

the first regime, the force is too weak to compete with cohesive forces in the drop or the 

adhesion between the fiber and the droplet. Thus, the droplet does not detach from the fiber. 

When the external force is sufficient to overcome the surface tension, the droplet starts to 

elongate and eventually detaches. At an intermediate stage, the drop stretches slightly and 

creates a neck. As the neck elongates and narrows, the breakup can happen at varying 

distances from the fiber. Depending on the strength of the external force and the breakup 

position of the neck, a small fraction of the droplet can remain on the fiber. If the external 

force is very strong, it can prevail over the adhesion forces and the droplet detaches as a 

whole. Figure 16 also shows that the threshold force required for complete detachment 

increases with increasing droplet volume. Therefore, it is harder to detach the bigger 

droplet entirely from the fiber. 
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The inset in Figure 16 shows the probability of observing a residue after detachment in our 

simulations when applying the minimum detachment force. Here, the residue is considered 

to exist for any nonzero number of water molecules Nr remaining on the fiber. For the small 

fiber radius 𝑟𝑓 = 6.4 Å, the probability of seeing the residue increases by increasing the 

reduced volume and reaches 100% for droplet sizes 𝑉𝑟 exceeding ~103. 

For a wide range of intermediate force strengths, the average outcome is a partial 

detachment. Depending on the strength of the external force, a small portion of the droplet 

can remain on the fiber. When the force is close to the minimum detachment force, the 

droplet shape transforms from symmetric barrel shape to asymmetric clam-shell 

conformation before detaching from the fiber. For strong forces, the droplet does not have 

enough time to transform into the clam-shell configuration completely. This means that the 

shape relaxation time (𝜏), of the droplet on the fiber in the presence of external forces 

exceeds the detachment time of the droplet. In order to find the relaxation time of the 

droplet, we determined the time correlation functions for the height of the center of mass, 

R(t): 

𝑅(𝑡) =
< ℎ(𝑡) − ℎ(∞) >

< ℎ(0) − ℎ(∞) >
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following a change of the applied force acting on the drop. Above, ℎ(𝑡) is the height of the 

center of mass of the droplet as a function of time. ℎ(0) is the initial height of the center 

of mass corresponding to the equilibrium shape of the droplet on the fiber under initial 

force F=0.0016 𝑘𝐽 𝑚𝑜𝑙−1Å−1, and ℎ(∞) the equilibrium height of the center of mass of 

Figure 16: Morphology diagram of nano-sized droplets on a fiber with radius , 

 6.4fr = 10.6639  co kJ mol −=Å and , as a function of applied force F and reduced 

rVvolume of the drop, . The red color indicates the minimum force of detachment 

and green color indicates the threshold force above which no residue of the droplet 

remains on the fiber. The number of water molecules varies from 2000 to 17000. The 

residuePinset shows the probability of observing a residue on the fiber vs reduced 

volumes when applying the minimum detachment force. 
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the droplet, under the increased force F=0.0025 𝑘𝐽 𝑚𝑜𝑙−1Å−1. Figure 17 illustrates the 

relaxation of an atomistic droplet on the fiber of radius 𝑟𝑓 = 6.4 Å and the reduced volume 

𝑉𝑟 = 2000. Assuming approximately exponential decay, the relaxation time 𝜏 ≈

(0.36 − 0.4) 𝑛𝑠, while the detachment time, (𝑡𝑑), at maximal residue is 𝑡𝑑 ≈ (0.135 −

0.185 )𝑛𝑠. The inset in Figure 17 shows the detachment time of the droplet as a function 

of the applied force. At forces significantly exceeding the minimal detachment force, the 

detachment takes place before the transition to the clam shell shape could be completed 

and the process results in a bigger residue on the fiber. 

MD results for detachment times at applied forces well above the minimal detaching force 

𝐹𝒎𝒊𝒏 (collected in Figure 18) suggest an empirical scaling of the detachment time with the 

relative excess in the external force above the minimal detachment value, 𝑡𝒅  ∝  [
𝐹−𝐹𝒎𝒊𝒏

𝐹𝒎𝒊𝒏
]

𝟐

𝟑
 . 

At forces significantly stronger than the minimal detachment force, the detachment takes 

place before the transition to the clamshell shape could be completed and the process 

results in a larger residue on the fiber. 
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Figure 17: Time correlation function, R(t), of the height of the center of mass of 

2000rV =droplet on fiber for an atomistic system with reduced volume  and 

 6.4fr =fiber radius, Å. At time close to 1ns, R(t) crosses to the negative value 

due to inertia. The inset figure shows the detachment time of the droplet as a 

function of applied force. 
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Figure 18: Symbols: MD detachment times of water droplets from the fiber of radius 6.4 

Å as functions of the relative excess of applied forces of strengths well above the minimal 

detachment force 
minF  (Figure 15a) for the atomistic model of water. Scaling of the form 

(2/3)

min( / 1)dt F F − is indicated for all droplet volumes above the smallest size ( ~ 250)rV  

where only approximate compliance is observed. Lines are fitted to the MD data using the 

fixed slope -2/3.  
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To get a better insight into the water retention after the droplet detachment from the fiber, 

we compute the average amount of residue on the fiber from atomistic MD simulations 

under the minimum force of detachment for a range of droplet sizes from 2000 to 17000 

water molecules on the fiber with radius 𝑟𝑓 = 6.4 Å or 12. 8 Å. We find out that the ratio of 

the number of retained water molecules, (𝑁𝑟), to the total number of water droplet, (𝑁𝑡𝑜𝑡), 

never exceeds 10% when the minimum detachment force is applied (Figure 19). 

We proceed by extending these calculations to stronger forces and determine the average 

residue size as a function of the applied force and the associated detaching time for a set of 

Figure 19:  6.4fr = Percentage of the residue of a droplet remaining on the fiber, Å or 

12.8 Å, obtained by applying a minimum detachment force. 
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reduced volumes 𝑉𝑟. Our simulations provide the first quantitative insight into the residue 

dependence on droplet volume and applied force strength. 

Figure 20a shows the percentage of the multi-run average residue of a droplet on the fiber 

for different detachment forces obtained with the atomistic water model. At all droplet 

sizes, the average residue on the fiber initially increases with the force until it reaches the 

maximum and then it decreases and eventually vanishes at very strong forces. The 

maximum amount of residue is never reached by applying the minimum detachment force. 

As we mentioned earlier, the initial increase of the residue size with the force is due to the 

fact that, at stronger forces, the droplet does not have enough time to transform entirely 

from the barrel shape to the clamshell shape (Figure 13e). Therefore, the detachment occurs 

when the fiber is still wetted over a bigger area than in the clam-shell conformation. It 

should also be noted that as the droplet size increases, the maximum residue occurs at 

weaker forces. We also monitored the detachment time for the different reduced volume. 

As can be seen in Figure 20b, the volume of the residue on the fiber is small or negligible 

if the detachment is very slow or vary rapid, with the maximal average size obtained at an 

intermediate detachment time. To the best of our knowledge, this interesting behavior has 

not been previously reported. 
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Figure 20: (a) Percentage of the residue of a droplet remaining on the fiber,  6.4fr = Å, obtained 

by applying a range of forces. The curves start at the minimum force of detachment. Error bars are 

estimated from multiple simulations for respective forces with each system statistically 

independent from others. (b) Percentage of the residue of the droplet on the fiber versus the 

detachment time. 
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To illustrate the dependence of the amount of the remaining water on the detachment force 

and the size of the droplet, in Figure 21 we plot the number of water molecules 𝑁𝒓  in the 

maximal residue on the fiber versus a total number of water molecules on the droplet (𝑁𝑡𝑜𝑡) 

for different detachment forces. The maximal residue (at system-dependent force strengths 

𝐹𝑚𝑎𝑥  corresponding to the maxima in Figure 20a increases with the droplet size. The 

increase of 𝑁𝑟 with 𝑁𝑡𝑜𝑡 is, however, sublinear; while the absolute residue increases with 

the droplet size, the fraction of residual water decreases with 𝑁𝑡𝑜𝑡. 

Figure 22 shows typical breakup configurations of the droplet under detaching forces 

yielding the maximal residue. The breakup profiles of the droplet at these conditions 

resemble two cones joined at their apexes (called the double cone profile)118 and lead to 

approximately symmetric pinch-off. The above shape emerges when the relaxation time of 

the droplet is longer than the detachment time. The detachment therefore occurs before 

reaching the clamshell shape. Since the residue approximately corresponds to the volume 

of the lower cone, 𝑉𝑳𝑪 ~ 𝑏𝑎𝑠𝑒 𝑎𝑟𝑒𝑎 ×   ℎ𝑒𝑖𝑔ℎ𝑡 ~ (𝑅 ×  𝑟𝒇)  ×  𝑅  (R is the characteristic 

dimensions of the droplet ~𝑉1/3 ), we find 𝑉𝐿𝐶  ~ 𝑅2 ~ 𝑉𝑡𝑜𝑡
2/3

 . 
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Figure 21: The average number of water molecules remaining on the fiber versus the total 

number of water molecules at detachment forces producing the maximal residue. The 

symbols denote the maximum residue on the fiber with radius 6.4 Å at the time of 

detachment obtained from atomistic MD simulations. The dashed line indicates the fitting 

function 2/3

r totN N  that is predicted by observing that the maximum residue corresponds 

to the double-cone pinch-off form of the detaching droplet. 
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Figure 21 confirms that our simulation results for the maximum residue of water after 

detachment from fiber follow the above prediction. Using the relationship 𝑉𝑟𝑒𝑠 ~ 𝑉𝑡𝑜𝑡
2/3

 can 

help us to predict the volume of the residue on a fiber for different droplet volumes. Figure 

Figure 22: Snapshots of MD trajectories of the droplet at the time of detachment from the 

fiber for the atomistic model with fiber radius,  6.4fr = Å, when the residue is 

maximized. The droplet sizes vary from 4000, 8000, 10000, 17000 SPC/E water 

molecules. 
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23 shows the force that produces the maximal residue 𝐹𝑚𝑎𝑥 on the fiber (𝑟𝑓  =  6.4 Å) 

versus reduced volume, 𝑉𝑟. 𝐹𝑚𝑎𝑥 increases with decreasing the reduced volume 𝑉𝑟. The 

dashed line indicates the fitting function of the 𝐹𝑚𝑎𝑥 versus 𝑉𝑟 with the form 𝐹𝑚𝑎𝑥 =

 𝑐𝑜𝑛𝑠𝑡 ×   𝑉2/3 . Our simulation results indicate that the force of the maximum residue 

varies according to the relation 𝐹𝑚𝑎𝑥 ~ 𝑉2/3, in analogy to the minimum detachment force 

discussed in Section 2.3.2. While our analysis concerns detachment events induced by 

gravity-like body forces, other types of perturbation, notably shear forces, can be of 

comparable practical importance and will be considered in planned future studies. 
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Figure 23: The force producing the biggest average residue, maxF on the fiber as a function 

of the reduced volume. The dashed curve indicates the fitting function 2/3

rV . The droplet 

sizes in atomistic simulations vary from 2000 to 17 000 SPC/E water molecules. 
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2.5 Conclusion 
 

We have presented a comprehensive study aimed at predicting the external force required 

to detach the droplet from a smooth fiber through a combination of atomistic and coarse-

grained Molecular Dynamics (MD) simulations. We have identified three regimes 

corresponding to no detachment, partial detachment, or complete detachment upon 

applying the external force perpendicular to the fiber. The outcome critically depends on 

the strength of the applied force, as demonstrated in the morphology diagram in Figure 16. 

Our results show that the minimum force (per molecule) capable of detaching a droplet 

from the fiber decreases with increasing volume of the droplet, in good agreement with 

experiments and continuum simulations for macroscopic droplets. The results for the 

detachment force obtained for a system with droplet volume 𝑉1 can be used to predict the 

detachment force for other droplet sizes 𝑉2 according to the scaling relation 𝐹2 ≅

 𝐹1 (
𝑉1

𝑉2
)

2/3
. 

We also computed the amount of the residue on the fiber after detachment for different 

droplet sizes and external forces. We observed that as the droplet size increases, a larger 

residue remains on the fiber, however, the fraction of the residual liquid expressed relative 

to the size of the droplet decreases with its size. The magnitude of the residue shows a 

nonmonotonic dependence on the applied force and concomitant detachment rate. While 

the entire droplet can be detached at sufficiently strong forces, and an almost complete 

detachment takes place at forces slightly above the minimal detaching force, we observe 

maximal residues at an intermediate force a few times stronger than the minimal detaching 
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force. Within a broad range of system sizes we considered, the ratio of the two forces 

remains essentially invariant with respect to the volume of the drop. Another useful insight 

of this study is the possible prediction of the maximal residue size from the prevalent 

geometry in the pinch-off state. By considering the breakup profile of the splitting droplet 

upon detachment, we predicted the maximum residue on the fiber to increase with the 

droplet volume V sub-linearly, in proportion to the 𝑉2/3 and we confirm this dependence 

in explicit calculations. Our molecular simulations62 offer direct guidance for the control 

of liquid retention through external force and can provide the necessary input toward the 

development of methodologies for time dependent continuum-level simulations at 

macroscopic scales relevant to industrial problems. 
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2.6 Pathway of droplet removal from a hydrophilic surface 
 

The study of liquid droplet adhering to flat solid surfaces has received considerable 

attention due to its importance in many different engineering applications, such as 

filtration, spray coating, and oil recovery, liquid water removal in PEM (proton exchange 

membrane or polymer electrolyte membrane) fuel cells, and Resuspension of an aerosol 

from solid surfaces.13, 119-126 

From the microscopic point of view, the detachment can occur as a consequence of the 

competing effects between the external force and the adhesion between the liquid and the 

solid surface. When the external force, applied in the normal direction, is barely sufficient 

to remove the drop from the surface, the removal force is essentially equal to the strength 

of adhesion. Because of the roughness and nonuniformity of solid surfaces, some areas of 

the droplet base may have better contact and hence stronger adhesion to the surface than 

others. Therefore, not all of the drops detach at an identical external force. The range of the 

observed detachment forces is narrower for smoother surfaces. If the substrate surface is 

smooth enough, experiments indicate the adhesive forces are essentially proportional to the 

diameter of the droplet. 

Tremendous effort, both experimental and theoretical, has been spent on studying the 

fundamental mechanisms of the droplet detachment from the smooth surface.13, 119-123 

According to these studies, a portion of the droplet may sometimes detach even when the 

external force is too weak to detach the entire droplet.  
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In the present work, we focus on understanding how the adhesion of the droplet on a 

hydrophilic surface affects the detachment behavior and how the applied force can change 

the residue of droplet on the flat surface. We analyze the process using atomistic molecular 

dynamic (MD) simulations. While valid insights could in principle follow from experiment 

and continuum simulations, our approach relies directly on input atomic and molecular 

forces rather than on experimental data for presumably invariant and uniform macroscopic 

properties such as the interfacial tensions, viscosity, drop’s perimeter friction, and possibly 

line tension effects. We address the fundamental questions about the droplet size-

dependence of the minimal force capable of detaching a droplet from the surface, and the 

effects of droplet size and applied force on the amount of the liquid residue left on the 

surface after the detachment. We perform multiple MD simulations for water droplets on 

a smooth hydrophilic surface at varied system sizes and applied forces. Our modelling 

studies of the droplet breakup show the amount of residual water to be maximal near the 

minimum detachment force strengths whereas a complete or near-complete detachment of 

the droplet can be achieved with very strong force. Because of its fundamental appeal and 

importance for applications, we hope the work will inspire experimental investigations and 

theoretical analyses of liquid retention and its control through varied stimuli for droplet 

detachment from the surface. 
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2.6.1 Methodology 

 

2.6.1.1 Force Fields 

 

The surface was built with Visual Molecular Dynamic (VMD) package. It consists of a 

rigid hexagonal graphene surface comprised of 5600 Lennard Jones (LJ) carbon atoms. 6, 

94 To reduce finite size effects, the surface is periodically replicated along the XY-direction. 

We use the rigid extended simple point charge (SPC/E) potential95, 96 to model the atomistic 

water droplet. The use of this force field is motivated by our recent dynamic studies of bulk 

and confined water.101 As detailed in Section 2.2.1, this potential consists of a Coulomb 

potential acting between partial point charges on oxygen (−0.8476𝑒0) and hydrogen 

(0.4238𝑒0) atoms and an O–H distance 1 Å and the H–O–H angle at 109.471. Further, 

oxygen atoms also interact via Lennard Jones potential (LJ). In all our atomistic 

simulations the water–surface interaction is based on the Lennard-Jones potential between 

the SPC/E water molecules and the surface. The LJ strength was characterized by 𝜀𝑐𝑜  =

 0.57 𝑘𝐽 𝑚𝑜𝑙−1 with cutoff radius 12 Å.  

2.6.2 Simulation details 

 

The simulations start by placing a water droplet on a cubic lattice above the surface 

positioned along the z axis of a cubic simulation box of size 300 Å. During the 

equilibration, the droplet on the surface reaches the symmetric equilibrium shape. We 

considered five sizes of water droplets composed of 4 ×  103, 6 ×  103, 8 ×  103,

10 ×  103, 13 ×  103 water molecules on top of a rigid graphene surface. 
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 Depending on the size of the droplet, the total length of the simulation run varied from 2.5 

to 5 ns ( Figure 24).  

All MD simulations are carried out by using the LAMMPS package110 in the NVT 

ensemble. The temperature is kept constant at 300 K using the Nose–Hoover thermostat111 

with a relaxation time of 0.2 ps. Verlet integration is used with time step 1 fs for atomistic 

water. Long range Coulombic forces are treated using PPPM Ewald summation with 10−5 

accuracy and periodic boundary conditions are used in all dimensions. 

 The forcible detachment of the droplet from the hydrophilic surface was studied by using 

Non-Equilibrium Molecular Dynamics (NEMD). After reaching the equilibrium state, a 

constant force was applied to every molecule in the droplet in a direction perpendicular to 

the surface and remained constant during the simulation. Depending on the force strength, 

the time necessary to observe the detachment varied from 50 ps to 2 ns for the strong and 

weak forces, respectively. 

 

 

 

Figure 24: Snapshot of an equilibrium shape of aqueous droplet atop a model graphene 

surface. 
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2.6.3 Results and discussion 

2.6.3.1 Droplet behavior in the presence of an external force 

 

Figure 25 shows consecutive snapshots from MD trajectories of the atomistic droplet in 

the presence of external force. The force is applied in the direction perpendicular to the 

surface. As illustrated in Figure 25 top, when the force per molecule becomes strong 

enough, the droplet eventually detaches from the surface, but a certain percentage of 

droplet mass can remain on the surface.  

When applying a strong force on the droplet, the droplet can detach as a whole (Figure 25 

bottom). 

To understand the breakup mechanism and determine the amount of residue of a nanoscale 

liquid droplet on the surface, we perform multiple independent simulation runs. We 

observed that by applying the same force to the droplet, the amount of remaining water on 

the surface alters from one simulation run to another. The variation of the residue size takes 

place because when a droplet stretches, it creates a narrow neck whose breakup position is 

subject to large fluctuations. We also observed the formation of a small satellite droplet 

emerging upon the breakup of the drop. In this case, the satellite droplet separated from the 

droplet after it detached from the surface.   
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Force=0.062 𝑘𝐽 𝑚𝑜𝑙−1Å−1
 

t=0 ps t=62 ps t=82 ps t=100 ps t=113 ps 

Force=0.25 𝑘𝐽 𝑚𝑜𝑙−1Å−1
 

t=0 ps t=7 ps t=10 ps t=15 ps t=18 ps 

Figure 25: Snapshots from MD trajectories of the droplet detachment from surface for the atomistic 

model at external forces 

1o
10.062  0.25  AF or kJ mol

−

−= for a drop comprised of 4000 SPC/E 

water molecules on graphene surface. 
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2.6.3.2 Effect of droplet volume on the minimum detachment force 

 

Figure 26 shows the minimum force (per molecule) required to detach a droplet from a 

surface as a function of droplet sizes. As can be seen in here, the minimum force per 

molecule of the liquid increases as the droplet volume decreases. We also notice that the 

detachment happens after the apparent contact angle of the droplet on the surface 

approaches ~90°. At this stage, the circumference of the drop 𝐶 shows only a weak 

dependence on the distance from the surface. Upon further increase of the applied force, 

the droplet elongates, reaching the neck stage. The data in Figure 26 confirm the  minimal 

detaching force dependence on the droplet size Fmin ∝ 𝑁−2/3. The rationale for this 

dependence is identical as discussed with the droplet detachment from the fiber. When the 

Figure 26: Minimum force required to detach the droplet from a surface for 

different droplet sizes. 
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surface tension force passes through its maximum value, proportional to the droplet 

circumference, it has to be at least balanced by the detaching force, which is proportional 

to the droplet mass, i.e. 𝛾𝑅 ∝ 𝐹𝑚𝑖𝑛𝑅3 or 𝐹𝑚𝑖𝑛 ∝ 𝑅−2 ∝ 𝑁−2/3. Once the neck begins to 

narrow, the detachment process can proceed spontaneously even under a weaker force.  

2.6.3.3 Effect of adhesion strength on minimum detachment force 

 

In order to understand how the adhesion strength might affect the detachment force, we 

considered four different water-surface interactions from 𝜀𝑐𝑜 = 0.2 𝑘𝐽 𝑚𝑜𝑙−1 to 𝜀𝑐𝑜 =

0.6 𝑘𝐽 𝑚𝑜𝑙−1 . Figure 27 shows the detachment force from MD simulations of 4000 water 

molecules for different water-surface interactions as the surface is made more hydrophobic, 

detaching a droplet from the surface becomes slightly easier. In Figure 28, we also plot the 

minimum detachment force as a function of contact angle. The linear dependence of the 

force on the adhesion strength (Figure 28) is in good agreement with experimental 

observations.116, 127 
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Figure 27: Minimum force required to detach the droplet with 4000 water molecules from a surface 

cofor different water-carbon, , interactions. 
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Figure 28: Minimum force required to detach the droplet with 4000 water molecules from a surface for 

different contact angles reveal a linear increase with the liquid/solid adhesion strength ∝ 1 + cos𝜃 
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2.6.3.4 Residual of droplet on the surface 

 

Figure 29 shows the percentage of the residue of a droplet on the surface for different 

detachment forces obtained with the atomistic water model. Unlike the drop detachment 

from a fiber, where the residue showed a pronounced maximum at intermediate force 

strengths, the residue on the planar surface shows a simpler, monotonic or nearly 

monotonic dependence on the detaching force. The highly scattered data for the average 

residue size indicate only a weak initial dependence on the force with the biggest residue 

observed either at the minimal detaching force or only slightly thereafter. The existence of 

at most a weak maximum remains unclear in view of the limited amount of strongly 

fluctuating data. A monotonic decrease of the residue size is universally observed beyond 

the detaching force strengths in excess of ~ 20% of the minimal detachment value.  If not 

identical, the maximal residue is always close to the value obtained by applying the 

minimum detachment force. As the droplet size increases, the maximum residue therefore 

occurs at weaker forces.  

We also monitored the detachment time for different reduced volumes. The volume of the 

residue on the surface is small or negligible if the detachment is very rapid, with the 

maximal average size obtained at the longest detachment times. To the best of our 

knowledge, this interesting behavior has not been previously reported. Figure 30 also 

shows the detachment time of the droplet as a function of the applied force.  
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Figure 31 shows contact area of the droplet with the surface exactly before the detachment 

for different detaching forces As can be seen here, the contact area of droplet with the 

surface is a circle with nearly invariant X and Y dimensions over nearly the entire range of 

detaching forces.  By monitoring the structure of the hydration layer at the drop’s base at 

the time of the detachment, for a very strong applied force, we observe an empty spot at 

the middle of the base. This behavior is attributed to stronger cohesion forces causing faster 

detachment of the molecules in the region near the center of the droplet compared to 

weaker-coordinated molecules at the droplet boundaries. 
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Figure 29: Average residue of a droplet remaining on the surface, (the number of retained water molecules, (

rN totN), to the total number of molecules in the droplet, ( ), obtained by applying a range of forces. The lines 

start at the minimum force of detachment.  
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Figure 30: Detachment time of the droplet as a function of applied force. The red and blue lines are guide 

lines to the simulated data. 
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Figure 31:Contact area of droplet on the surface the moment before the detachment vs different 

forces  
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2.6.4 Conclusion 

 

We have presented a comprehensive study aimed at predicting the external force required 

to detach the droplet from a graphene surface by Molecular Dynamics (MD) simulations. 

We have identified three regimes corresponding to no detachment, partial detachment, or 

complete detachment upon applying the external force perpendicular to the surface. The 

outcome critically depends on the strength of the applied force. Our results show that the 

minimum force (per molecule) capable of detaching a droplet from the surface decreases 

with increasing volume of the droplet V and weakening the water-surface interactions 

(increasing contact angle 𝜃) according to the approximate relation 𝐹𝑚𝑖𝑛 ∝ 𝑉−
2

3(1 + cos𝜃). 

 We also computed the amount of residue on the surface after detachment for different 

forces and different water-carbon interactions. We observed that as the droplet size 

increases, a bigger residue remains on the surface. We found out that the maximum amount 

of residue can be observed by applying the minimum force of detachment. This behavior 

is distinct from our findings for droplet detachment from the curved surface observed in 

experiments and Molecular Dynamics simulations conducted on water droplet on a fiber. 

Our molecular simulations offer direct guidance for the control of liquid retention through 

external force and can provide the necessary input toward the development of 

methodologies for time dependent continuum-level simulations at macroscopic scales 

relevant to industrial problems. 
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Chapter 3: Water adhesion on conducting graphene 
 

So far, contact angle simulations of water on graphene have been performed by ignoring 

the material’s conductivity. In this project, we improved the graphene force field by adding 

the conductor properties using the fluctuating-charge technique of Constant Potential 

Molecular Dynamics (CPMD)39, 40. The fluctuating carbon atom charges of the CPMD 

model shield the in-plane components of the electric field associated with the structural 

fluctuations128, 129 in adjacent water. As a result of graphene polarization, we observe a 

qualitative change in correlations among water molecules located at the opposite sides of 

graphene sheet and enhanced propensity to wetting. 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. 

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

alone result in a moderate “wetting transparency”84, however, only two-side wetting by 

polar solvents proves sensitive to the inclusion of material’s conductivity.  The effect is of 
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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 nanoparticles130, which are often used as showcase systems in modeling131-134 

nanoparticle interactions in water. 

3.1.1 Models and methods 

3.1.1.1 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) potential6, 94. 

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

charges on carbon atoms as outlined in the Discussion section. Graphene atom positions 

are held fixed through the entire simulation. We mitigate finite size effects by periodically 

replicating the surface in the lateral (xy) directions. The same graphene surface is used in 

simulations of aqueous and diiodomethane droplets. Following the preceding work6, we 

described water interactions by the extended simple point charge potential (SPC/E)95, 96 

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 water62, 92, 94, 97-101. The potential consists of a Coulomb potential acting between 

partial point charges on oxygen (−0.8476 𝑒0) and hydrogen (0.4238 𝑒0) atoms with O-H 

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

with OO=0.651 kJ mol-1 and OO=3.166 Å. The LJ interaction between the SPC/E water 
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molecules and carbon atoms on graphene is characterized by 𝜀𝑐𝑜 values from 0.19 to 0.51 

𝑘𝐽 𝑚𝑜𝑙−1 and we use a smooth LJ cutoff at 12Å. The carbon atom LJ diameter 𝜎𝑐𝑐 =

3.214 Å leads to the water-carbon contact distance 𝜎𝑐𝑜 = 3.19Å. 

The non-polar droplet is comprised of 600 diiodomethane, 𝐶𝐻2𝐼2, molecules with the CH2 

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

charge 0.022𝑒0 and each of the explicit I atoms has a point charge −0.011𝑒0. 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 to 𝜀𝐶𝐻2
= 0.4105𝑘𝐽 𝑚𝑜𝑙−1 , 𝜀𝐼 = 3.5 𝑘𝐽 𝑚𝑜𝑙−1 , 𝜎𝐶𝐻2

= 4.07 Å, 𝜎𝐼 =

3.849 Å 135, 136 with the Lorentz-Berthelot mixing rules and the LJ cutoff distance of 12 Å. 

3.1.1.2 Molecular dynamics  

 

In the absence of material’s conductivity, the simulations were performed using the large-

scale atomic molecular massively parallel simulator package (LAMMPS)110. The 

temperature was held constant at 300K using the Nose-Hoover thermostat111 with a 

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

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

particle-particle-particle-mesh (PPPM) solver, with 10−5 accuracy. The slab correction of 

Yeh and Berkowitz137 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 adaptation92 of the Constant Potential MD (CPMD)40 code designed 

for simulations of two-electrode systems with a preset interelectrode potential difference. 
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The lateral periodicity was enforced by rigorous two-dimensional Ewald summation40. To 

enable the use of the original CPMD 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 Vj
o to all carbon atoms j (denoted 

by different colors in Fig. 1d). 

3.1.1.3 Simulation details 

 

 The simulations start by placing a water droplet on a rectangular lattice containing ~6.4 ×

103 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 32. 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 nanodroplets138. 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. 

All MD simulations were initialized by using the LAMMPS package110. Since LAMMPS 

is orders of magnitude faster than CPMD code40, 92, it enabled an efficient pre-equilibration 

before running the CPMD simulations. Despite limitations, these well parallelized 
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packages and advanced computational methods make the simulation process much faster 

than developing our own codes.139-141 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 × 103 water 

molecules or 2000 diiodomethanes. The above width has been demonstrated6 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. 

3.1.1.4 Contact angle measurement 

 

 To establish a direct connection with experiments66, 67, 75, 79, we determine the microscopic 

analogue of the droplet contact angle. We use a technique100 similar to that presented by 

de Ruijter et al.142 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 
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plane with a 2Å resolution. The dividing surface corresponds to the isodensity plane with 

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

the drop contour143. 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 oscillatons142, 144. 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 mass100. 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. 

3.2 Results and discussions 
 

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 32, and the details 
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are given in the Methods section. The force field treating graphene as an insulator has been 

described in earlier work6. In the present work, the conductivity is incorporated using the 

method of fluctuating charges from the Constant Potential Molecular Dynamics (CPMD) 

developed by Sprik and Siepmann39 and Madden and coworkers40. In this approach, every 

carbon atom of graphene carries a Gaussian charge distribution 𝜌j(𝑟 − 𝑟𝑗) with an 

integrated charge of qj and the fixed Gaussian charge width40 . 

 

(a) 

(c) (d) 

(b) 

Figure 32: 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 
36.4 10 35.6 10system containing a  molecule drop and  atom graphene sheet is 

periodically replicated in lateral directions. (d) A snapshot of a cylindrical water 

droplet atop graphene sheet in CPMD (See Methods section). 
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 𝜌𝑗(𝑟) = 𝑞𝑗𝐴 exp (−|𝑟 − 𝑟𝑗|
2

ƞ−2) (8) 

 

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

on atom j, and A = ƞ3π
3

2 ⁄  is the normalization constant. Oxygen and hydrogen atoms of 

water molecules carry fixed point charges, with the local charge density  (r) at the position 

r due to an atom i located at ri given by 

 ρi(r) = qiδ(r − ri) (9) 

 

 

where ρ(r) and δ(r − rj) 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 

 
Uc =

1

2
∬

ρ(rˊ)ρ(rˊˊ)drˊ drˊˊ

|rˊ − rˊˊ|
 

(10) 

 

To secure a desired electrostatic potential Vj
o on graphene atoms (typically the imposed 

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

changing configuration of water molecules. In a general case, the instantaneous charges qj 

are obtained variationally by minimizing the total electrostatic energy. 
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 Ue
tot = Uc − ∑ Vj

0qj

j

 
(11) 

In the present scenario, Vj
o are set equal to zero for all carbon atoms j and the minimization 

is carried out subject to the net neutrality condition, jqj=0. 

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

potential96 and graphene atoms as Lennard-Jones (LJ) particles. In view of experimental 

uncertainties in determining the suspended graphene/water interaction76, 78, 145, 146, we 

consider three different strengths of carbon interaction with water oxygen atoms, co   Table 

1 with the intermediate strength, co~0.39 kJ mol-1 corresponding to recent experimental76 

and quantum-mechanical simulation69 estimate for the CA on neat suspended graphene at 

~ 863o. Results for weaker (co~0.195 kJ mol-1) and stronger (co ~ 0.52 kJ mol-1)  water 

surface interactions are included to cover the broad range of CA values indicated in 

independent experiments. Identical LJ interactions are used in conducting and insulator 

representations. In describing our results, we refer to the conducting (CPMD fluctuating-

charge) and nonconducting model systems using the terms ‘graphene’ and ‘insulator’, 

respectively. 
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Table 1: Contact angle θ of a cylindrical droplet on the suspended and supported graphene 

for different values of  co . c  refers to measurements to measurements without a water 

layer underneath the surface and w  correspond to a layer of water placed underneath 

graphene. 

 

3.2.1 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 33 reveal only a small 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. In Figure 34, 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 

𝜀𝑐𝑜

/𝑘𝐽 𝑚𝑜𝑙−1 

suspended 

insulator 𝜃𝑐 

water-

supported 

insulator 𝜃𝑤 

suspended 

graphene 𝜃𝑤 

water-supported 

graphene 𝜃𝑤 

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

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

     0.5208 59°±1° 52°±1° 54°±1° 45°±1° 
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side being explained by mild density variation along the radial direction of the droplet’s 

base. 

 

 

 

 

 

Figure 33:Density profiles of water in the central region of a cylindrical droplet base on the 

suspended or supported insulator and graphene sheets (modeled by CPMD) with  
10.3913  co kJ mol −= . 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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Figure 34:Density profile of water on both side of the insulator surface for 
10.1951 or 0.5208  co kJ mol −= . 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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3.2.2 Contact angles 

 

 Figure 35 illustrates the time dependence of the dynamic contact angles we extract from 

the instantaneous droplet contours as detailed in the Methods section. Figure 35-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 35-

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 predicted6 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. 
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Figure 35: Contact angle vs time for a cylindrical water droplet on the suspended insulator and graphene 

sheets (left), suspended or water-supported graphene sheets (right), and supported insulator and 
10.3913  co kJ mol −=supported graphene (bottom) for carbon-water interaction strengths . 
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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 𝜀𝑐𝑜. 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.147 In addition 

to replacing graphite by graphene, this differences reflect several methodology 

improvements, the most significant being the use of Ewald summation to avoid the cutoff 

(10 Å in Ref.147) of electrostatic interactions, and the choice of cylindrical drop geometry77 

to eliminate the finite-size effects associated with line tension. 

3.2.3 Dipolar correlations across graphene.  

 

To gain a more detailed picture of the orientational polarization of hydration water, in 

Figure 36 we show the water dipole angle distributions 𝑝(𝑐𝑜𝑠 𝜑) for both the suspended 

and supported insulator and conducting graphene sheets. Here,   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) >=
1

𝑁
<

∑ 𝝁𝑖(𝑡)𝑁
𝑖 >, where the sum runs over all water dipoles 𝝁𝑖 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 36, in the system with the insulating 

surface (black and red curves in Figure 36), the presence of the supporting aqueous slab 

has a strong influence on the orientational polarization in the droplet base. This effect, 
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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, 

it turns out that 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 36, we also calculate the variances of dipole 

components,  < 𝛿𝜇𝛼
2 >, (Table 2) and the dipole-dipole correlation functions, 𝑐𝛼(𝑟) =

<𝛿𝜇𝛼
𝑡𝑜𝑝

(𝑟)𝛿𝜇𝛼
𝑏𝑜𝑡𝑡𝑜𝑚(0)

<𝛿𝜇𝛼
2 >

> based on molecular orientations in the 1st hydration layers of the 

cylindrical droplet base on top of the graphene,  top, and in the aqueous slab below the 

water-supported sheet,  bottom. We present results for both the conducting and non-

conducting graphene models (Figure 37). 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 < 𝛿𝜇𝛼
2 > are essentially identical 

on both sides of the sheet. As expected, the correlations across nonconducting graphene 

sheet at small lateral distances r (Figure 37) are positive for z components (normal to the 

surface) of the dipole moments of water, and negative for the lateral (x,y) components. 

Interestingly, the sign of both correlation functions, cz(r) and cxy(r), at small r is reversed 

when we apply the conducting graphene model. This qualitative change is explained in 

terms of the polarization of graphene, with image charges inside the conductor layer 
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attracting equally signed partial charges of water molecules on both sides of the sheet. A 

related sign reversal has been indicated in two41 and three-dimensional148, 149 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 opposite signs. The two distinct 

behaviors are illustrated in the insets in Figure 38 showing favored configurations for a 

pair of water molecules interacting across the graphene sheet. 

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

to much stronger molecular interactions, including hydrogen bonding, inside a contiguous 

 

Figure 36: Dipole angle probability distributions P(cos φ) for water molecules in the 

solid/water contact layer of the cylindrical nanodroplet on different surfaces 

10.3013  ,  3.19Aco cokJ mol −= = . Black line: suspended insulator. Red: water-

supported insulator. Green color: suspended graphene, blue color: water-supported graphene. 
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liquid on either side of graphene, and 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 Figure 38 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 destabilized (Figure 36) as the chain dipole-dipole configuration enables a stronger 

dipolar interaction across the sheet than the antiparallel one150. An analogous perturbation 

of water-wall orientations does not take place with the conducting graphene, where the 

direct dipole-dipole 
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Figure 37: 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 

cographene (right: b,d,f), and liquid water below the sheet for different values of . 
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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 

Figure 38: Favored configurations for a pair of water molecules interacting across the graphene 

sheet.  Insulator sheet (left), conducting graphene (right), and liquid water below the sheet for 
10.3913  , 3.19co cokJ mol −= =different values of Å. 
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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 <z> (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. While the addition of water on both sides of the insulating sheet 

weakens the preference for the dipole alignment with the surface (Figure 36), the positive 

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

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

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

reveal a remarkable difference between the variances of water dipole components in the 

normal and lateral directions. The difference conforms to the known anisotropies of the 

orientational polarizability and permittivity tensors of interfacial water. Specifically, the 

orientational polarizability of water molecules along the surface normal, 𝛼𝑧𝑧
𝑜𝑟~

<𝛿𝜇𝑧
2>

𝑘𝑇
, is 

almost twice smaller than the corresponding values in the lateral (x,y) directions. 

𝛼𝑧𝑧
𝑜𝑟 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 (𝛼𝑥𝑥
𝑜𝑟 and 𝛼𝑦𝑦

𝑜𝑟 ). Because of the close relation between the 

dielectric constant and the dipoles’ fluctuation < 𝛿𝜇 >2, our results indicate that the lateral 
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components of the permittivity tensor substantially exceed the normal component in 

analogy to the observations in a planar confinement151. 

Table 2: Average dipole moments 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 co . 

(c) suspended insulating sheet.  

(a) graphene-like insulator sheet on water 

 

 

 

 

(b) conducting graphene on water 

 

 

 

 

 

 

𝜀𝑐𝑜

𝑘𝐽𝑚𝑜𝑙−1
 < μz >top 

D 

< μz >bot 

D 

< δμx,y
2 >  

𝐷2 

< δμz
2 >  

𝐷2 

0.1951  0.100 -0.110    2.19   1.14 

0.3913  0.124 -0.122    2.21   1.08 

0.5208  0.132 -0.128    2.23   1.04 

𝜀𝑐𝑜

𝑘𝐽𝑚𝑜𝑙−1
 < μz >top 

𝐷 

< μz >bot 

𝐷 

< δμx,y
2 >  

𝐷2 

< δμz
2 >  

𝐷2 

0.1951 0.104 -0.104 2.20 1.10  

0.3913 0.120 -0.122 2.24 1.04  

0.5208 0.126 -0.134 2.26 0.99 
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(c) suspended sheet: 

 

 

 

 

3.2.4 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: 

εco

𝑘𝐽𝑚𝑜𝑙−1
 < μz >𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑜𝑟

𝑡𝑜𝑝
 < μz >𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒

𝑡𝑜𝑝
 

0.1951 0.089 0.106 

0.3625 0.118 - 

0.3913 0.122 0.129 

0.5208 0.130 0.133 
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cos ~  

(12) 

 

introduced in our earlier work6. 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 

i  and Lennard Jones parameters ij =( ij)
1/2, ij = (i+j )/2, and dij = (c + ij ).   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  ~ –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 CPMD approach is not warranted in these cases. 

 

 

Figure 39: 2 2CH ISnapshots of spreading of the semi-infinite hemi-cylindrical  droplet atop 

insulator with a layer of diiodomethane of thickness 13.1 Å placed below the sheet. 
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3.3 Conclusion 
 

Using Constant 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 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, 
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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 and related monolayer materials like boron-nitride. 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. 

  



www.manaraa.com

 

 

106 

 

Chapter 4: Summary and outlook 
 

This thesis is about the adhesion at solid/liquid interfaces. We use molecular dynamics 

simulations to first study and understand the physics and the pathway of droplet detachment 

from fiber and surface and predict the percentage of residue that remains on fiber/surface. 

Second, we address this question: how does the improvement of graphene model by force 

field accounting for conductivity affect the wetting transparency of graphene? 

In the first project, we study the mechanism of water droplet detachment and retention of 

residual water on smooth hydrophilic fibers using nonequilibrium molecular dynamics 

simulations. We extract scaling relations that allow extrapolation of our findings to larger 

length scales that are not directly accessible by molecular models. Our studies of the droplet 

breakup uncover a strongly nonmonotonic influence of the external force, with the amount 

of residual water maximized under the intermediate force strengths whereas a complete or 

near-complete detachment of the droplet can be achieved in both extremes, with the applied 

force only slightly, or considerably exceeding the minimal force of detachment. The 

strength of this force decreases with the size of the drop, while the maximal residue 

increases with the droplet volume, V, sub-linearly, in proportion to the V2/3. Next, we 

compare our finding with the results for droplet detachment from the flat surface by 

experiments and Molecular Dynamics simulations conducted on water droplet. We find 

that the maximum amount of residue can be observed by applying the minimum force of 

detachment in contrast to experimental and MD results for droplet detachment from the 

curved surfaces where intermediate force was found to maximize the water retention. 



www.manaraa.com

 

 

107 

 

In the second project, 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. Our 

calculations reveal effective attractions between partial charges of equal sign across the 

conducting graphene sheet. Attractive correlations are attributed to the formation of the 

highly localized image charges on carbon atoms between the partially charged sites of 

water molecules on both sides of graphene. By performing additional computations with 

nonpolar diiodomethane, we confirm that graphene is transparent to dispersive interactions. 

These findings are important in applications including sensors, fuel cell membranes, and 

water filtration, and graphene-based electrode material to enhance the supercapacitor 

performance. 

In future studies, we are planning to develop computational methodologies for 

understanding of biomolecule adsorption on metallic surfaces (conducting nano-corrugated 

Pt surface). The relative significance of the effect observed with simple biomolecules will 

guide extensions to more complex ones. The problem of protein adsorption on a rough 

metallic implant surface has far-reaching medical implications that cannot be successfully 

addressed by conventional force fields at the classical level. 
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Appendices 

 

Appendix 1.  
 

 

 

Figure S 1: The minimum force required to detach the droplet from a fiber at different reduced 

volumes. The red curve describes simulation results of the Course-Grained model with the fiber 

radius 12.8 Å. The red curve was produced by scaling the result of atomistic model with fiber radius 

6.4 Å 

 



www.manaraa.com

 

 

121 

 

Appendix 2.  

Figure S 2: The probability 𝑃𝑟𝑒𝑠𝑖𝑑𝑢𝑒 of observing a residue on the fiber vs reduced volumes when 

applying the minimum detachment force for both atomistic and coarse-grained models.  
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Appendix 3.  

 
 

Figure S 3: The percentage of average number of water molecules remaining on 

the fiber versus the reduced volume for the detachment forces producing the 

maximal residue. The symbols denote the maximum residue on the fiber with 

radius 6.4 Å at the time of detachment obtained from atomistic MD 

simulations. 
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Appendix 4.  

 

 
 

 

 

Figure S 4: The percentage of average number of water molecules remaining on the fiber versus 

the reduced volume for the detachment forces producing the maximal residue. The symbols denote 

the maximum residue on the fiber with radius 12.8 Å at the time of detachment obtained from 

coarse-grained MD simulations.  
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