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Abstract 

This dissertation focuses on developing molecular simulation methods to understand the 

wetting behavior offluids. Within our group, we have developed an interface potential based 

approach for determining the interfacial properties. This approach has been implemented 

within the grand canonical (GC) ensemble. However, there are limitations to working within 

this ensemble, particularly when applying the method to complex molecules and while 

working at relatively low temperatures. In this dissertation, we introduce a means to 

overcome these limitations. We first discuss the development of a free energy based 

approach using isothermal-isobaric (NPT) Monte Carlo (MC) method to obtain interfacial 

potential for growing a thin fluid film on the solid substrate. This approach is employed 

within a "spreading" and "drying" framework to calculate wetting properties such as contact 

angle and interfacial tension. Next, we discuss how to implement the interface potential 

approach within a molecular dynamics (MD) framework. In this method, umbrella sampling 

is used to sample states along the order parameter path ( defined by volume). We show ways 

of processing the acquired data using pymbar and force integration technique to construct 

interface potential. For both the aforementioned methods, we present results for the Lennard

Jones system. Expanded ensemble (EE) technique are also used to evaluate the interfacial 

properties over a range of conditions. We then apply the interface potential approach using 

a canonical ensemble to determine the wetting properties. This method uses various 

simulations at constant volume along the order parameter path to construct an average force 

profile. We also explain a way of obtaining interface potential from the force profile. This 

method is applied for the Lennard-] ones system for spreading and drying method. Later, we 
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apply this method to realistic models such as water in contact with the silica surface and 

room temperature ionic liquid in contact with the graphite surface. The results are shown for 

the drying method. We calculate drying coefficient as a function of temperature using the 

expanded ensemble techniques. Also, wherever possible the results obtained are compared 

with those obtained from different methods. 
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1. Introduction 

1.1. Background 

The earliest studies for understanding wetting phenomena date back to the 17th 

3century1- _Most ofthese works were a pursuit to figure out the rise ofliquid in small diameter 

capillary tubes . In the early nineteenth century, Young4 and Laplace5 were notable scientists 

who contributed to understanding the interfacial phenomena quantitatively. Young in this 

famous paper entitled An Essay on the Cohesion ofFluids4 explained that the angle ofcontact 

between a given liquid and solid can be understood in terms of interfacial tension. He 

described the balance between interfacial tensions at the contact line or triple point where 

three phases viz . solid, liquid and gas meet which is now referred to as "Young' s equation". 

Ysv ....................... ··················► 

YSL 

Figure 1.1: Interfacial tension and contact angle ofa liquid droplet on solid swface. 

Ysv = Ysl + Ylv COS 0 (1) 

Later in the mid 19th century, the foundations of thermodynamics were laid by 

Carnot, Joule, Clausius and Helmholtz. The concepts of thermodynamics were applied to 

wetting by Dupre and Gibbs. Towards the end of the nineteenth century, statistical 

thermodynamics came into existence by contributions from Maxwell, Boltzmann, and 
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Gibbs. The computational nature of statistical mechanics limited its growth until second 

world war when the computer simulations started to grow at a faster pace leading to the 

development of Metropolis Monte Carlo (MC) method in 1953 by Metropolis, Rosenbluth, 

Rosenbluth and Teller6
. The molecular dynamics (MD) came into existence later in 1959 

when Alder and Wainwright performed simulations for hard spheres 7 . The MD simulations 

involve solving Newton's laws of motion while MC methods sample different 

configurations of a system using statistical mechanical concepts. With the development of 

MC and MD, the researchers started to explore molecular simulations to study various 

physical phenomena. 

1.1.1. Wetting properties from molecular simulations 

We now discuss the existing methods to compute interfacial properties like contact 

angle and interfacial tension from molecular simulations. The contact angle quantifies the 

wettability of the surface and the degree to which fluid wets the surface is controlled by 

fluid-fluid and solid-fluid interfacial tensions. Computer simulations are a powerful tool to 

calculate the macroscopic properties and understand the underlying physical phenomena. 

Both MD and MC methods are used to calculate the wetting properties of fluids in contact 

with a solid surface. 

The most direct route to measure the contact angle is through Nano-droplet approach. 

In this technique, computer simulations are done to determine the equilibrium density profile 

of a fluid droplet in contact with the substrate. This density profile is used to determine the 

location ofvapor-liquid interface and shape ofthe droplet can be inferred by fitting the curve 

to calculate the contact angle8-14. In this approach, the contact angle values are dependent on 

the size of the droplet15-16 . This method suffers from geometric approximations in 
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determining the shape of the droplet. Another limitation of this approach is the calculation 

of contact angle for heterogeneous substrate because of difficulty in determining the 

presence of three phase contact line. 

Another way to compute interfacial properties is via pressure tensor approach. In this 

approach first, solid-liquid, solid-vapor and liquid-vapor interfacial tensions are determined 

and then Young's equation (equation 1) is applied to get the contact angle17-22. Specifically, 

molecular simulations are performed to generate solid-liquid, solid-vapor and liquid-vapor 

interfaces between two solid surfaces by liquid adsorbed to one and vapor adsorbed to the 

other. The pressure tensor is determined using molecular virial23 and integration of 

difference in normal and tangential pressure tensor along the direction perpendicular to the 

surface provides us with interfacial tension. Since one is not simulating a droplet, therefore, 

there are no issues related to three phase contact line. This method fails at high temperatures 

due to difficulties in formation of interfaces at these conditions. Also, the pressure tensors 

are difficult to evaluate for complex or discontinuous potentials. In addition, this method 

requires huge computational effort to obtain reliable results because interfacial tension being 

the difference between normal and tangential pressure tensors is sensitive to small numerical 

errors24-25. 

Some methods use thermodynamic integration to obtain the interfacial free energy 

and subsequently, these results are combined with Young's equation to compute the contact 

angle. Leroy and co-workers26 computed solid-liquid surface free energy of Lennard-Jones 

fluid using the phantom-wall method27 . They also computed contact angle on the smooth 

and rough surface. Benjamin et al. calculated interfacial free energies via thermodynamic 

integration for Lennard-Jones system in contact with a structured wall28 . This method is 
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computationally expensive as it reqmres a reversible path and also needs a smooth 

thermodynamic integrand. 

Our group has developed an interface-potential based approach to deduce the wetting 

properties of model systems. This approach focuses on surface excess free energy of thin 

fluid film in contact with a solid surface29-31 . There are various studies using this method to 

understand wetting behavior, including prewetting phase behavior32 -33 , compute spreading 

and drying coefficient, interfacial tensions and contact angle34 -39 . This approach does not 

involve formation of nanodroplet and also the issues related to three phase contact line are 

avoided. This method has been developed for spreading method34 and drying method38 . In 

spreading method, one computes surface excess free energy of a thin liquid film in contact 

with substrate in the mother vapor phase while in drying method surface excess free energy 

of a thin vapor film in contact with substrate in the mother liquid phase is calculated. These 

methods are described in detail in the second chapter. The previous studies have applied this 

method within a grand canonical ensemble using MC popularly referred to as grand 

canonical Monte Carlo (GCMC) method. In GCMC method, the simulations are performed 

at fixed temperature T , volume V and chemical potential µ while particle number N and 

energy E fluctuate. GCMC direct simulations which are generally performed at high 

temperature are more robust and provides us with more precise results. The insertion and 

deletion move in GCMC method make it easier to sample states in the free energy barrier 

region where transition from one phase to coexisting two phases takes place. However, the 

major issue ofusing GCMC is difficulties in sampling at low temperatures , particularly when 

working with complex molecules. The insertion and deletion of particles become nearly 

impossible at these conditions because of the compact packing of molecules. In this 
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dissertation, we introduce a means to overcome these limitations. We have implemented 

interface potential method within an isothermal-isobaric (NPT) ensemble40 and canonical 

ensemble using MC and MD. 

1.2. Outline 

This dissertation is organized as follows : In chapter 2, we describe a new novel MC 

method to study the wetting behavior. This method is developed to address limitations in 

existing GCMC method at low temperatures and while working with complex molecules. In 

our method, we use interface potential method within an NPT ensemble. The interface 

potential is defined as surface excess free energy related to growth of a fluid film in contact 

with a solid surface. We also describe the simulation methodologies for expanded ensemble 

technique using an NPT ensemble. The results for Lennard-Jones model system near 

structureless surface are presented. The success of this method encouraged us to develop the 

interface potential approach using MD simulations. To this end, in Chapter 3, we explain a 

way to implement interface potential method within MD . Two new free energy methods are 

described for calculating interface potential from MD. We also illustrate umbrella sampling 

method to sample along the order parameter (Volume in NPT ensemble). A means to apply 

expanded ensemble technique to obtain free energy along a desired thermodynamic path 

using MD is demonstrated as well. We show results for Lennard-Jones model system near 

atomistically detailed surface. In Chapter 4, we explain a means of employing interface 

potential method in MD using canonical ensemble to compute wetting properties. We 

present results for Lennard-Jones fluid particles in contact with an atomistically detailed 

surface and water near silica surface. Next in Chapter 5, we apply this method to study drying 
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behavior of room temperature ionic liquid in the vicinity of graphite surface. Finally, in 

Chapter 6 we provide the concluding remarks. 
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2. Isothermal-isobaric Monte Carlo simulation method 

2.1. Introduction 

The behavior of fluids on the solid surfaces is of major interest due to numerous 

natural phenomena and industrial applications. Recently the interest has been towards 

understanding the wetting behavior ofcomplex fluids such as room temperature ionic liquids 

(RTIL) and oil-water systems. RTILs have various electrochemical applications such as 

electrolytes in batteries and as solvents41 -43 _ Molecular simulations have proven to be a 

powerful tool for calculating the wetting and drying properties of the model systems. Our 

group has developed an interface potential approach to compute wetting properties34 . And 

the existing method of computing the contact angle and interfacial tension via grand 

canonical Monte Carlo method, that will be explained later, has limitations at low 

temperatures and also while working with complex molecules. In this chapter, we introduce 

a Monte Carlo method to overcome the sampling difficulties faced at low temperatures. 

We use an interface potential based approach to determine the wetting properties of 

model systems. This molecular simulation technique aims at calculating the interfacial 

properties using the interface potential or surface excess free energy. The surface phase 

behavior for a liquid on the solid substrate is characterized by the variation of the surface 

excess free energy with surface density30, 44-46 _ 

(2) 
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where, W(l) is the surface excess free energy or interface potential at film thickness l , Fs(l) 

is surface free energy and Fgat(l) is the bulk saturation free energy. The simulations are 

performed to obtain the interface potential as a function of thickness of liquid or vapor film 

in contact with the solid substrate. The interfacial properties of interest can be acquired 

through subsequent analysis of the interface potential. The film thickness is related to the 

fluctuating thermodynamic quantity such as number ofparticles, volume that is determined 

by ensemble used to perform simulation. The interface potential is calculated from the 

microstate probability distribution obtained from Monte Carlo simulation for the ensemble 

of interest. Previously, this approach has been successfully applied within both spreading 

and drying method in order to calculate the spreading coefficient34 -35 and the drying 

coefficient38 respectively. 

There are various studies from our group of applying the interface potential method 

using Monte Carlo method by performing simulations within a grand canonical ensemble34 -

35, 3s-39 . Rane and coworkers38 developed a method of computing the interfacial properties in 

a self-consistent manner using the Grand Canonical Monte Carlo (GCMC) approach by 

applying it within a spreading and drying method. In the GCMC approach, interface potential 

is calculated from the probability distribution obtained by performing simulations in grand 

canonical ensemble. The simulations are performed at a constant temperature, volume and 

chemical potential. Since we are interested in determining the wetting properties at bulk 

saturation conditions, therefore these thermodynamic variables correspond to the liquid

vapor saturation conditions. Monte Carlo moves are performed by insertion and deletion of 

molecules and energy fluctuations. The liquid film thickness is related to the number of 

particles in the grand canonical ensemble. The simulation results in the GCMC method 
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provide particle number probability distribution that can be analyzed to acquire interface 

potential as a function of liquid film thickness. Using the obtained interface potential, one 

can determine wetting and drying properties. This method is advantageous for doing the 

direct interfacial simulations in which we obtain the interface potential corresponding to a 

range ofdensities. The insertion and deletion move makes it easier to sample the free energy 

barrier region. But the insertion and deletion moves have very low acceptance in liquid phase 

simulations due to the compact packing of molecules in the simulation box. The sampling 

difficulties increase further when working with molecules having complex topologies as 

insertion or deletion ofmolecules becomes almost impossible. In this chapter, we introduce 

a means of computing interfacial properties using isothermal-isobaric (NPT) Monte Carlo 

simulation to overcome these sampling difficulties in the GCMC technique. The advantage 

of this method stems from the absence of insertion and deletion of molecules. 

In this chapter, we apply this method to a model system with fluid-fluid interactions 

modeled using Lennard-Jones potential47 . The substrate model used here is referred to as 

homogenous system38 due to structureless nature of the substrate. In this model, the 

monoatomic Lennard Jones particles interact via long-ranged Vander Waal's interaction35 , 

38 39 48 - , . The direct NPT simulations are used to get the spreading and drying coefficient at 

high temperature. The interfacial properties over a range of temperature or substrate 

strengths can be determined using Expanded Ensemble (EE) techniques49 . This technique 

eradicates the requirement of multiple direct NPT simulations at different temperature or 

substrate strength. The expanded ensemble method has been successfully applied within 

38 39grand canonical ensemble34 , - . In this chapter, we demonstrate the way to implement 

expanded ensemble techniques within the NPT ensemble. 
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The chapter is organized as follows. In section 2.2 we introduce the direct NPT 

Monte Carlo approach and NPT-EE approach for determining the interfacial properties. We 

explain how interface potential is related to volume probability distribution obtained from 

NPT Monte Carlo simulation. This section also provides the way in which volume moves 

are performed in NPT method. Section 2.3 covers the model details. The results obtained are 

presented in section 2.4. These consist of contact angle and interfacial tension as a function 

of temperature and substrate strength obtained via direct and expanded ensemble 

simulations. Lastly, section 2.5 contains the concluding remarks. 

2.2. Simulation Methods 

2.2.1. Direct Interfacial Simulations 

We use the interface potential approach to compute the wetting properties ofa model 

system. The method requires knowledge of the surface excess free energy as a function of 

the thickness of a fluid film in contact with a substrate of interest. The qualitative and 

quantitative aspects of a system's wetting behavior are determined from an analysis of this 

free energy curve. We employ two versions of this general method: spreading and drying. 

Within the spreading method, one obtains the surface excess free energy associated with the 

growth ofa liquid film from a substrate in a mother vapor phase. The drying method focuses 

on the growth of a vapor film from a substrate in a mother liquid phase. For a system within 

the partial wetting regime, these interface potentials provide quantitative measures of the 

spreading and drying coefficients. This general framework has been used by our group to 

study a variety of model systems34 -39 . Within these studies, grand canonical Monte Carlo 

simulation has been used to sample the configurational space relevant to the system. In this 



chapter, we describe a way of implementing interface potential approach within an 

isothermal-isobaric (NPT) Ensemble 50 . 

We work within a NPT ensemble in which the number of particles N, the pressure 

P, and temperature T are fixed, and the volume V and energy E fluctuate. The particles 

occupy a rectangular parallelepiped cell with periodic boundary conditions applied in the x

and y-directions. The system is non-periodic in the z-direction, with the substrate of interest 

placed at one end of the box and a ' control wall ' (defined below) placed at the opposing end 

ofthe box. The two surfaces are separated by a distance Hin the z-direction and the substrate 

has a cross-sectional area of A, with V = AH . 

From a statistical mechanics perspective, the interface potential W(l) is related to 

the probability TI(l) of observing a system with a wetting film of thickness l adjacent to the 

surface, 

{3W(l) = -ln [ IlNPT(l) l (3)
flNPTClref) 

where, IlNPT(l) is the probability of observing a system with a finite film thickness l , 

IlNPTClref) is the probability for the reference case. Wetting properties (e.g., spreading 

coefficient, contact angle) are evaluated at bulk saturation conditions. Therefore, we 

typically compute W (l) at a known liquid-vapor saturation point. The fluid film thickness l 

is related to the box height H (see below). In practice, we obtain W(l) over a wide range of 

l by employing advanced sampling techniques that facilitate the exploration ofa broad range 

ofH. 
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Briefly, we describe the transition matrix method for computing probability 

distribution. In order to obtain probability distribution in NPT Monte Carlo method, we use 

transition matrix method, given by equation 4, to determine the interface potential W as a 

function of volume or box height z (area is constant). 

(4) 

where, P is macrostate transition probability and i represents a microstate. The MC 

simulation works by attempting the transitions between states of different density and 

computes the probability of completing those transitions using a simple book-keeping 

52scheme51 - . The simulations are biased using a multi-canonical sampling method53 in which 

we use an estimate ofprobability distribution to sample all the states adequately. 

We now outline the spreading method34 . In this method, a liquid film grows from the 

substrate in a mother vapor phase. The control wall is characterized by a short-range 

repulsive interaction between the wall and fluid. The fluid then preferentially adsorbs at the 

substrate upon compression ofthe system from the saturated vapor state. A liquid film grows 

from the substrate as the box height H is reduced. A typical spreading interface potential 

curve Ws(l) is shown in Fig. 2.1. The liquid film thickness l is obtained using a sharp kink 

approximation for the solid-fluid and liquid-vapor interfaces, 

N -AHpv 
(5)luq = A(pz - Pv) 

where N is number of molecules and p1 and Pv are the saturated liquid and vapor densities 

of the bulk fluid, respectively. We note that the l(H) relationship does not impact the 

analysis used to determine the wetting properties. It is used for illustrative purposes only. 
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Figure 2.1 : Inteiface potential as a function of box height for spreading simulation. A typical 

configuration is shown for the volume corresponding to plateau and the minimum region of the 

interface potential 

For partial wetting conditions, ~ (l) shows a minimum at low l = lmin and a plateau 

region at relatively high l = lplat· The plateau region of ~(l) is characterized by a liquid 

film adsorbed on the substrate, and the surface excess free energy ~ ( lplat) is given by the 

substrate-liquid interfacial tension Ysi and the liquid-vapor interfacial tension Yiv· The 

minimum within ~(l) corresponds to a physical situation in which the vapor is in contact 

with substrate. Hence, the surface excess free energy ~ Clmin) is related to the substrate

vapor interfacial tension Ysv· The spreading coefficients is given by the difference between 

the minimum and plateau regions of ~(l) , 
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S = Ysv - (Ysl + Y1v) 

(6) 

Young 's equation as given by equation 7 can be employed to calculate the contact angle 0 

from spreading coefficient s if one has prior knowledge of liquid-vapor interfacial 

tension Yzv. 

s 
cos(0) = 1 + (7)

Ayzv 

We now tum our attention to the drying approach38 . In this case, a vapor film is 

grown from the substrate in mother liquid phase. The control wall is taken to be a ' sticky 

wall ', characterized by a short-range attractive interaction between the wall and fluid. The 

fluid then preferentially adsorbs at the control wall. Upon expansion of the system from the 

saturated liquid state a vapor film forms at the substrate. As the box height H increases, a 

vapor film grows from the substrate. A typical drying interface potential curve Wa (l) is 

shown in Fig. 2.2. The vapor film thickness l is again obtained using a sharp kink 

approximation, 

AHp1 -N 
lvap = (8)

A(pz - Pv) 
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Figure 2.2: Inteiface potential as a junction of box height for drying method. The configuration 

corresponding to the minimum and plateau value ofinteiface potential are shown. 

One can obtain a drying coefficient d from Wa (l) in a manner that is analogous to 

that used for the spreading method. For partial wetting conditions, Wa (l) also shows a 

minimum at low l = lmin and a plateau region at relatively high l = lplat· The plateau region 

is now characterized by a vapor film in contact with the substrate, and the surface excess 

free energy Wa (lplat) is given by Ysv and Yiv· The minimum within Wa (l) corresponds to a 

physical situation in which the liquid is in contact with substrate. The surface excess free 

energy Wa Clmin) is related to ysl. The drying coefficient d is given by the difference in free 

energy between the minimum and plateau regions, 
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d = Ysl - (Ysv + Y1v) 

(9) 

The contact angle shares a simple relationship with the drying coefficient, 

cos 0 = - (1 + Ad ) (10)
Ylv 

Obtaining both s and d at the same set of conditions enables one to determine Yiv 

and cos(0) in a self-consistent manner. The relevant expressions are, 

(s - d) 
cos 0 = (11)

(s + d) 

1 
Yzv = - 2 (s + d) (12) 

2.2.2. Expanded ensemble simulations 

Construction of W (l) curves over a broad range of l is relatively expensive from a 

computational perspective. Moreover, the relevant l range can prove difficult to sample, 

notably at relatively low temperature, large system size, and weak (strong) substrate 

conditions for the spreading ( drying) method. The sampling challenges stem from 

difficulties with the system transitioning between inhomogeneous structural motifs that form 

in the plane parallel to the substrate54 . In addition, it is clear from the equations 6 and 9 that 

we are only interested in the minimum value of interface potential W(lmin) and plateau 

value of interface potential W ( lplat). Provided one can identify a means to determine the 

relative free energies of the minimum and plateau regions along some path of interest (e.g. , 

temperature), then these free energy curves can be combined with the results from a direct 

calculation to determine s or d over a broad range of conditions. Here, we use an expanded 

ensemble technique49 to compute the relevant free energy curves. This approach is 
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computationally efficient, as it removes the need to perform direct simulations at multiple 

conditions of interest. 

In this work, we obtain wetting properties as a function of temperature or surface 

strength. We first perform a direct NPT simulation at relatively high temperature and 

relatively high (low) surface strength when implementing the spreading (drying) method. 

These conditions facilitate efficient sampling over a broad range of film thicknesses . Two 

expanded ensembles are considered in this work. In the first, we follow the bulk liquid-vapor 

saturation curve over a broad range of temperature/pressure at fixed substrate strength. In 

the second, we explore a broad range of substrate strength at fixed temperature and pressure. 

The box height (volume) is fixed for simulations conducted to determine the free energy of 

the plateau region W(lplat)- The box height is set to a value that is large enough to permit 

expansion/contraction of the fluid film over the range of conditions considered. The box 

height is variable within simulations focused on the free energy of the minimum W(lmin). 

Away from the surfaces the fluid is at conditions consistent with the saturated vapor 

( spreading) or liquid (drying) . 

2.2.3. Long-ranged potential 

The plateau value of interface potential at bulk saturation conditions is the key factor 

in calculating the interfacial properties of the model systems. Equations 6, 9, 11 and 12 

assume that the liquid-vapor interface is not influenced by the substrate of interest. 

Therefore, in presence of substrates with long-ranged potentials, we need a way of 

extrapolating this plateau value corresponding to the liquid-vapor interface at 

plateau ~ ( oo). The plateau value of interface potential asymptotically reaches the limiting 
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value. Grzelak et al. has described a method as shown by equation 13 to deal with long 

ranged potentials in his paper35 . 

vV,(oo) = vV,(l) - llUs(l) (13) 

where, W5 (1) is interface potential at large 1 and flU 5 (1) is given by the difference between 

substrate fluid interaction energy of the system at finite film thickness U5 (1) and substrate 

fluid interaction energy of system having infinite fluid film thickness Us (oo). 

The energy difference llU5 (l) for spreading simulations can be expressed as, 

(14) 

where, p(l, z) is the density profile collected during NPT Monte Carlo simulation, p1 and Pv 

are saturated liquid and saturated vapor density respectively, Usurf(z) is substrate fluid 

interaction energy, h1 is a position in the liquid film while h2 is position in the vapor phase. 

The liquid-vapor interface lies between h1 and h2 and z < h1 doesn' t vary with l for all 

surface densities. The density distribution parallel to the substrate for all z > h1 is expected 

to be homogeneous. The first term of equation 14 is evaluated numerically after obtaining 

the average density profile from the NPT spreading simulation while the second term is 

evaluated analytically for this type of substrate-particle interaction. 

In a similar way as spreading, the expression for drying calculation38 
, 

(15) 

The terms mean the same as the explained above. It is calculated in an analogous way as 

explained in the spreading simulation. The average density profile is obtained from NPT 
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drying simulation and the first term is integrated numerically while the second term is 

calculated analytically. 

2.2.4. Volume Moves 

As mentioned above, the film thickness is a function of volume for interfacial NPT 

Monte Carlo method. The simulation box is rectangular parallelepiped with periodic 

boundary conditions along the plane parallel to walls and non-periodic in the perpendicular 

direction. The volume of the box is changed by increasing or decreasing the distance H 

between the two walls . The earlier approach by Monson et. al relied on fluctuating the height 

of simulation box55 for performing volume moves. In our work, we expand and contract a 

part of simulation cell instead of changing the height of the simulation box H as shown in 

schematic in figure 2.3. A small region near both the walls is not considered for fluctuating 

the volume because the pressure in proximity of walls is not the same as the coexistence 

pressure specified. The portion ofbox varying is total length minus the top and bottom part 

near the walls, which we will call as inboxz further on. In this section, we explain the details 

of volume moves performed in direct NPT method and NPT expanded ensemble method. 

In direct NPT simulations, we specify the minimum, maximum and differential 

change in the height of the simulation box. We can recall from the figure 2.1 that spreading 

method requires one to sample the density range from a box having a liquid slab in contact 

with the surface in coexistence with saturated vapor to a box filled with saturated vapor. 

Therefore, for the determination of both the "peak" and "plateau" regions of interface 

potential one has to sample volume range of several orders of magnitude. For this reason, 

the logarithm of volume ln V is used as the order parameter. In drying method, as evident 

from figure 2.2 the density ranges to be sampled spans from a box filled with saturated liquid 
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to a box having vapor film in contact with the surface in coexistence with saturated liquid. 

Thus, we choose volume as an order parameter for drying method because of small volume 

range. The changes in volume in direct simulations are achieved by varying the volume of 

an internal box rather than altering the total volume of the simulation box. The area of the 

internal box is same as the cross-sectional area A of simulation box. We ensure that the 

height ofthe internal box is always greater than the fluid-fluid cut offdistance rf1 = 2.5 CJff · 

The reason for this choice is to avoid the calculation of interaction energies between 

molecules located on either side of the internal box. However, we emphasize that this 

approach can be applied to study the fluids with long-range interactions. 
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Figure 2.3: Schematic of volume moves carried out Monte Carlo method in isothermal isobaric 

ensemble. Here H represents distance ofseparation between two walls or height of the simulation 

box. 
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In order to follow the detailed balance, the size ofsmall box during the forward move 

is different from that of reverse moves. For example, let the fraction of box selected while 

attempting expansion move be z1 . Let the fraction of box selected for reverse (contraction) 

move be Zb and V and /1V be the initial volume of the box before expansion and the 

increment in volume. The relation between z1 and Zb can be obtained, 

(16) 

The acceptance probability for volume moves is calculated by imposing the detailed 

balance. The probability ofmoving from state o to state n depends on various factors . Firstly, 

this move can be either an expansion or contraction in volume. Let us first consider an 

expansion move; the probability of attempting expansion move will be ½. Secondly, it 

depends on the ways ofplacing of the internal box in the simulation box. The fraction ofbox 

selected for expansion move is given by z1, so the height of internal box will 

be inboxz0 x z1 . The total number ofways ofplacing the bottom of the internal box in the 

simulation box of height inboxz0 is proportional to (inboxz0 - inboxz0 x z1). The NPT 

ensemble microstate probability for being in state o having volume Va is given as, 

(17) 

where, N is number ofatoms, /3 = 1/kT is reciprocal temperature (k is Boltzmann constant) , 

P is pressure, and UO is energy of state o. The total probability of going from state o to 

state n , 

1 1 
P(o ➔ n) = - x ------- x rr0 x acc(o ➔ n) (18)

2 inboxz0 ( 1 - z1) 

In a similar way, the probability of attempting reverse move is given by, 
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1 1 
P(n ➔ o) = - x . b ( ) x rrn x acc(n ➔ o) (19)

2 m OXZn 1- Zb 

Therefore, the probability Pace for accepting the volume move from state o having total 

volume Va to state n having total volume Vn is, 

. (inboxz0 ) (1 - Zt) (Vn)N -f3b.U-f3Pl!.VP = mm(l, --- ---'-- - e ) (20) 
ace inboxz 1 - Z V,n b o 

where, t:.U = Un - U0 is difference in energy and t:.V = Vn - Va is difference in volume of 

two states. 

In NPT-EE simulations, the volume is order parameter in subensemble so the moves 

are done in a different method than that of direct NPT simulations. We take random values 

of differential change in height of the internal box varying from -1 to 1 for the logarithm of 

volume as order parameter in subensemble while -0.1 to 0.1 for volume as order parameter 

in subensemble. Since the differential change is not constant, the values for backward moves 

are calculated on the fly using equation 16 and are not stored like in direct simulations. 

2.3. Model system and Simulation Details 

The model system consists of monoatomic fluid particles in contact with a planar 

structureless substrate. The fluid-fluid interaction potential Utt is given by truncated 

Lennard Jones47 12-6 potential, 

for r < rft 
(21)

for r > rft 

with 

(22) 
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where rft = 2.5 CJtt is the cutoff distance, and Ett and CJtt are energy and size parameters . 

The interaction energy Ust between adsorbing wall or surface of interest and fluid particle 

separated by distance z is given by Lennard-Jones 9-3 potential, 

(23) 

The ratio of CJst / CJtt is taken as 1.0962 and the model has long-range nature of 

interaction between the substrate and fluid particles. We compute interfacial properties at a 

wide range of substrate strengths Est · 

The cross-sectional area for interfacial simulations is taken as A = 400CJft. The 

interaction potential uwt between a fluid particle and control wall is described by a linear 

ramp, 

(24) 

where, z is the separation distance between the fluid particle and the control wall. For 

spreading method, the control wall behaves like a hard wall therefore both Ewt , Awt is taken 

as 0.0 while in case of drying method the control wall is made attractive with Ewt = 2.0 Ett 

and Awt = 4.0 CJff · All the quantities reported in this chapter are made dimensionless using 

the fluid-fluid energy parameter Ett and fluid-fluid size parameter CJtt· 

We first carry out direct interfacial simulations for the spreading and drying method 

at a temperature of T = 1.0 to determine interface potential for a reference case. 

Subsequently, we use expanded ensemble methods to track interface potential as a function 

of temperature T or surface strength Est· The statistical uncertainties are determined by 
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performing four independent set of runs. We take the standard deviation of those four runs 

as the statistical uncertainty. 

2.4. Results and Discussion 

2.4.1. Direct Interfacial Simulation 

The interfacial properties are obtained from the interface potential curve. We use 

spreading method and drying method to generate an interface potential curve as a function 

of volume. As mentioned in the earlier sections, a typical interface potential consists of a 

minimum and plateau region for both spreading and drying method. The difference between 

these two values provides us with spreading coefficient or drying coefficient (recall 

equations 6 and 9). The direct interfacial NPT simulations are done at constant temperature, 

pressure and number of particles. For the spreading method, we perform a simulation at 

high temperature T = 1.0 and high substrate strength Est = 1.8 to construct an interface 

potential curve as a function of film thickness for a range of densities varying from the box 

filled with saturated vapor to thin liquid slab on the surface in coexistence with saturated 

vapor. The plateau value of interface potential VV, (lplat ) and the minimum value of interface 

potential VVs(lmin) from the direct simulations are used as the reference for NPT expanded 

ensemble simulations. The direct drying simulation was performed at temperature T = 1.0 

and at low substrate strength Est = 0.5 favoring the growth ofvapor on the surface in mother 

liquid phase. This simulation provided with the minimum value of interface potential 

Wd Umin) corresponding to liquid minima and plateau value of interface potential Wd (lplat) 

corresponding to vapor on the solid surface for drying method. The spreading ( drying) 

coefficient s ( d) from direct spreading ( drying) simulation is determined from the difference 
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between the minimum value interface potential and plateau value of interface potential. 

Figure 2.4 shows the typical interface potential VV,(l) as a function of liquid film thickness 

for spreading simulation for the direct NPT and GCMC approach. The curve is shifted for 

the GCMC method to show that the difference in minimum and plateau value, which gives 

us the spreading coefficient, is the same for both the methods. The results are shown for a 

temperature T = 1.0 and Est = 1.7. The plateau value of interface potential VV,(lplat) is 

taken as the reference for statistical uncertainty calculation for the NPT method. As we can 

observe from the plot that uncertainty for NPT method is larger compared to that obtained 

from the GCMC method. In the GCMC method, the sampling ofdensity range is carried out 

by inserting and deleting particles in the simulation box. Thus, insertion and deletion make 

it easier to sample the free energy barrier region and transition within different states 

resulting in lower uncertainty for the GCMC method. 
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Figure 2. 4: Interface potential as a junction ofliquid film thickness for spreading method The red 

and blue curve represents the results obtained from NPT-MC and GCMC method The results are 

shown for a temperature of1. 0 and surface strength of1. 7 

2.4.2. Influence of Surface Strength 

The influence ofsubstrate strength on the contact angle is determined using the NPT 

substrate strength Expanded Ensemble (SEE) techniques. The direct wetting ( drying) 

simulations are used to calculate the interface potential W(lmin) corresponding to vapor 

(liquid) peak and W(lplat) corresponding to liquid (vapor) slab at the reference substrate 

strength for a given temperature. The NPT-SEE give us free energies relative to the reference 

conditions that are coupled with the direct simulation to get the free energies at a range of 

substrate strengths. Calculations are done using both spreading and drying simulations to 

cover the entire range of substrates. The reference direct spreading simulation is done at the 
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temperature T = 1.0 for a strong surface favoring wetting phenomena having substrate 

strength of Est = 1.8 while the reference drying simulation is done at T = 1.0 for a weak 

surface having substrate strength of Est = 0.3. The expanded ensemble technique provided 

the contact angle for the substrate strengths varying from Est = 0.1 - 1.8. Figure 2.5 

provides the dependence of cosine of contact angle cos 0 on the surface strength obtained 

using NPT method and the existing results from GCMC method38 . The plot shows that the 

contact angle 0 from NPT method agrees with the contact angle obtained from the GCMC 

method. It is evident from the plot that increase in the surface strength Est will favor the 

wetting phenomenon and thus the contact angle decreases as the substrate strength increases. 

Also, one can observe that the uncertainty in the cosine of contact angle cos 0 for NPT 

method is larger compared to the GCMC method. The inset plot shows a value of contact 

angle at Est = 0.9 for better visualization of uncertainty. Another point to note here is that 

the error from direct NPT method is the major contributor to uncertainty in the contact angle 

while NPT-SEE simulations result in the negligible contribution to the uncertainty. 
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Figure 2.5: Surface strength dependence ofcontact angle. The red and blue curves show results for 

NPT-MC and GCMC method respectively. The inset plot shows a section for better visualization of 

uncertainties. The results are shown for a temperature T = 0. 8 

We also carry out simulations in the NPT-SEE method for various temperatures to 

obtain contact angle dependence on substrate strength. Figure 2.6 provides the variation of 

contact angle 0 with substrate strength Est at various temperatures T. The results are shown 

for the temperature of T = 1.0, 0.9, 0.8 and 0.7. As one can observe from these isotherms 

that there is a value of substrate strength where contact angles are independent of 

temperature. This observation has been reported previously by different studies for Lennard

Jones and Water37 -38• 56 . 
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Figure 2. 6: Contact angle as a function ofsurface strength for a range oftemperatures. Red, blue, 

black and green represents variation of contact angle at temperature of 1.0, 0.9, 0.8, and 0. 7 

respectively. 

2.4.3. Influence of Temperature 

NPT temperature expanded ensemble (TEE) method is used to determine the 

influence of temperature on interfacial properties like contact angle and vapor-liquid surface 

tension. Temperature EE simulations are conducted over the range of ~ = 0.9 - 1.7 at a 

substrate strength of Esf = 1.3 . They are done in an analogous manner as described earlier 

in NPT-SEE. Specifically, direct simulations are performed at ~ = 1.0 and for spreading and 

drying method to determine the minimum value of interface potential W(lmin) and plateau 

value of interface potential W ( lplat ) . The spreading method simulations are carried out at 

a surface strength of Esf = 1.8 while drying method simulations are performed at Esf = 0.3. 
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The surface strength expanded ensemble simulation results are used to obtain the interface 

potential values for minimum and plateau at Esf = 1.3. The relative free energy at the 

minimum value of interface potential and plateau value of interface potential is obtained 

using TEE simulations that is subsequently combined with the interface potential values ~ = 

1.0 and Esf = 1.3 to get the free energies as a function of temperature. As we know from 

equation 6 and equation 9, the difference between the free energy at minimum and plateau 

value provides us with the spreading coefficient and drying coefficient as a function of 

temperature as shown in figure 2.7. The x-axis is plotted as inverse temperature ~ = 1/kT. 

The results are compared with the results obtained from GC-TEE results38 . They are in 

statistical agreement with one another. The uncertainty in spreading coefficient s obtained 

from the GC-TEE method is 0.1 % while the spreading coefficients from NPT-TEE method 

has an uncertainty of 0.3%. The drying coefficient d has an error of 0.2% for the GC-TEE 

method and 0.5% for the NPT-TEE method. Direct simulation results contribute 

significantly to the uncertainty for both spreading coefficient s and drying coefficient d 

obtained using the NPT-TEE method. 
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Figure 2. 7: Spreading and drying coefficient as junction ofinverse temperature. Red and blue color 

symbols correspond to results obtained from NPT-MC and GCMC method respectively. A typical 

error in spreading coefficient for GCMC method is 0.001 and for NPT method is 0. 003 while for 

drying coefficient for GCMC method is 0. 002 and for NPT method is 0. 005. 

Spreading coefficients and drying coefficient d are then coupled using equation 11 

to compute the liquid-vapor interfacial tension Yiv as a function of inverse temperature ~ as 

shown in figure 2.8. The liquid-vapor interfacial tension Yiv from NPT method is in statistical 

agreement with the already published results obtained from GCMC method38 
. We have 

zoomed in a section of the plot to give a better understanding of the error in interfacial 

tension obtained from NPT method to the interfacial obtained from the GCMC method. As 

we can observe that error from NPT method is larger compared to the GCMC method. But 

the major part of the error propagates from the direct NPT simulations. 
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Figure 2.8: Liquid-vapor interfacial tension as a function of inverse temperature. Red and blue 

symbols correspond to results obtained from NPT-MC and GCMC methods respectively. The inset 

plot is zoomed in cross section enclosed in green circle. The error bars from GCMC method are 

smaller compared to those from NPT-MC method. 

Figure 2.9 shows the temperature dependence T of contact angle 0. The cosine of 

contact angle cos 0 is determined using the equation 11 from the spreading coefficient s and 

drying coefficient d. It can also be calculated with help of liquid-vapor interfacial tension 

Yiv with either spreading coefficient s or drying coefficient d using equation 7 or equation 

10. The figure shows the plot of the cosine of contact angle cos 0 as a function of inverse 

temperature ~- The results are compared with the contact angle obtained from GCMC-TEE 

method38 
. They are in statistical agreement except at low ~ or high temperature T. The 
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difference is observed at temperatures higher than T > 1.0 which is close to critical 

temperature. As it is evident from figure 2.7 that spreading coefficient deviates from the 

GCMC results and the error gets magnified in the calculation of contact angle due to 

subtraction of small numbers divided by a small number. We have shown an inset plot with 

a zoomed in cross section at lower temperature T for better visualization of the uncertainty. 

As expected, due to propagation in error from direct NPT method and also due to error from 

NPT-TEE simulation the error in contact angle for NPT method is larger compared to those 

obtained from the GCMC method. 
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Figure 2.9: Temperature dependence of contact angle. The temperature is plotted as inverse 

temperature. Red and blue symbols are results obtained from NPT-MC and GCMC methods 

respectively. A section ofplot is shown in insetfor showing the error bars. The error from NPT-MC 

method is larger compared to that from GCMC method. 
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2.5. Conclusion 

We introduced a Monte Carlo simulation method using the interface potential based 

approach to study the wetting behavior of model systems. This approach focuses on the 

evolution of surface excess free energy as a function of liquid film thickness. The NPT 

method described by us provides us volume probability distribution, which can then be used 

to derive the interface potential, wetting, and drying properties. The simulations in NPT 

ensemble involves volume and energy fluctuations while number ofmolecules, pressure and 

temperature remain fixed. In this chapter, we have introduced a novel technique to perform 

anisotropic volume changes for non-periodic systems in one dimension. The advantages of 

this technique derive from the absence of insertion and deletion of molecules. NPT Monte 

Carlo simulation method can be applied to the spreading and drying method to compute the 

spreading and drying coefficient respectively. This approach is general in nature and can be 

applied to various model systems. Although one has to take care while computing energy 

during volume change moves for systems having long range nature of interactions. 

We applied this technique on Lennard-Jones system having homogenous substrate 

and compared our results with the existing results obtained using GCMC method. The 

expanded ensemble strategy is used to obtain interfacial properties as a function ofsubstrate 

strength and temperature. Contact angle and liquid-vapor interfacial tension are obtained as 

a function of substrate strength and temperature. The results are found to be in excellent 

accord with the GCMC simulation method results. 

In the next chapter, we focus on implementing interface potential method using 

molecular dynamics. We apply this approach to the spreading and drying approach. We use 
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the method to study wetting and drying properties ofLennard-] ones model system in contact 

with an atomistically detailed substrate of interest. 
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3. Application of interface potential approach in 

molecular dynamics 

3.1. Introduction 

Fluids on solid surfaces play a significant role within numerous natural phenomena 

and industrial applications. To this end, understanding and predicting the interfacial 

properties of these systems is crucial for the development of emerging technologies like 

electrochemical applications57-58 , carbon sequestration59-60 to name a few. Within our group, 

we have developed an interface potential based approach for determining interfacial 

properties34 . In the present method, we employ transition-matrix Monte Carlo51• 61 (TMMC) 

based approach to calculate interface potential. One can obtain wetting properties like 

spreading/drying coefficient, contact angle and liquid-vapor interfacial tension from the 

interface potential. It is a robust method for acquiring interfacial properties because it does 

not involve determination of three phase contact line or geometric approximations present 

in nano-droplet method8-12 . The simulations are performed within grand canonical 

ensemble38 . However, there are limitations associated with working within this ensemble, 

particularly when working with molecules having complex topologies or while working at 

low temperatures. In addition, the existing nano-droplet method of computing interfacial 

properties using molecular dynamics has various disadvantages as mentioned above. We 

have developed a means of applying interface potential based approach within isothermal 

isobaric (NPT) ensemble by using Monte Carlo Simulations that has been described in 
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chapter 2. In this chapter, we present a means of implementing interface potential approach 

employing molecular dynamics. 

The interface potential method relates the variation of surface excess free energy 

with surface density to the surface phase behavior of fluid on a solid surface as given by 

equation 25. 

(25) 

where, W(l) is the interface potential at film thickness l , Fs(l) is surface free energy 

and Fgat (l) is the bulk saturation free energy. Interface potential is calculated by preforming 

molecular simulations. In these simulations, we grow a fluid film on a solid surface and 

acquire free energy as function ofthe film thickness. Hence, in NPT ensemble film thickness 

is function of volume. The interface potential can be analyzed to obtain the interfacial 

properties of interest such as contact angle or interfacial tension. In addition, one can deduce 

qualitative information about the nature of wetting behavior from the shape of interface 

potential. The simulations are performed in two methods: spreading method in which 

involves growing of a liquid film on solid surface in the mother vapor phase and drying 

method which focuses on growing vapor film on solid surface in the mother liquid phase. 

In the previous chapter for NPT-MC approach, we use TMMC method for getting 

the interface potential. However, this method cannot be applied in molecular dynamics. So, 

in order to acquire interfacial potential from molecular dynamics simulations we have 

employed two methods for obtaining free energy. The first method involves calculating 

interface potential from the cumulative integration of average force profile. Free energy 

calculation using the average force profile has been previously used to study various 

phenomena62-63 . Darve and co-workers formulated this method using thermodynamic 
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integration to compute free energy changes along reaction coordinate62 . In this chapter, we 

have demonstrated a way of getting interface potential using the average force profile. 

The second method determines interface potential from multistate Bennett 

acceptance ratio (MBAR)64 . We determine the free energy differences or potential of mean 

force (PMF) using MBAR. There are numerous studies using MBAR to obtain alchemical 

free energy65 -67 . But there are no studies using MBAR to obtain the interfacial properties 

such as contact angle. In this chapter, we show a way of using this method to calculate 

interfacial properties. Instead of MBAR, one can also use multiple histogram reweighting 

methods68 such as weighted histogram analysis method (WHAM)69 
. We have not used 

WHAM for our calculations as it has few disadvantages over MBAR64 such as introduction 

of bias due to construction of histograms70 . The density range is sampled using umbrella 

sampling method71 with harmonic bias. Molecular dynamics simulations are performed in 

such a way that there is sufficient overlap between two consecutive histograms. 

Earlier methods for computing the interfacial properties from interface potential 

method are developed for Monte Carlo simulations using grand canonical ensemble 

(GCMC). The order parameter for those simulations was number of particles and thus 

sampling the order parameter is carried out by insertion and deletion moves. This method 

has its own advantages like efficient sampling of the free energy barrier region, vapor phase 

but it suffered from very low acceptance of insertion and deletion moves for liquid phase at 

low temperatures. In addition, the sampling gets poor for molecules with complex 

topologies. To overcome these limitations, we developed a NPT Monte Carlo simulation 

method. This method takes advantage from the absence of insertion and deletion moves and 

performs better for liquid phase simulations and at low temperatures. In this chapter, we 
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have shown a way to apply interface potential method using histogram-based approaches in 

NPT ensemble in molecular dynamics. 

We have previously employed expanded ensemble techniques49 to obtain interfacial 

properties as a function of temperature and surface energy34• 3s-39 . These methods provide an 

efficient way of studying wetting behavior as function of thermodynamic parameter by 

eliminating need to perform direct simulation at every state point. It has been successfully 

implemented within grand canonical ensemble and isothermal isobaric ensemble for Monte 

Carlo simulations. In this chapter, we describe the method for implementing expanded 

ensemble techniques within NPT ensemble using molecular dynamics. This along with 

direct simulation will provide us a self-sufficient way to determine interfacial properties over 

a range of temperature and surface energies. 

The chapter is organized as follows . Section 3.2 describes the free energy methods 

that can be applied in molecular dynamics for obtaining the interface potential. It describes 

the method used for sampling the order parameter and we briefly explain how we implement 

these methods within spreading and drying approach. Model details and simulation details 

are covered in the section 3.3. Then we illustrate the method in section 3.4 by applying it to 

Lennard Jones model system47 to calculate interfacial properties. We compare the free 

energy methods and then show results for direct drying and spreading method. The results 

obtained are compared with the GCMC results . Finally, section 3.5 contains the concluding 

remarks. 
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3.2. Simulation Methods 

3.2.1. Free energy methods 

The interface potential method requires knowledge of free energy along the order 

parameter path. In NPT ensemble, the order parameter is volume. In chapter 2, we have 

described a way of obtaining free energy using transition matrix Monte Carlo method in 

NPT ensemble. The method relied on obtaining macrostate transition probability to compute 

interface potential. This free energy method works only for Monte Carlo method, so we have 

used another two approaches for obtaining free energy from molecular dynamics 

simulations. In the first approach, we obtain average force exerted by fluid on the wall as a 

function of box height z by performing molecular dynamics simulations. Cumulative 

integration of the force profile F (z) with respect to box height z provides us with the 

interface potential W given by equation 26. In order to obtain interface potential at the bulk 

saturation conditions we use histogram reweighting technique 72
. 

{Zmax 

W(z) = - ),, F(z)dz (26) 
Zmin 

The second approach involves applying MBAR estimator developed by Shirts et al64 . 

To obtain interface potential from this method we perform molecular dynamics simulations. 

The potential energy is determined at regular intervals during the simulation. pymbar, which 

is python library for MBAR, takes energy as an input and calculates dimensionless free 

energy fi using equation 27. The potential of mean force subroutine of pymbar library 

removes the bias due to spring energy and provides interface potential as a function of 

volume. 
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(27) 

where ui is reduced potential, K is total number of simulations with N samples each. A self

consistent iterative method is used to solve the above equation to determine free energy. 

3.2.2. Umbrella Sampling 

Sampling the phase space within isothermal isobaric (NPT) ensemble for interfacial 

simulations involve anisotropic volume changes. The simulation box is a rectangular 

parallelepiped with periodic along the plane parallel to walls and non-periodic in 

perpendicular direction. The volume is varied by changing the distance between the walls 

(box height H) . Therefore, the film thickness is a function of the box height H. We 

performed molecular dynamics simulations and sampled all the states sufficiently along the 

order parameter (volume) by using umbrella sampling 71. Harmonic potential Ubias , given by 

equation 28, is used for restraining simulation to a particular range of volume centered 

(28) 

where, /3 = 1/kb Tis inverse temperature and k is the spring constant. In MD simulations, 

the harmonic term adds an extra force in z coordinate. We ensure that there is sufficient 

overlap between histograms of sampled states of simulations centered at consecutive Heq ' s 

along the volume range. Figure 3.1 shows a typical plot ofhistograms at various box heights 

z obtained from simulations using harmonic bias umbrella sampling for the direct drying 

simulation. The histograms at different values of box heights H corresponds to different 

regions of the interface potential curve. In this figure, histogram at the lower value of box 
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heights H from H = 26 - 30 corresponds to minimum region of the interface potential 

while beyond that all the histograms are approximately of same height and they correspond 

to plateau region of interface potential. The minimum and plateau region of interface 

potential are explained in the previous chapter. The approximate number of simulations 

required to obtain the interface potential can be obtained from width of histograms and the 

range of volume to be sampled. The volume is fluctuating; therefore, we bin the energy 

histograms and forces in order to obtain interface potential as a function ofbox height. 
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Figure 3.1: Histograms obtained from simulations using harmonic bias umbrella sampling for direct 

drying simulation. Each histogram corresponds to simulations at a different value ofvolume centered 

at Heq. 
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3.2.3. Interfacial properties 

Direct spreading and drying method 

As described by Rane et al. 38 , we can determine the interfacial tension and contact 

angle in a self-consistent manner by obtaining interface potential W (l) for spreading 

method34 and drying method38 . The detailed information about aforementioned two methods 

35 38 39can be obtained from the previous papers from our group34 - , - . We have described the 

spreading and drying method in detail in the chapter 2 of the thesis. The section describes 

the interface potential plot for spreading and drying method and the way of computing 

contact angle and liquid-vapor interfacial tension. 

Expanded ensemble 

In order to calculate interfacial properties at a range of temperatures and surface 

energies, performing direct simulations at each and every thermodynamic state point can 

prove computationally expensive. Also, direct simulations face sampling difficulties at low 

temperature and at certain surface energies due to high free energy difference between 

minimum interface potential W Clmin) and interface potential of plateau region W (lplat). 

The simulations for aforementioned conditions have to face difficulties due to structural 

transitions54 . Expanded ensemble method tracks the free energy as a function of temperature 

or surface strength for peak interface potential W ( lplat) or interface potential at minimum 

W(lmin ). As we know that spreading/drying coefficient is difference in free energy at these 

two volumes, so, this eliminates a need to perform direct interfacial simulation at multiple 

temperatures or surface strengths. 
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We perform a direct simulation in the partial wetting region at high temperature and 

then do an expanded ensemble simulation by changing variable of interest like temperature. 

We require free energy at the minimum and the plateau value in order to calculate interfacial 

properties. Therefore, expanded ensemble simulations are performed for volume 

corresponding to minimum region and plateau region of the interface potential by varying 

the temperature or surface energy. pymbar library is utilized to obtain free energy as a 

function of temperature or surface energy. Free energy for simulations at the minimum 

region is at saturation vapor pressure but for plateau region simulations it is obtained using 

histogram reweighting methods. The free energy as a function of temperature or surface 

energy is combined with direct simulation to acquire interfacial properties as a function of 

temperature or surface strength. 

3.3. Model and Simulation details 

3.3.1. Model details 

We use 12-6 Lennard Jones model system for performing all the simulations. 

GROMACS 73 and LAMMPS 74 packages are used to carry out molecular dynamics 

simulations. The fluid-fluid interaction potential and surface of interest differ based on the 

software package used to perform molecular dynamics simulations. For GROMACS, the 

energy of interaction uff(r) between two fluid particles separated by a distance r is given 

by truncated 12-6 Lennard-] ones potential with a force switch, 
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(29) 

S(r) = C for r < r1 

(30) 

where Ett and CJff are energy and size parameters respectively. The switch S, which is given 

by equation 30, ramps energy and force smoothly to zero between inner cutoff r1 = 2.25 CJff 

and outer cutoff r[1 = 2.5 CJtt· The constants A , Band C can be calculated by applying the 

35 39 48 boundary conditions. We choose planar structureless surface32
• • • as the surface of 

interest. The energy of interaction usf between the surface and fluid particle separated by 

distance r is modeled by truncated Lennard-] ones 9-3 potential, 

(31) 

with Ps as number density of atoms for the wall. We take p5 CJ_;1 = 4.41, CJ5 t / CJff = 1.1048 

and choose Est in such a way that contact angle is in partial wetting or drying regime. A 

layer ofgraphene serves the purpose ofthe control wall. The graphene particles interact with 

fluid via truncated Lennard-Jones potential with force switch given by equation 29. 

For LAMMPS, the system consists of monoatomic fluid particles in the presence of 

an atomistically detailed surface. We use truncated and shifted force 12-6 Lennard-Jones 

potential to model interaction between the fluid- fluid particles and the fluid-surface 

particles, 
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a·; 1.)12 (a·1.)6] (32) 
uij(r) = 4Eij [( - ; and F(r) = -u'(r) 

where, Eij and CJij are energy and size parameters respectively and r is the separation distance 

between the particles. The fluid-fluid cutoff distance is r[1 = 2.SCJff while the surface-fluid 

cutoff distance is r/1 = 5.SCJff· We take surface-fluid size parameter as ClstfCltt = 1.1 and 

perform simulations for a range of surface strengths Est· All the atoms of the surface are 

arranged in a FCC lattice with a density of p = 0.5786CJi? and the (100) plane is exposed 

to the fluid38 . Control wall consists of single layer of non-bonded atoms with ratio of wall

fluid size parameter Clwf to fluid-fluid size parameter CJff to be 1.5. The energy parameters 

for the control wall depends on whether simulations are performed in spreading or drying 

method. 

3.3.2. Simulation details 

For comparison among the three free energy methods, we carried out Monte Carlo 

simulations in NPT ensemble for drying approach. The system considered for comparison 

has fluid-fluid interaction energy defined by the GROMACS form of truncated 12-6 

Lennard-] ones potential with a force switch given by equation 29. The size and energy 

parameters are also same as described in model details section for the simulation performed 

using GROMACS package. However, in this case structureless surface acts as a control wall 

instead ofgraphene. The control wall-fluid potential given by linear ramp is defined in detail 

in the paper by Rane et. al38 
. For comparison purposes we have used two ways to sample the 

density states in Monte Carlo method. In one method, we achieve uniform sampling along 

the order parameter by using a weighting function, which is inversely proportional to the 
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current estimate of macrostate probability, and use transition martix method to obtain the 

interface potential as a function ofvolume. The second method uses umbrella sampling with 

harmonic bias to sample the entire density range. The box height is divided into 24 

equidistant umbrellas separated by a distance of 1.00"tt· The spring constant k = 5.0 

(reduced units), which is made dimensionless using O"ff and Ett , is used for all the 

umbrellas. During the simulation, we keep on updating the transition matrix and we collect 

the force exerted by the fluid particles on the fluctuating wall in the z-direction and the 

volume ofbox after every 2000 MC steps. Interface potential is obtained by three free energy 

methods viz. TMMC, integration of force and MBAR. The computational effort is equal for 

all the methods. Four production runs, 20 hours each, are carried out to determine the free 

energy and the uncertainty associated with it. The quantities reported below are made 

dimensionless using the relevant fluid-fluid characteristic energy and length scale. The 

simulations are performed at reduced temperature T = 0.8 and reduced surface 

strength Est = 0.5. The control wall parameter is chosen in such a way that it acts as an 

attractive wall for fluid particles and favors formation of liquid slab in contact with the wall. 

To this end, the control wall parameters are taken as : fluid-wall interaction energy 

parameter Ewt = 5.0 , length parameter O"wf = 1.5 and truncation distance rt1 = 5.0. The 

simulation is performed with 1800 fluid particles in a box with an area of A = 100.00"tt· 

The simulation box is periodic in the planes parallel to the surface which is x-direction and 

y-direction for our case and non-periodic in plane perpendicular to the surface (z-direction). 

The simulation box remains same for all the simulations performed throughout the chapter. 

We have performed simulations using the GROMACS molecular dynamics package 

for the drying method. The simulation is started by performing energy minimization using 
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the steepest descent algorithm. This ensures that there is no overlap of fluid particles and 

provides a path forward for performing equilibration and production runs. During this 

process, the atoms in graphene layer are frozen in all the three dimensions. Energy 

minimization is followed by equilibration and then production run. We use umbrella 

sampling method to bias simulation in order to adequately sample entire density range. The 

simulation is biased by applying harmonic potential in the plane perpendicular to the 

fluctuating surface (graphene). This constrains the simulation and provides a way to sample 

a particular volume range centered at the equilibrium position. During the equilibration, the 

graphene is tethered with the 9-3 wall along z-direction using a spring having large spring 

constant (k = 192.45) . Using a stiff spring allows us to perform quasi-canonical ensemble 

equilibration. The temperature of system is maintained at T = 0.8 using a berendsen75 

thermostat. The time for the equilibration is 684.25r (LJ reduced units) with a timestep 

of 1.14 x 10-4 r. The production run follows equilibration in which the spring constant is 

reduced in order to sample wider range of volumes. The value of spring constant is chosen 

such that it samples the volume around the equilibrium position and it controls the width of 

the histogram. We pick a weak spring for the simulations sampling volume in the plateau 

region and a comparatively strong spring for the simulations in the minimum region. The 

volume of system fluctuates based on the force exerted by fluid on the graphene wall and 

the force due to harmonic bias. We track the center ofmass ofgraphene, which provides us 

with the volume of simulation box. One can use this information to determine the spring 

energy. The mbar and pmf subroutine of pymbar library takes spring energy as input and 

determines the interface potential as a function ofvolume. The temperature coupling is done 

using the Nose-Hoover thermostat76-77 . The production runs are carried out for a time 
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of 5702.12r with the same timestep as in equilibration. The total number of samples 

obtained for the entire course ofrun is divided into 4 sets to calculate the standard deviation. 

The simulations in LAMMPS is performed for spreading and drying method. The 

sequence of simulations is energy minimization, equilibration and production runs. Surface 

of interest and the control wall is made rigid during the energy minimization and 

equilibration by setting the force to zero in all the three dimensions. Conjugate gradient 

algorithm is used for energy minimization. The equilibration is completed for time of SOOr 

within an canonical ensemble (NVT) and desired temperature is maintained using a 

berendsen75 thermostat. It is followed by a production run in which the sampling of entire 

density range is achieved in an analogous manner as GROMACS with umbrella sampling 

method using harmonic bias. It differs from GROMACS in that the fluctuating wall has 

vapor attached to it. The surface of interest and the control wall are atomistically detailed 

which allows one to choose either of them for varying the volume. Therefore, it is chosen 

depending on whether we are carrying out simulations in spreading method or drying 

method. The spring constant is chosen in an analogous manner to GROMACS i.e. strong 

spring for simulations in minimum region and comparatively weak spring for simulations in 

the plateau region so as to sample wider range of volumes. We apply constant force on the 

fluctuating wall corresponding to the saturation pressure to perform simulations in the NPT 

ensemble. In addition, the forces on the fluctuating wall atoms are averaged in z-direction to 

make them move together as a single entity with same velocity. The forces in x-direction 

and y-direction are set to zero. The temperature coupling is done using a Nose-Hoover 

thermostat. For drying method, the run time for production is 35000r and we divide the data 
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collected into four sets. Error is determined as the standard deviation obtained from the four 

sets. 

As mentioned in chapter 1 in spreading and drying method, volume in spreading 

method simulation is typically large compared to drying method. Therefore, in the spreading 

method we perform hybrid molecular dynamics simulation in which molecular dynamics is 

coupled with Monte Carlo (MC) displacement moves. We discuss the reasons in detail in 

the results section. MD is performed for a time period of 12.Sr followed by MC for 106 

displacement moves and these are repeated for 2000 cycles. Big displacement moves are 

done by scaling the coordinates a particle by a random percentage of box length in that 

direction while small displacement moves have variable displacement size which makes sure 

that there is 50% acceptance. The ratio ofbig to small displacement moves is 9: 1. Also, MD 

is carried in similar fashion as drying. The volume fluctuates in the MD based on harmonic 

bias and fluid pressure. Displacement moves are carried out in MC at constant volume. 

For both spreading and drying method, we record box height (volume) and force 

exerted by fluid particles on the fluctuating wall after every O.OSr. Spring energies for each 

umbrella can be determined using the measured box heights, spring constant and equilibrium 

position. pymbar takes these spring energies as input and provides us with the interface 

potential. Also, one can integrate the force profile to determine interface potential as a 

function of box height. 

Surface strength expanded ensemble (SEE) simulations are carried out to obtain 

interfacial properties as a function of fluid-surface interaction energy. The SEE simulations 

are carried out for volume corresponding to the plateau region of interface potential and the 

minimum region of interface potential. The simulations at the plateau region of interface 

50 



potential will be referred to as plateau simulations henceforth. As already mentioned, these 

plateau simulations are done at constant volume and at the minimum region in NPT 

ensemble. These expanded ensemble simulations are performed for both drying and 

spreading method. Berendsen thermostat is used for equilibration and Nose-Hoover 

thermostat for production run for all the simulations. In drying SEE, the order ofsimulations 

remains same as in the direct simulation i.e. energy minimization, equilibration and 

production run. The plateau simulations are made constant volume by setting zero force on 

the surface and the control wall. The time period for plateau simulation are same as in the 

direct drying simulation. The only difference from direct drying simulation is that the 

production run is performed in NVT ensemble. The simulations at minimum region are done 

in NPT ensemble by applying a constant force corresponding to saturation pressure on the 

atoms of the fluctuating wall. The variation in the volume depends on the force exerted by 

the fluid particles on the surface. We also average out the force on the wall atoms to make it 

a rigid wall. The control wall is kept constant by zeroing out forces . The equilibration is 

carried out for time period of S00r and production run for 22500r. 

The spreading surface strength ensemble simulations are also done for both plateau 

and minimum region of the interface potential. As we know that the volume is larger for 

spreading method therefore the spreading SEE simulations uses hybrid molecular dynamics 

method in an analogous manner as direct spreading simulation. The MC simulation details 

are same as the direct spreading simulation. The thermostat, force on walls and ensemble 

attributes for plateau and minimum are similar to the drying SEE MD simulation. We obtain 

fluid-surface interaction energies as a function of surface strength from the MD simulations 
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which is then fed to pymbar to determine interface potential as function of surface energy. 

The uncertainties are determined in the similar fashion as in the direct simulations. 

In order to determine interfacial properties as a function of temperature, the 

temperature expanded ensemble (TEE) method is used. This method is implemented in an 

analogous manner to the SEE method. The simulations are done in spreading and drying 

method for peak and the minimum region. In TEE, the thermodynamic quantity being varied 

is temperature instead of surface energy. In this method, we obtain total energy as a function 

of temperature. pymbar is used to determine free energy as a function of temperature. The 

uncertainties are determined in the same way as in the SEE simulations. 

3.4. Results and Discussion 

Figure 3.2 contains interface potential for drying method as a function ofbox height 

(z) at temperature T = 0.8 and surface strength Est = 0.5 obtained from performing direct 

NPT MC simulations at bulk saturation conditions . We have plotted interface potential 

calculated by using different free energy methods. The free energy for TMMC method has 

been calculated using flat histogram sampling and umbrella sampling with harmonic bias . 

While, the free energy for force integration and pymbar has been calculated with umbrella 

sampling with harmonic bias only. Our group has used TMMC free energy method with 

multi canonical sampling but this method cannot be applied within molecular dynamics . 

Therefore, this comparison allows us to check the efficiency of free energy methods ( force 

integration and pymbar) before applying them in molecular dynamics . It can be inferred 

from the plot that free energy methods are in statistical agreement. The inset plot shows 

uncertainty in interface potential at minimum for all the free energy methods . The force 

integration method has the smallest error while other three methods yield approximately 
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same error. A plausible explanation is that force integration is independent of bias and the 

forces are sensitive as they are only due to the configurational changes near the wall unlike 

the energy that depends on the entire system. 
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Figure 3.2: Comparison of interface potential for different free energy methods at temperature T = 

0.8 and surface strength Est= 0.5. The red, orange, green and blue represent TMMC using flat 

histogram sampling, TMMC using umbrella sampling, force integration using umbrella sampling 

and pymbar using umbrella sampling. The inset shows minimum region of interface potential for 

comparison oferror. We have taken same value ofbox height as referencefor uncertainty calculation 

for all these methods. 

Figure 3.3 shows the plot of interface potential as a function of box height (z) 

obtained from performing direct drying simulation in NPT ensemble. The simulations are 
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performed using GROMACS at temperature T = 0.8 and surface strength Est = 0.5 at the 

saturation conditions. The plot is compared with interface potential calculated via TMMC 

method under the same conditions. The results agree with each other within the statistical 

uncertainty. However, one can observe that the interface potential obtained from pymbar 

using the energies obtained from GROMACS has a large error compared to that obtained 

from TMMC. The free energy barrier region, which consists of box heights where system 

converts from one-phase to the two-phase fluid, is consistently different between 

GROMACS results and the TMMC result. The above inconsistencies in the result can be 

explained by the limitations we faced while using GROMACS. It lacks the ability to make 

a rigid control wall. As mentioned earlier, we have used graphene as a control wall. This 

resulted in an uneven control wall due to fluctuation in the x and y direction and also due to 

different force experienced by the wall particles in the z-direction. The second constraint 

was the attachment ofa liquid slab to the fluctuating control wall that led to slow fluctuation 

in the volume and thus poor sampling of the phase space. 
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Figure 3.3: Interface potential obtained from direct drying simulation using pymbar (GROMACS) 

at T = 0.8 and surface strength Est = 0.5. The interface potential for GROMACS data (blue plot) is 

obtained from pymbar method and we have compared it with the results from TMMC method (red 

plot). 

The lack of desired features in GROMACS compelled us to explore other open 

source molecular dynamics software. LAMMPS provided us with the features through which 

we were able to eliminate the limitations of GROMACS. Figure 3.4 is interface potential 

obtained from direct drying method using LAMMPS at temperature of T = 0.8 and surface 

strength Esf = 0.2. As explained in the model details the shifted force Lennard Jones (LJ) 

potential is used for LAMMPS instead of the GROMACS form of LJ potential. The free 

energy is calculated using two methods viz. force integration and pymbar. NPT MC using 

transition-matrix method results are used for comparison. There is good agreement of the 
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LAMMPS results with that of the MC results . However, the force integration method has 

the smallest error while pymbar and TMMC yield approximately same error as described 

earlier. To sample the entire density range, we performed 26 umbrella sampling simulations 

with majority of them being in the minimum region of the interface potential. 
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Figure 3. 4: Interface potential as a function ofbox height for direct drying simulation from force 

integration and pymbar method at T = 0.8 and surface strength Est = 0.2from the simulations done 

using LAMMPS. The results are compared with the TMMC method results. 

After efficient implementation of force integration and pymbar method to obtain free 

energy for direct drying method we applied it on spreading method. The major difference in 

the spreading method is in the range of volume or box heights that needs to be sampled. As 

mentioned before, the volume for spreading simulation ranges from a box filled with half 

liquid and half vapor to a box filled with saturated vapor. The volume in spreading method 
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is therefore 3 to 5 times larger for the model systems used in this chapter. This resulted in 

the poor sampling of the minimum region or the volumes where the box is filled with 

saturated vapor. It takes a relatively long time for MD to generate a configuration that 

provides an independent sample in the absence ofbig displacement moves that are performed 

in the NPT MC method. Another advantage in NPT MC simulation is that sampling is using 

the logarithm ofvolume instead ofvolume. But one cannot perform same thing in molecular 

dynamics. In order to effectively sample the vapor phase, we used hybrid simulations in 

which we performed alternate molecular dynamics and Monte Carlo simulations. 52 

umbrella sampling simulations were carried out at different values of equilibrium position 

of the spring to achieve decent sampling of the order parameter. We also ensured that there 

was sufficient overlap between the histogram of volume sampled from those simulations. 

The spreading simulation was done at temperature T = 0.8 and surface strength Esf = 0.4. 

Figure 3.5 shows a plot ofinterface potential obtained as a function ofbox height. The results 

are within statistical agreement with the results obtained from NPT MC simulations. The 

statistical uncertainties were obtained in the similar way as drying simulation. One can 

observe that the error for pymbar and force integration is larger than the TMMC method. 

This is due to efficient sampling of vapor phase in Monte Carlo simulations. 
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Figure 3.5: Interface potential for direct spreading simulation as a function ofbox height obtained 

from hybrid MD+MC simulation usingforce integration andpymbar method. Simulations done at T 

= 0. 8 and swface strength Est = 0.4 and results are compared with results from direct NPT TMMC 

method. 

Surface strength EE ensemble is used to study the dependency of wetting behavior 

on fluid-surface interaction energy. In this method we perform simulations in drying and 

spreading method to obtain free energy for plateau ~(lplat) and minimum ~Umin) as a 

function of surface energy Est· The free energy obtained is combined with the direct 

simulation results to determine the interfacial properties. Figure 3.6 shows the plot of 

spreading coefficient s and drying coefficient d obtained from the surface strength EE 

method at a temperature of T = 0.8 from MD simulations. The results are compared with 

those obtained using TMMC method for EE technique. We can observe from the plot that 
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spreading method is stopped at higher value of surface strength while drying method is 

carried out till a smaller value of surface strength. This is due to the fact that it is impossible 

to form a liquid film for spreading simulations at a very low value of fluid-surface interaction 

energy. Similarly, it is also impossible to form a vapor film for drying simulations at a large 

value of surface strength. The drying surface strength EE span range of Esf = 0.15 - 0.45 

and the spreading surface EE ranges from Esf = 0.2 - 0.5 with LlEsf = 0.05. They two 

results are in statistical agreement but we can see that uncertainties are almost similar to the 

direct interfacial simulation due to propagation of error. The uncertainties for drying SEE 

for MD is smaller than that ofTMMC while the spreading SEE from MD has a larger error 

bar compared to that ofTMMC. 
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Figure 3. 6: Spreading and drying coefficient generated via spreading and drying surface strength 

expanded ensemble respectively at temperature T = 0. 8. The blue curve comes from MD results and 

is compared with the red curve which is stemming from the TMMC results. 

Figure 3.7 shows the dependency of cosine of contact angle cos 8 on the surface 

strength at the temperature of T = 0.8. The spreading coefficient s and drying coefficients 

d from figure 3.6 are used to calculate the liquid-vapor interfacial tension Yiv at temperature 

T = 0.8. Cos 8 is calculated by combining liquid-vapor interfacial tension Yiv with the 

spreading coefficient s and the drying coefficient d using the equation 7 and equation 10 

respectively for both the MD SEE simulations and the NPT MC SEE simulations. 

The contact angle 8 for pymbar method from MD simulations and transition matrix 

method from MC simulations agree with each other. The cos 8 is calculated for the surface 

strength Esf range of 0 .15-0. 5. It is determined using drying coefficient d for lower surface 
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strengths and usmg spreading coefficient s for larger surface strengths. Cos 8 values 

calculated using spreading and drying coefficient for the common values ofsurface strengths 

agree with each other. Due to the propagation of errors from direct simulations the 

uncertainties are smaller for lower surface strengths and larger for higher values of surface 

strength. 
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Figure 3. 7:Evolution ofcontact angle with surface strength at temperature ofT = 0.8. The blue curve 

is obtained from surface strength EE from MD and the red curve is generated from the NPT-SEE 

using the TMMC method. 

The temperature dependency of wetting properties is studied using the temperature 

EE simulations. The temperature EE are performed in an analogous manner as described 

above in the surface EE simulation. First direct simulations are carried out to determine the 

free energies at a reference surface strength. Following that, the EE ensemble simulations 
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are performed at minimum and plateau region to get free energy as a function oftemperature. 

Finally, these two results are combined to obtain the temperature dependence of free 

energies. The details of simulation for drying temperature EE and spreading EE are same as 

the drying surface EE and spreading surface EE respectively. Also, the uncertainties are 

determined in the similar fashion. The spreading coefficient s and drying coefficient d 

obtained from temperature EE simulations are plotted in figure 3.8 at surface strength Esf = 

0.3. The results are shown for temperature EE method using MD and it is compared with the 

results obtained from NPT temperature EE from MC using transition matrix method. The 

temperature EE spans a range of temperature from T = 0.605 - 0.86 with /J.T = 0.03. The 

error bars are comparable for the drying method while the spreading method has larger error 

for MD compared to that of MC. The larger error bars for spreading is due to the larger 

volume which leads to slower sampling of the vapor phase. Also, one can observe that 

uncertainty increases with decrease in temperature. This is due to the increase in error for 

the simulations performed at the minimum region of interface potential vV, Umin). As the 

temperature decreases the volume required to fill the simulation box with saturated vapor 

mcreases. 
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Figure 3.8: Spreading and drying coefficient stemming from temperature EE simulations at surface 

strength of Est = 0.3. The blue curve is determined from MD simulations from LAMMPS using 

pymbar method while the results in red curve are from NPT-TEE simulations from MC using 

transition matrix method. 

The spreading coefficient s and drying coefficient d shown in figure 3.8 are 

combined using the equation 11 and equation 12 to determine the contact angle cos 8 and 

liquid-vapor interfacial tension Yiv respectively. Figure 3.9 displays the temperature 

dependence of liquid-vapor interfacial tension Ylv· It is determined for a temperature range 

of T = 0.605 - 0.86. The plots are shown for results from MD simulation and MC 

simulation. The results are statistically equivalent to each other and the error bars are larger 

for MD method. The larger error bars are due to the propagation of error from the spreading 
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coefficient. Also, they follow the same trend of increase m error with decrease m 

temperature. 
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Figure 3.9: Temperature dependence of liquid-vapor interfacial tension Ytv determined using the 

temperature EE. The blue curve is determined for MD using pymbar method from LAMMPS and the 

red curve is from TMMC method in NPT ensemble. 

Figure 3 .10 shows the evolution of contact angle cos 8 with temperature for MD and 

MC method. The two results agree with each other. Although the error bars are larger for the 

MD results than the MC results , it is in fact due to the contribution from temperature EE 

method and propagation of error from direct interfacial method. It is worthwhile to mention 

is that the error is large for higher temperatures. From equation 11 , we see that for higher 

temperature contact angle cos 8 is a small number divided by small number that results in 

larger error bars. 
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Figure 3.10: Evolution ofcontact angle as a function of temperature at suiface strength of Est= 

0.3. The blue and red curve are for MD and MC method respectively. 

3.5. Conclusion 

In this chapter, we have described a way to implement interface potential method in 

molecular dynamics for studying the wetting properties. The method involved using 

umbrella sampling techniques to sample the phase space for direct spreading and drying 

method. Spreading method included MC displacement moves as well along with MD to 

increase the efficiency and generate enough independent configurations in a decent amount 

of time. We also show a way to study wetting properties over a range of temperature and 

surface strength using EE techniques in MD. Force integration is used for direct simulation 

and pymbar is used for both direct and EE to calculate interface potential. The two methods 
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"spreading" and "drying" can be combined to obtain contact angle and liquid-vapor 

interfacial tension in a self-sufficient manner. The method described in this chapter is general 

in nature and can be applied to wide range ofmodel systems. 

We have tried to use GROMACS and LAMMPS to carry out MD simulations. Our 

results demonstrate that GROMACS lacks the required features such as a fluctuating wall. 

The results for LAMMPS are generated for Lennard Jones model system with 12-6 shifted

force potential. An atomistic detailed substrate is modeled as surface of interest. We have 

presented results for spreading coefficient, drying coefficient, contact angle and liquid vapor 

interfacial tension. These results are generated for a wide range of temperatures and surface 

strength. We have compared these results with the results from NPT MC method using 

transition matrix method. The results are in statistical agreement. The uncertainties for 

drying method from LAMMPS are comparable to the uncertainties from MC simulations. 

Spreading method has a larger error for MD due to the inefficient sampling of vapor phase. 

This error propagates and results in larger error for contact angle and the interfacial tension. 

The next chapter focuses on developing interface potential method using canonical 

ensemble. The approach is applied for the spreading and drying method for Lennard-Jones 

model system. Also, the wetting properties of realistic model system (water) is calculated 

using drying method. 

66 



4. Interface potential method using canonical 

ensemble 

4.1. Introduction 

The understanding of behavior of fluids in contact with a solid surface can lead to 

technological advancements in variety of fields ranging from electrowetting57 
-
58 to carbon 

sequestration59 
-
60 to enhanced oil recovery78 

-
79

. Interface potential method has proven to be 

a robust tool to compute wetting properties like contact angle and interfacial tension. In this 

chapter, we explain implementation of interface potential approach using canonical 

ensemble in molecular dynamics to the study wetting behavior ofmodel systems. 

As we know that both Monte Carlo and molecular dynamics based molecular 

simulations methods have been successfully used by previous studies to examine wetting 

behavior. We have discussed the different methods to compute wetting properties in chapter 

1. In short, the most popular route to determine contact angle of fluid on solid surfaces using 

molecular dynamics is nanodroplet technique79
-
82

. Taherian et al. 80 used a thermodynamic 

integration based phantom-wall algorithm27 for calculating interfacial tension although the 

contact angle is determined using nanodroplet technique. The aforementioned method of 

computing contact angle using MD suffers from geometric approximations in establishing 

the nano-droplet and issues involving three-phase contact line. 

Another means ofcomputing interfacial properties is via pressure tensor approach in 

which one determines all the three interfacial tension viz. solid-liquid, solid-vapor and 
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liquid-vapor and utilizing Young 's equation4 thereafter to determine the contact angle11 -20 . 

It is described in detail in chapter 1. This method fails at high temperatures due to difficulties 

in formation of interfaces at these conditions. Also, the pressure tensors are difficult to 

evaluate for complex or discontinuous potentials. 

Within our group, Grzelak and Errington34 -35developed a free-energy-based method 

using grand canonical transition matrix Monte Carlo simulation methods 32, 61• 81 to determine 

interfacial properties. Later, Rane et al. introduced a self-sufficient approach for calculating 

contact angle and interfacial tension by applying the interface potential approach within 

spreading and drying method38 
. Their approach used grand canonical transition matrix 

method to determine the interface potential. This method has been used later on to study the 

wetting behavior of water on a solid substrate by Kumar and co-workers36-37 . In addition, 

Rane and Errington have applied this method to study the effect of columbic and dispersion 

interaction on the wetting behavior of ionic liquids 82 . Interface potential is a robust method 

to compute the wetting properties but applying it in grand canonical ensemble faces 

difficulties in sampling of states at relatively low temperatures and also while working with 

complex molecules. 

We have developed a way of implementing the interface potential approach within 

an isothermal-isobaric (NPT) ensemble using Monte Carlo simulation methods to overcome 

the above limitations described in chapter 2. The success ofthis method led us to think about 

leveraging popular open source molecular dynamics software and applying interface 

potential method. Another reason for using molecular dynamics is that it can prove effective 

in sampling highly dense complex fluids . To this end, we established a histogram-based 

approach of employing the interface potential method using NPT ensemble within a 
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molecular dynamics framework described in chapter 3. We were able to use this method to 

successfully calculate interfacial properties over a range of temperatures and surface 

strengths for Lennard Jones model system. In this chapter, we show a method of employing 

interface potential method in molecular dynamics by performing simulations within a 

canonical ensemble. 

The interface potential method involves growing a thin film of fluid on the surface 

of interest through molecular simulations and calculating surface excess free energy as a 

function of fluid film thickness . Subsequently, one can utilize this information to compute 

contact angle and liquid-vapor interfacial tension. There are two versions of this approach: 

a spreading method in which one pursues a strategy of growing liquid film on solid surface 

in the mother vapor phase and a drying method in which one focuses on growing vapor film 

on solid substrate in the mother liquid phase. Spreading coefficient is obtained from 

spreading method while drying coefficient is obtained from drying method. We perform 

simulations in the canonical ensemble to acquire the surface excess free energy as a function 

ofdensity ofstates. The interface potential is obtained by performing integration ofthe force 

profile for a range ofdensity ofstates. This method will be applied to a Lennard Jones model 

system47 on an atomistically detailed face-centered cubic (FCC) substrate and Tip4p/2005 

water model83 on a silica surface. 

Expanded ensemble techniques49 are employed in order to obtain the wetting 

properties over a range of temperature. This technique has been successfully applied within 

Monte Carlo method for grand canonical34• 3s-39 and NPT ensemble by us in chapter 2. In 

chapter 3, we have demonstrated a way to apply expanded ensemble techniques using 
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molecular dynamics to obtain wetting properties over a wide range of state conditions. We 

have used the same approach to compute wetting properties for a range of temperatures. 

This chapter is organized as follows. Section 4.2 describes the implementation of the 

interface potential approach in molecular dynamics using a canonical ensemble. The model 

details for Lennard-] ones system on an atomistically detailed surface and water on a silica 

surface are detailed in section 4.3. This section also covers the simulation details. Then we 

show the results for both these systems in section 4.4. The results for Lennard-Jones model 

system are compared with results from our previous paper. The results for water are 

compared with those obtained from the GCMC simulations. Finally, section 4.5 comprises 

of concluding remarks. 

4.2. Simulation Methods 

The method we use focuses on determining the interface potential and subsequently 

analyzing it to understand the wetting behavior. This approach has been described in detail 

35 38in the previous papers from our group34 - , . Our group previously applied this approach 

within grand canonical ensemble and isothermal-isobaric ensemble. In this chapter we 

introduce a means to implement interface potential within a canonical ensemble (NVT) using 

molecular dynamics. 

The interface potential involves determining surface excess free energy W as a 

function ofliquid film thickness l in contact with a solid surface. From thermodynamics, the 

differential change in Helmholtz free energy F can be written using the state variables, 

dF = -SdT - PNdV + ydA + µdN (33) 

where, Sis entropy, T is temperature, PN is pressure in the direction normal to the surface, 

V is volume, y is interfacial tension, A is area, µ is chemical potential and N is number of 
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particles. Volume V can be written in terms of area A and height H of the box as V = AH. 

So, using this relation and equation 33 one can obtain the change in Helmholtz free energy 

F with height Hat constant T , A , N , 

(34) 

One can thus obtain the pressure in the direction normal to the interface and obtain 

free energy from equation 34. That being said, it is difficult to calculate the virial pressure 

from the simulations in our case. Therefore, we substitute pressure in terms of force (f = 

PNA) as force can be easily determined from molecular dynamics. We get Helmholtz free 

energy by integrating the force profile, 

F(H) = - iH f(H)dH (35) 
Href 

Thus, the interface potential W can be obtained, 

W(H) = F(H) + PAH (36) 

where P is bulk saturation pressure. We now describe how to obtain the interface potential 

from molecular simulations. We perform a series of canonical simulations (NVT) separated 

by t:.H along the box heights that need to be sampled to generate the interface potential. The 

simulation at a particular box height H (or constant volume V) is carried out at constant 

number of particles N and at a constant temperature T. The simulation box takes form of 

rectangular parallelepiped of cross-sectional area A. Since we are interested in studying the 

interfacial properties of fluid on a surface, therefore, periodic boundary conditions are 

applied in x and y directions while the box is closed in non-periodic z-direction with surface 

of interest and a control wall (described later). During the course of run we measure the 
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force exerted by fluid particles on the wall to generate the average force profile f (H) . 

Cumulative integration of this force profile provides us with Helmholtz free energy. We use 

saturation pressure p for adding the pressure contribution to interface potential as we are 

interested in calculating the interfacial properties at bulk saturation conditions. Using 

equation 36, we can obtain interface potential. 

The approach described above can be applied within the spreading method and the 

drying method. The spreading or drying method dictates the range ofbox heights that needs 

to be sampled for generating the interface potential. The spreading and drying method has 

been described in detail in chapter 2. The method also describes the range of volumes that 

need to be sampled for spreading method and drying method. To obtain the interface 

potential for these methods, canonical simulations are carried out at various interval along 

the volume range. 

It is often of interest to obtain interfacial properties as a function of thermodynamic 

variable such as temperature or surface characteristics such as surface energy. Using the 

aforementioned method of performing simulations at each and every value of temperature 

or surface strength to obtain interface potential is computationally expensive. To do so in an 

efficient manner, we use expanded ensemble techniques49 to obtain the wetting properties. 

In our earlier chapter, we have devised a strategy of using this method within molecular 

dynamics. The determination of interfacial properties requires knowledge of interface 

potential at minimum W (Hmin) and the plateau region W ( Hp lat ) ( as evident from equation 

6 and equation 9). So, we first obtain W(Hmin) and W(Hplat) at a given state point and 

then perform simulations at volumes corresponding to Hmin and Hplat and obtain free energy 

function of temperature or surface strength. 
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4.3. Model and Simulation Details 

4.3.1. Model details 

Two model systems are considered in this chapter. The first model consists of 

monoatomic fluid particles in presence of an atomistically detailed surface. The energy of 

interaction u(r) between two fluid particles or a fluid-surface particle separated by a 

distance r is given by truncated and shifted force 12-6 Lennard-Jones (LJ) potential, 

(37) 
(J; ·1.)12 ((J · 1.)6] uij(r) = 4Eij [( - ; and F(r) = -u'(r) 

where, £ii and CJii are energy and size parameters respectively. The fluid-fluid and surface

fluid interactions are truncated at a distance of r~f = 2.SCJff and r~f = 5.SCJff respectively. 

We take surface-fluid size parameter CJ5 £fCJff = 1.1 and simulations are performed over a 

wide range of surface strengths Esf· Substrate particles are arranged on FCC lattice with a 

density of p = 0.5786CJrr3 and the (100) plane is exposed to the fluid. Control wall consists 

of a single layer of non-bonded atoms with wall-fluid size parameter CJwf = 1.SCJff· The 

spreading or drying method dictate the energy parameters for the control wall. 

The second model system consists of water on a silica surface. We work with 

Tip4p/2005 model developed by Abascal et. al for water83
. It is four site rigid model which 

has a single LJ oxygen (0) site and two charges are at hydrogen (H) and negative charge is 

placed at a fourth site M. The M site is placed along the bisector of H-0-H angle and is in 

the same plane as oxygen and hydrogen. The silica surface is modeled using rigid Q4 model 

4introduced by Emami and co-workers 8 . It consists of a LJ and a coulombic silicon (Si) and 

LJ and coulombic oxygen (0). The interaction parameters for water and silica are provided 
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in Table 1. The energy of interaction uij (r) between two interaction sites i and j separated 

by a distance r is given by the potential, 

[((J, -)12 ((J,-)6] 1 q-q-1U·•(r) = 4E•· ....!:1_ - ....!:1_ +----_J (38)11 11 r r 4rrt:0 r 

where, Eij and CJij are energy and size parameters respectively and qi denotes the value of 

partial charge placed at site i. We use Lorentz85-Berthelot86 mixing rules to determine the 

cross interaction parameters. For Tip4p/2005 water model, the OH and OM distance is taken 

as 0.9572 A and 0.1546 A respectively. We take H-O-H angle to be 104.52°. 

Table 4.1: Potential parameters for the water and silica model 

Model Atom (J (A) E (kJmoi-1) q (e) 

Tip4p/2005 H 0 0 0.5564 

0 3.1589 0.7749 0 

M 0 0 -1.1128 

Q4 Si 3.69723 0.38915 1.1 

0 3.09142 0.22596 -0.55 

4.3.2. Simulation Details 

We first describe the simulation details for the monoatomic Lennard-Jones model 

system. The simulations in drying method are carried out at various values of temperature T 

and surface strengths Esf· All the parameters for this system are reported in reduced units 

with scaling carried out using fluid-fluid energy parameter Eff and fluid-fluid size 

parameter CJff. The simulation box is rectangular parallelepiped of area A = 232.2576CJft 

with periodic in x and y-direction and is enclosed with two walls in the non-periodic z-
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direction. Out of these two walls, one is surface of interest which is described in the model 

details section and the other wall acts as a control wall. The control wall for drying method 

works as a sticky wall with Ewf = 5.0 and CYwf = 1.5. The wall-fluid interactions are 

truncated at a distance of r~f = 10.0. During the simulation, the volume is made constant 

by setting forces on both the walls to zero. We perform molecular dynamics simulations 

using LAMMPS 74 at a range ofbox heights H with simulation at each box height H carried 

out in the canonical ensemble. The volume interval /iH for the choosing the values of box 

heights H is decided based on the curvature of interface potential. As we know from the 

interface potential plot for drying method from chapter 2, the plateau region has zero slope 

and the force acting on the walls is same for all the values of box heights H. Therefore, we 

choose widely spaced windows with /iH = 0.4 to perform NVT simulations. The minimum 

region and the free energy barrier region of interface potential need narrowly spaced NVT 

windows to determine the nature of interface potential curve correctly. To this end, we 

choose !iH = 0.2 for the box heights corresponding to these regions of interface potential. 

The temperature is maintained using a Nose-hoover thermostat76-77 . The simulations were 

run for 35000r time and the initial 125r of data is considered as equilibration time. We 

divide the rest of the data into four sets and determine the error based on standard deviation 

from those four sets of data. 

As we know from the spreading method described in chapter 2 that interface potential 

for spreading method encompasses a larger volume range compared to drying method. 

Therefore, the spreading method requires hybrid molecular dynamics simulations to 

efficiently sample the vapor phase. We have described the hybrid molecular dynamics 

simulation method in chapter 3. Specifically, we carry out molecular dynamics simulation 
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and Monte Carlo simulation consecutively, therefore, sampling the phase space in a faster 

and efficient way. The Monte Carlo performs displacement moves in which big 

displacement moves are done 90% of the time with small displacement moves carried out 

for the remaining time. The big displacement moves ensure that uncorrelated configurations 

are generated faster. The molecular dynamics simulations are carried out in a similar fashion 

as the drying method. Molecular dynamics is performed for a time period of 12.Sr followed 

by Monte Carlo for 1000000 displacement moves and these are repeated for 2000 cycles. 

The control wall in spreading method is made repulsive to favor formation of liquid on the 

surface of interest. We choose WCA potential87 for wall-fluid interaction with Ewf = 0.1 

and O"wf = 1.5. The wall-fluid interactions are truncated at a distance of r~f = 1.68. The 

simulations are carried out at various values of temperature T and surface strengths Esf· We 

perform simulations at constant volume ( or box heights H) by setting the forces to zero on 

both the walls. The height interval is chosen in an analogous manner as drying method with 

widely spaced windows for the plateau region of interface potential. The other regions of 

interface potential have closely spaced windows. The temperature is maintained using Nose

hoover thermostat76-77 . We discard initial two cycles of data for molecular dynamics and 

Monte Carlo run as equilibration time. The data is collected entirely from molecular 

dynamics in form of force exerted by fluid particles on the control wall. The forces are 

computed after every 0.0Sr time which are then divided into four sets to obtain an average 

force profile as a function ofbox height H. The standard deviation from four sets acts as the 

error for our results. 

The expanded ensemble techniques can be used to obtain interfacial properties as a 

function of temperature or surface strength. Since we are using the same model system and 
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same method for expanded ensemble technique as described in chapter 3, therefore, one can 

refer the results from that chapter. 

We now describe the simulation details for the tip4p/2005 water model system on a 

silica surface. For drying method, we perform simulations at various values of temperature 

T. The equilibration ofvapor phase and rearrangement ofparticles in vapor phase during the 

production run is computationally expensive and therefore we use hybrid molecular 

dynamics simulations to sample configurations faster. These simulations are carried out in 

an analogous manner as spreading method simulations for Lennard-Jones model system. 

Alternate cycles of molecular dynamics and Monte Carlo simulations are carried out. The 

moves in Monte Carlo consists of displacement and rotate moves. Each displacement and 

rotate moves are carried out for 50% of total time. The displacement moves can be further 

sub-divided into small and big displacements. Out of the total computational time for 

performing the displacement moves, small displacements are carried out 90% of the time 

while big displacements are carried out for the remaining time. We use LAMMPS for 

carrying out molecular dynamics simulations in the canonical ensemble. The temperature in 

molecular dynamics is maintained by Nose-Hoover thermostat76-77 . The volume is made 

constant by setting forces on both the walls to zero. The simulations box has N = 2000 

water molecules. The simulation box is rectangular parallelepiped of area A = 1162.59 A2 

with periodic in x and y-direction and is enclosed with two walls in the non-periodic z

direction. One of the walls is surface of interest (silica) which is described in the model 

details section and the other wall acts as a control wall. We use a structureless wall as the 

control wall with fluid-wall interaction Uwt of a fluid particle at distance z from the wall is 

given by truncated 9-3 potential, 
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(39) 

where, Ewt is energy parameter and CJwf is size parameter. Control wall for drying method 

favors formation of a liquid slab in contact with it and thus acts as an attractive wall with 

Ewt = 5.11955kJmol-1 and CJwf = 4.0A. The wall-fluid interactions are truncated at a 

distance of r~f = 8.0A. A thing to note here is that the two walls do not interact with each 

other. As we know that tip4p/2005 is a rigid water model, we use SHAKE algorithm88 in 

LAMMPS to constrain the bonds and angle. The Monte Carlo method keeps the molecule 

rigid by carrying out displacements using the center ofmass of a molecule. 

As mentioned above water model system is a 4-site charged model with a LJ -site 

and also the surface has charges along with LJ-site. Therefore, we use long-range solvers to 

compute electrostatic and dispersion interactions. For LAMMPS, we use Particle-Particle

Particle-Mesh (PPPM) algorithm89 to compute the electrostatic interaction and dispersion 

interaction90. The Monte Carlo method uses 3-d Ewald summation91 for calculating the 

electrostatic and dispersion interactions92 
. Both molecular dynamics and Monte Carlo use 

tinfoil boundary conditions. The PPPM and Ewald method used by us require the system to 

be periodic in all three dimensions. As our simulations are non-periodic in the z-direction, 

therefore, we use slab geometry that adds a correction term to Ewald summation or PPPM 

solver93 . This essentially treats the system to be periodic in z-direction for long-range 

interaction calculation by inserting empty volume. For LAMMPS, we use volume factor 

(extended dimension in z I actual dimension in z) of 3.0 while for Monte Carlo method the 

box in z dimension is extended by 5 times the length of the box in y dimension. We use real 
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space cut-off distance ofrc = 16.5 Afor energy calculations. For Ewald summation, we use 

accuracy in energy of 5.oe-5
. The parameters for the PPPM solver are given in table 4.2. 

Table 4.2: PPPM solver parameters for LAMMPS 

Accuracy (Relative Real space dispersion force Kpsace dispersion 

error in forces) accuracy (N) force accuracy (N) 

LAMMPS s.oe-6 6.9se-18 1.38e-16 

Molecular dynamics is performed for a time period of2000 fs with a timestep of 1 fs 

followed by Monte Carlo for wall clock time of 5 minutes and these are repeated for 120 

cycles. The force on the wall is computed after every 20 fs that is then averaged to obtain 

force profile as a function of box heights H. We carry out 4 set of runs by taking the final 

configuration from the previous run as the starting point for the next run. The integration of 

force profile provides us the interface potential and drying coefficient. We calculate error by 

taking the standard deviation from the four sets. 

The spreading simulations require one to sample the density range from a box with 

a liquid slab in contact with surface in coexistence with vapor phase to a box filled saturated 

vapor. Therefore, the range of density or volume of box to be sampled becomes huge for 

spreading method. For example, even at very high temperature say SOOK it gets 

approximately 50 times larger than the largest volume we sampled to generate interface 

potential for drying method. The volume increases further with the decrease in temperature 

due to decreasing vapor pressure. For interfacial simulations, the cross-sectional area 

remains constant and volume is increased by increasing the box height H . The energy 

calculations for the water model system using long-range solvers is computationally 

79 



expensive and cannot be completed in decent amount of time for extremely large volume. 

Therefore, we were not able to perform spreading simulations using this method. 

Expanded Ensemble techniques are used for drying method to compute drying 

coefficient as a function of temperature. These simulations are carried out in the similar 

fashion as the temperature expanded simulation for Lennard Jones model system as 

described in chapter 3. The simulations are performed for the volume corresponding to the 

minimum and plateau value of interface potential. The volume corresponding to minimum 

value is associated with box filled with saturated liquid, therefore, we only use molecular 

dynamics simulations . While for volumes in the plateau region the box is filled with 

saturated liquid and saturated vapor so we use hybrid molecular dynamics method. We 

sample the temperature range of T = 300 - 550K with /J.T = SK. The simulations at 

minimum region are carried out in the NPT ensemble with a force corresponding to 

saturation pressure applied on the surface of interest (fluctuating wall) . The control wall used 

is a structureless truncated 9-3 wall with same parameters as the drying method. The time 

period of simulations for the minimum region is 0.25 ns with a timestep of Ifs. The 

simulations at plateau are done at constant volume by zeroing out forces on both the walls . 

They are done in an analogous manner as the drying method. For both minimum and plateau 

simulations, we carry out four set of runs with next run starting from final configuration of 

the previous run. The total energy is fed to pymbar64 to obtain free energy as a function of 

temperature for minimum and plateau region. The standard deviation from four sets acts as 

the measure of error. 

80 



4.4. Results and discussion 

4.4.1. Lennard Jones Model System 

The wetting properties for the Lennard-] ones model system is calculated using the 

spreading method and drying method. The interface potential curve is constructed at a certain 

value of temperature usually high temperature and then one can use expanded ensemble 

techniques to obtain contact angle and interfacial tension as a function of surface strength or 

temperature. The expanded ensemble results for this LJ model system are presented in 

chapter 3. In that chapter, we use an umbrella sampling based approach to obtain the 

interface potential for spreading method and drying method. The volume of simulation box 

fluctuates and one uses pymbar to generate interface potential. In this chapter, we present 

the results obtained by performing simulations at constant volume and the interface potential 

is computed by integrating the average force profile. First, we show the results for drying 

method. The simulations are performed at various values of temperature T and substrate 

strengths Est · Figure 4.1 shows the interface potential Vd as a function of box height H for 

the drying method at temperature T = 0.8 and substrate strength Est = 0.2. The interface 

potential is obtained by integrating the average force profile with respect to box height H. 

Simulations at constant volume V and with the constant number of particles N are carried 

out for 82 different box heights H spanning from 26CJtt to 48CJff · The simulations in the 

minimum region are separated by /iH = 0.2 while in the plateau region by /iH = 0.4. We 

know that the force in plateau region remains constant so, one can further increase the 

spacing ofNVT simulations in the plateau region. The spacing in the minimum region can 

be increased to some extent on the cost ofprecision. We have compared the result with two 

other results from the methods described in chapter 2 and chapter 3. The first result is 

81 



obtained from the transition matrix Monte Carlo method (TMMC) in isothermal-isobaric 

(NPT) ensemble. The second result is obtained from pymbar method from molecular 

dynamics simulations in NPT ensemble using umbrella sampling. In figure 4.1 , we have 

shifted all the results to make one of the box heights H = 46 in plateau region to have zero 

value of interface potential. All the results are in statistical agreement. However, the error in 

interface potential for force integration method is smaller compared to results from the other 

two methods. The TMMC method using NPT-MC has the largest error followed bypymbar 

method using molecular dynamics. We have zoomed in a section of interface potential 

shown as an inset plot for better comparison of error between the three results. In terms of 

computational time, the TMMC method and pymbar method are similar while force 

integration method is 1.5 times more computationally expensive than the other two. 
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Figure 4.1: Interface potential as a function ofbox height for drying method. The red, green and 

blue results show inteiface potential obtained using different free energy methods. The red curve is 

obtained using transition matrix Monte Carlo method in isothermal-isobaric ensemble. The drying 

interface potential obtained from integration offorce profile is shown in green color and the blue 

plot shows drying inteiface potential obtained using pymbar method. Molecular dynamics 

simulations are used to obtain green and blue curves. All the results are shown at temperature of 

T=0.8 and surface strength of Est = 0.2. The inset plot shows zoomed in section for better 

comparison oferror in the three results. 

The force integration approach is also used for drying method for other values of 

substrate strengths Est = 0.15 at a temperature of T = 0.8 . Figure 4.2 shows the interface 

potential as a function of box height H (or volume) for substrate strength of Est = 0.2 and 

Est = 0.15 . Both the results are obtained from the force integration method. The difference 
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in the minimum value of interface potential and plateau value of interface potential provides 

us with the drying coefficient d. The drying coefficient increases with the decreasing 

substrate strength. This result agrees with the surface strength expanded ensemble results 

from chapter 3. 
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Figure 4.2: Drying interface potential as a junction ofbox height (volume) at a temperature ofT=O. 8. 

The two curves are at different substrate strengths. The red and blue plot is at Est = 0.2 and Est = 

0.15 respectively. The difference in minimum and plateau decreases with decreasing substrate 

strength. The curves have similar uncertainty ofapproximately 0.1 

Figure 4.3 shows the interface potential for spreading method as a function of box 

height at a temperature of T = 0.8 and surface strength of Est = 0.4. The interface potential 

is obtained by performing simulations using the hybrid molecular dynamics method in the 

canonical ensemble at different values ofbox heights along the density range to be sampled. 

84 



We use alternate molecular dynamics run and Monte Carlo method to perform each 

canonical simulation as described in the simulation details section. The Monte Carlo method 

helps in sampling the vapor phase in an efficient way and thereby reduces computational 

time. The move mix for MC comprises of big and small displacement moves. We perform 

big displacement moves by randomly picking a particle and displacing it by a random 

fraction ofbox dimension (dz= n * H where 0 < n < 1). The small displacements size is 

varied during the simulation in order to achieve 50% acceptance We carry out NVT 

simulations at 200 different box heights ranging from H = 800"11 to 2400"11 . The spacing 

between two consecutive box heights in the plateau region is t:.H = 50"ff while in the 

minimum region of interface potential we choose t:.H = 0.SO"tt· The force exerted by the 

fluid particles on the wall is collected from molecular dynamics that is eventually integrated 

to obtain the interface potential. The results from this method are compared with results from 

previous chapters using different free energy methods ( chapter 2 and chapter 3). The result 

from TMMC method is obtained using NPT-MC simulations while the result from pymbar 

method is obtained from molecular dynamics with fluctuating volume using umbrella 

sampling. The three results are in statistical agreement. The results from TMMC method has 

the smallest uncertainty followed by force integration and pymbar method. The TMMC 

performs best because we sample volume on the logarithm scale (ln V). The inset plot shows 

zoomed in section of the minimum region of interface potential for better visualization of 

uncertainty. 
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Figure 4.3: Interface potential as function ofbox height for spreading method for Lennard-Jones 

model system in contact with structureless surface. The red curve is obtained using transition matrix 

Monte Carlo (TMMC) from NPT-MC simulations. The green and blue are obtained from force 

integration and pymbar method respectively. The results are at temperature ofT = 0. 8 and surface 

strength ofEst = 0.4. Inset plot shows zoomed in section ofminimum region. 

We use force integration method to compute interface potential at various values of 

substrate strengths and different values of temperature as well. Figure 4.4 shows interface 

potential ~ as a function of box height H for three different values of substrate strength at 

a temperature ofT = 0.8. The red, green and blue curves are at substrate strength Est = 0.4, 

0.45 and 0.5 respectively. As we know from chapter 2, the difference in the minimum value 

of interface potential and the plateau value of interface potential provides us with spreading 

coefficient. The spreading coefficient decreases with increasing substrate strength. Figure 
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4.5 shows the temperature dependence of interface potential. The interface potential is 

plotted as a function of box height for three values of temperature T = 0.75, 0.8, 0.85 at a 

substrate strength of Est = 0.4. The difference in minimum and plateau value increases with 

decreasing temperature. One striking thing to note here is that the force integration method 

works well for lower values of temperatures and surface strengths which are difficult to 

sample from TMMC or pymbar method due to very high free energy barrier and structural 

formations54 . 
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Figure 4.4: Interface potential for spreading method as a fanction ofbox height at various substrate 

strengths at temperature of T =0.8. The red, green and blue curve are at substrate strength Est = 

0.4, 0.45 and 0.5 respectively. 
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Figure 4.5: Spreading Interface potential as a.function ofbox height for various temperatures. The 

red, green and blue plots are at temperature of0. 75, 0.8 and 0.85 respectively. 

The expanded ensemble results for this model system are presented in chapter 3. 

One can use the free energy for plateau and minimum obtained from expanded ensemble 

method and can combine it with the above results to obtain interfacial properties as a 

function of temperature or substrate strength. 

4.4.2. Water Model System 

We now present results for tip4p/2005 water in the vicinity of the silica surface. The 

properties are determined using the drying method at bulk saturation conditions computed 

in the work by Rall and Errington94 . The simulations are performed in an analogous manner 

as Lennard-Jones model system spreading method. We have used a hybrid molecular 

dynamics method to obtain drying interface potential for various temperatures. Figure 4.6 
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shows a typical interface potential Wd as a function of box height H for the drying method 

at a temperature of T = SOOK. Each circle in the plot represents simulations are performed 

at various box heights H along the density of states to be sampled. Thus, one can deduce /iH 

for different regions of the interface potential from the figure. As expected, the points are 

narrowly spaced for the minimum region and the spacing increases with increase in box 

height H as we reach plateau region of interface potential. Simulation for each box height is 

done in NVT ensemble with the number of water molecules as N = 2000. 
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Figure 4. 6: Interface potential as junction ofbox height for temperature T of5 00K. The individual 

circles represent the box heights where NVT simulations were carried out. The difference between 

minimum region andplateau region ofinterface potential provides us with drying coefficient. 

Figure 4.7 shows the average force profile with respect to box height for three 

different temperatures T SOOK, 400K and 300K for direct drying method using a hybrid 
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molecular dynamics method. We get the force profile by subtracting the force corresponding 

to bulk saturation pressure from the force exerted by fluid particles on the control wall. The 

circles represent the box heights H where NVT simulations were performed to measure the 

average force profile. As one can observe that the spacing /iH increase with the increase in 

box height H or as we approach plateau region having constant force . Another interesting 

thing to note here is that as the temperature decreases the direct simulations are difficult to 

perform. This is confirmed from the force profile for temperature T 300K. A striking feature 

of force profile for temperature T 300K is the abnormalities in the force profile between box 

heights H 59 A and 62 A due to the formation of inhomogeneous structures such as spherical 

vapor droplet or cylinder in the plane parallel to surface. The formation of these structures 

has been described in previous studies54• 95 . In order to overcome these limitations, we use 

expanded ensemble techniques which do not require determining the entire interface 

potential. 
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Figure 4. 7: Average force profile with respect to box height for different temperatures. Red, green 

and blue curves are at temperature 500K, 400K and 300K respectively. The inset plot shows zoomed 

in section of force profile for T=300K to show the discontinuity in force profile where the 

configurations have inhomogeneous structure formation such as sphere and cylinder. 

The cumulative integration of force profile from figure 4.7 provides us with interface 

potential. Figure 4.8 contains interface potential for drying method at temperatures SOOK, 

400K and 300K. As we know that the difference between the minimum region and the 

plateau region gives us drying coefficient d . The difference increases with decrease in 

temperature. This makes it harder for direct drying method to sample lower temperatures. 

Also, it has an impact on uncertainty in the interface potential as we can observe that it 

increases with decreasing temperature. The computational time is approximately the same 

for all the three temperatures. 
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Figure 4. 8: Interface potential as fanction ofbox height for various temperatures. Red, green and 

blue color plots are interface potential at temperature T 500K, 400K and 300K respectively. 

Figure 4.9 presents the temperature dependence of drying coefficient d obtained 

from temperature expanded ensemble (TEE) method. The red curve is acquired from 

combining the free energy obtained from pymbar method for temperature expanded 

ensemble simulations at minimum and plateau region with the free energy from direct drying 

method at temperature SOOK. The results are compared with those obtained from the drying 

method from figure 4.8. The drying coefficient for TEE method and direct drying method at 

temperature 300K does not agree with each other. As we explained above that direct 

simulation at temperature 300K face difficulties due to structure formation can be a reason 

for this difference. The uncertainty in the drying coefficient for TEE method increases with 

decrease in temperature. As we know that the uncertainty in drying coefficient from TEE 
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method has a contribution from direct drying method at temperature SOOK, TEE simulations 

for the minimum region and TEE simulations for the plateau region. The major contribution 

to this uncertainty comes from the TEE simulations for the plateau region. 
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Figure 4.9: Temperature dependence of drying coefficient d. The red plot is obtained using 

temperature expanded ensemble simulations while the blue circles are results from direct simulations 

(figure 4.8). 

As explained in the simulation details section, spreading method cannot be applied 

to the systems having low vapor pressure due to computational limitations. As the spreading 

method needs one to sample volumes corresponding to saturated vapor density (large 

volume), therefore it is highly expensive. If one has prior knowledge of liquid-vapor 

interfacial tension then contact angle can be deduced from the drying coefficient. To this 

end, we take the values of liquid-vapor interfacial tension Yzv from Rall and Errington96 
. 
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Using the drying coefficient and liquid-vapor interfacial tension (shown in inset plot of 

figure 4.10), we determine the variation in cos 0 with T. Figure 4.10 shows the resulting 

data. The uncertainty in the cos 0 increases at higher temperature due to larger uncertainty 

from Yzv. As we can observe from the plot that cos 0 increases with increase in temperature. 

This trend is consistent with the results reported by Kumar et al. for SPC/E water in contact 

with the structureless wall for strong surfaces36 . 
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Figure 4.10: Temperature dependence ofcos 0. The inset plot shows liquid-vapor interfacial tension 

as a fanction oftemperature .from Rall and Errington96
. 

4.5. Conclusion 

In this chapter, we have presented an interface potential method using the canonical 

ensemble to study the wetting behavior. We have developed a novel approach to acquire 
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interface potential by means of integration of average force profile. Various simulations are 

performed at constant volume along the order parameter to obtain force profile. Expanded 

ensemble technique from chapter 3 is used to obtain interfacial properties for a range of 

temperatures. 

This method is applied for two model systems: 1) Lennard-Jones fluid in contact with 

atomistically detailed substrate 2) tip4p/2005 water near silica surface. Lennard-Jones model 

is studied using both spreading method and drying method. Our results are in good 

agreement with results from chapter 3. The uncertainties are smaller for this method 

compared to the results obtained from pymbar method or force integration with fluctuating 

volume. The simulations for water model are performed for drying method at different 

values of temperature. The results from direct drying method agree with results from 

temperature expanded ensemble simulations except at temperature 300K due to 

inhomogeneous structure formation. This method fails for the spreading method for water 

model as it requires us to sample huge volume which is computationally expensive for 

systems with long-range interactions. 

In the next chapter, we apply this method to more complex systems such as room 

temperature ionic liquids using the drying approach in contact with a graphite surface. 
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5. Wetting behavior of room temperature ionic 

liquid near graphite 

5.1. Introduction 

Room temperature ionic liquids (R TILs) have gained significant attention in recent 

years due to their tunable nature and unique properties such as negligible vapor pressure and 

high thermal stability. One can obtain desired properties by altering the cation or anion in 

RTILs. Due to this characteristic of obtaining desired properties , RTILs have numerous 

applications. Among the various applications, most commonly RTILs are used as green 

solvents in chemical reactions41 -43 and electrowetting57-58 . Due to negligible volatility, high 

thermal stability and non-flammable nature, RTILs exhibit excellent lubricant properties 97-

98 . The wetting ability and viscosity of RTILs makes them suitable to be used as stationary 

phase in gas chromatography99 . The study of RTIL-graphite wetting behavior is important 

for its application in supercapacitors 100-102. RTIL-graphite interface behavior is also 

important for the development of filter sponges for dyes and heavy metal ion removal 103 . 

Therefore, understanding the behavior ofRTIL 's near the solid surface is necessary for the 

development of applications. 

Molecular simulations are powerful tool for studying the interfacial properties of 

RTILs for a wide range of conditions. The complex nature of molecules and low vapor 

pressure ofRTILs pose challenges in computer simulations to study wetting behavior. There 

have been numerous experimental and some computational studies to determine contact 
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angle and liquid-vapor surface tension. The majority ofcomputational studies are carried out 

using the nanodroplet approach to determine the contact angle 104 and pressure tensor 

approach to determine the interfacial tension105 . Our group has recently computed the 

wetting properties of 1,3-dimethylimidazolium tetrafluoroborate ([C1mim] [BF4]) using 

grand canonical Monte Carlo method106. In this chapter, we use the interface potential 

method by performing simulations in the canonical ensemble. 

As described in previous chapters, the interface potential method relates surface 

excess free energy of thin fluid film in contact with surface to interfacial properties. The 

interface potential method provides a means to study wetting behavior in both qualitative 

(e.g. wetting transitions) and quantitative manner (e.g. contact angle). This method can be 

used within a spreading or drying approach. In this chapter, we use the interface potential 

method within drying approach to study the behavior of [C1mim] [BF4] in contact with the 

graphite surface. The drying method involves growing a vapor film in contact with surface 

of interest in the mother liquid phase and computing interface potential as a function ofvapor 

film thickness. Expanded ensemble technique is then used to study the temperature 

dependence of drying coefficient. 

The chapter is organized as follows. Section 5.2 describes the simulation method 

used to obtain the interface potential. The model parameters are detailed in section 5.3. This 

section also covers the simulation details. Next, we present the results for direct drying 

method and temperature expanded ensemble method in section 5.4. Lastly, section 5.5 

contains the concluding remarks. 
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5.2. Simulation Method 

We know from chapter 2 that interface potential method provides us with a way of 

determining the wetting properties. The interface potential is obtained using the drying 

method that is subsequently used to obtain drying coefficient. In this chapter, we use the 

interface potential method within a canonical ensemble using molecular dynamics as 

described in detail in chapter 4. In this method, we first compute Helmholtz free energy 

F (H) by integrating the average force profile with respect to box height H. The addition of 

pressure P (vapor pressure) term to Helmholtz free energy gives us Gibbs free energy or 

interface potential W (H) , 

W(H) = F(H) + PAH (40) 

where, A is the cross-sectional area of the simulation box and H is the height of the 

simulation box. From these two quantities, one can determine volume (V = AH). The 

average force profile is obtained by carrying out simulations at various box heights. The 

simulation at each box height H is carried out in canonical ensemble (NVT). The force 

exerted by fluid particles on the wall is measured during the course of the run to compute 

average force profile. 

Expanded ensemble technique is used to study the temperature dependence of 

wetting properties. The expanded ensemble method provides us with an efficient way to 

obtain interfacial properties at a range of conditions. This method is described in detail in 

chapter 3. The determination of interfacial properties requires knowledge of interface 

potential at minimum W (Hmin) and plateau region W ( Hp lat). We first obtain W (Hmin) 
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and W ( Hplat) at a given temperature T and then perform simulations at volumes V 

corresponding to Hmin and Hp lat to obtain free energy as a function of temperature. 

5.3. Model and Simulation Details 

5.3.1. Model details 

In this chapter, we compute wetting properties for imidazolium-based ionic liquids. 

In particular, we study [C1mim] [BF4] in the vicinity of a graphite surface. We use the 

classical united-atom force field for imidazolium-based ionic liquids introduced by Zhong 

et al. 107. Amber/OPLS is used to develop this force field 108. The non-bonded interactions 

are computed using 12-6 Lennard Jones potential and the point charges interact via 

Coulombic potential. It uses harmonic potential for bond stretching and bond bending. The 

triple cosine potential is used for dihedral and improper dihedral angles. The parameters for 

cross interactions are obtained using the Lorentz-Berthelot (arithmetic) mixing rules. The 

dispersion and Coulombic interactions are scaled by a factor of 0.5 for the atoms separated 

by three consecutive bonds ( also called 1-4 interactions). 

The graphite surface is modeled using a honeycomb lattice with carbon atoms 

separated by 1.42 A and the distance between two planes is 3.35 A. The force field 

parameters for carbon-carbon interaction are used from Parm 99109. In order to perform 

simulations in the partial wetting regime, we have decreased the surface energy of graphite 

by scaling the energy parameter by a factor of 0.25 (E = 0.089976 kJmoi-1). The surface 

atoms remain fixed at their respective positions. These atoms interact with [C1mim] [BF4] 

via 12-6 Lennard Jones potential. The simulation box is enclosed on the other side by the 

control wall. We use atomistically detailed control wall that comprises of a single layer of 

atoms arranged in the similar fashion as graphite on a honeycomb lattice. The interaction 
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u(r) ofa particle in the control wall with fluid particle separated by distance r from the wall 

is given by truncated and shifted force 12-6 potential, 

(41) 

UwtCr) = 4Ewt [(a ; /)12 - (a; t) 6 
] and F(r) = -u'(r) 

where, Ewt is energy parameter and CJwf is size parameter. Control wall for drying method 

favors formation of a liquid slab in contact with it and thus acts as an attractive wall with 

Ewt = 0.6023 kJmoi-1 and CJwf = 3.0A. The wall-fluid interactions are truncated at a 

distance of r~f = 7.0A. The particles in the control wall and graphite wall do not interact 

with each other. 

5.3.2. Simulation details 

We first detail the simulation parameters and method to obtain the interface potential 

for drying method at various temperatures T. As mentioned in the methods section, the 

simulations are performed using molecular dynamics at constant volume V, constant 

temperature T and constant number of particles N. We have used LAMMPS 74 to carry out 

the simulations. The box is filled with 200 ion pairs each of cation C1mim and anion BF4. 

The simulation box is rectangular parallelepiped of area A = 880.111 A.2 with periodic in 

two dimensions x , y-direction and enclosed with two walls in the non-periodic z-direction. 

One of the walls is surface of interest (graphite) and the other wall acts as a control wall. 

Both the walls are described in detail in the model details section. The temperature is 

maintained using a Nose-Hoover thermostat76-77 and volume is made constant by setting 

forces on both the walls to zero. We use long-range solvers to compute electrostatic and 

dispersion interactions. Particle-Particle-Particle-Mesh (PPPM) algorithm89 is used to 
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compute the electrostatic interaction and dispersion interaction90 . We use tinfoil boundary 

conditions. The simulation box is non-periodic in z-direction, therefore, we use slab 

geometry with a volume factor ( extended dimension in z I actual dimension in z) of 3. 0 that 

adds a correction term to PPPM solver93 . We use real space cut-off distance ofrc = 14.0 A 

for energy calculations. The parameters for the PPPM solver are given in table 5 .1 . 

Table 5.1: PPPMparameters for [C1mim} [BF4] 

Accuracy (Relative Real space dispersion Kpsace dispersion 

error in forces) force accuracy (N) force accuracy (N) 

LAMMPS s.oe-4 6.9se-16 1.38e-14 

Molecular dynamics is performed for a time period of 0.5 ns with a timestep of 1 fs 

and the force on the wall is measured after every 20 fs . It is then averaged to obtain force 

profile as a function of box height H. The integration of force profile provides us the 

interface potential and drying coefficient. For determining the uncertainty in results, we 

perform 4 set of runs by taking the final configuration from the previous run as the starting 

point for the next run. The standard deviation from the four set acts as an estimate for 

uncertainty. 

Expanded Ensemble technique provides us drying coefficient as a function of 

temperature. These simulations are carried out in an analogous manner as the temperature 

expanded simulation for Lennard Jones model system as described in chapter 3. The 

simulations are performed for the volume corresponding to the minimum and plateau value 

of interface potential. We sample the temperature range of T = 350 - 1000K with /J.T = 

10K. The simulations at minimum region are carried out in NPT ensemble with a force 
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corresponding to saturation pressure applied on the surface of interest (fluctuating wall) 

while the simulations at plateau are done at constant volume by zeroing out forces on both 

the walls. The other parameters for temperature expanded ensemble simulations are same as 

the direct drying method simulations. The time period ofsimulations is 0.5 ns with a timestep 

of 1fs. The total energy is fed to pymbar64 to obtain free energy as a function of temperature 

for minimum and plateau region. The measure of error is obtained in a similar way as the 

direct drying method. 

5.4. Results and Discussion 

The direct drying method simulations are performed at three different values of 

temperature T = 1 000K, 800K and 500K. The interfacial properties are computed at bulk 

saturation properties determined in an earlier study110 . Figure 5 .1 shows the plot of interface 

potential Wd as a function of box height H for the drying method. The result is shown at a 

temperature of T = 1 000K. The difference between the minimum value of interface potential 

Wd (Hmin) and plateau value of interface potential Wd (Hplat) gives us drying coefficient 

din terms of dA/kbT. For the temperature T of 1000 K the drying coefficient d comes out 

to be 17.07±0.26 mN/m. In order to generate this interface potential, we have used 161 

simulations in NVT ensemble at different box heights H along the density range to be 

sampled. The range of box height H spans from 92 A to 150 A. The spacing between two 

consecutive simulations is t:.H = 0.2 A near the minimum region (i.e. from 92 A to 120 A) 

while it is t:.H = 0.4 A from box height Hof 120 A to 130 A. The plateau region has wider 

spacing between two consecutive simulations with t:.H = 5.0 A. The force becoming constant 

is the reason behind choosing wider spacing in the plateau region. 
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Figure 5.1: Interface potential for drying method as a junction ofbox height at a temperature ofT 

= 1 000K. The circles represent the values ofbox heights where NVT simulations are carried out. 

The uncertainty is smaller than the size ofsymbol. 

Figure 5 .2 provides a comparison of interface potential at T = 1 000K for direct drying 

method from force integration approach using molecular dynamics and grand canonical 

Monte Carlo (GCMC) method. The results are plotted as a function of vapor film thickness 

l. The interface potential from figure 5.1 can be converted in terms of vapor film thickness 

l using the equation 8 from chapter 2. We can observe that there is good agreement between 

our results and those from the GCMC method. It is encouraging to see that the error in results 

from our method is three times smaller compared to those from the GCMC method. In terms 

of computational time, the force integration approach using molecular dynamics takes 3 
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times the amount of wall clock time as GCMC method. It is worth mentioning that one can 

reduce the wall clock time by decreasing the number ofNVT simulations (by choosing wider 

spacing /iH) at the cost ofprecision. 

0 

-20 0 20 ~ W 80 
0 

Vapor film thickne s, l(A) 

Figure 5.2: Plot ofinteiface potential as a function ofvapor film thickness for drying method at T = 

1 000K. The blue and red curve interface potential from GCMC method andforce integration method 

using molecular dynamics respectively. 

As mentioned above, the force integration method is applied for three different 

temperatures (1000K, SOOK and SOOK) Figure 5.3 shows the average force profile as a 

function ofbox height H for the three temperatures. The red, green and blue curves are force 

profiles at 1OOOK, SOOK and SOOK respectively. The circles represent the box heights H 

where NVT simulations were performed. The magnitude of difference two consecutive 

circles along the x-direction provides us with the spacing /iH between simulations. We have 
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shown two configurations at box heights H corresponding to the plateau region of interface 

potential and minimum region of interface potential. The results indicate that the force at 

both plateau and minimum box height H is zero. This is after we consider the force 

contribution from the liquid-vapor saturation pressure and subtract it from the force exerted 

by the fluid particles on the wall. The configuration in the plateau region has vapor slab in 

contact with the graphite surface in mother liquid phase while the configuration at the 

minimum has box filled with saturated liquid. 
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Figure 5.3: Averageforce exerted byfluid particle on the control wall as a function ofbox height for 

different temperatures. The red, green and blue curve are at temperatures T 1 000K, 800K and 500K 

respectively. A representative configuration is also shown forforce in plateau region andforce where 

interface potential is minimum (Zero force). 
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The integration of average force profile from figure 5 .3 with respect to box height H 

results in interface potential. It is shown in figure 5.4 for all the three temperature. The red, 

green and blue curves represent interface potential at 1OOOK, 800K and SOOK respectively. 

The number of simulations to sample the density range for temperature of 1OOOK, 800K and 

SOOK are 161 , 155 and 160 respectively. The error for all the temperatures is obtained in a 

similar fashion as explained in simulation details. The drying coefficient increases with 

increasing temperature. Also, we observe that the uncertainty in results increases with 

decreasing temperature or with an increase in the difference between minimum and plateau 

value of interface potential. The computational expense for generating interface potential is 

approximately the same for the three temperatures. This result demonstrates the efficacy of 

force integration approach in NVT ensemble at lower temperatures where traditional GCMC 

method fails. 
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Figure 5. 4: Interface potential for drying method as a function ofbox height. The red, green and 

blue colors represent inteiface potential at JOOOK, BOOK and 5OOK respectively. 

Figure 5.5 provides the temperature dependence ofdrying coefficient d. It is obtained 

using the temperature expanded ensemble technique to perform simulations for minimum 

and plateau region of interface potential. This provides us with the free energy as a function 

of temperature that is combined with reference direct simulation at temperature T of 1 000K. 

The blue circles are the drying coefficients obtained from figure 5.4. The drying coefficient 

d from temperature expanded ensemble is in good agreement with those obtained from direct 

drying method. As we can observe from the temperature expanded ensemble results that the 

error in drying coefficient increases with the decrease in temperature. The plateau 

simulations are the major contributors to this uncertainty. Another interesting thing to 

observe here is that the although the direct simulations agree with temperature expanded 
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ensemble results, the uncertainty for direct simulations is larger for lower temperature say T 

= SOOK. This is because of the fact that the direct simulations are increasingly difficult to 

carry out because of the large free energy gap between minimum and plateau region. 
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Figure 5.5: Temperature dependence ofdrying coefficient. The red curve shows the drying coefficient 

obtained from temperature expanded ensemble method and the blue circles are computed via force 

integration approach using direct NVT simulation. 

If one has the knowledge of liquid-vapor interfacial tension, one can compute the 

contact angle from the drying coefficient using equation 10 from chapter 2. 

5.5. Conclusion 

In this chapter, we have described a way to apply the interface potential method in 

molecular dynamics for calculating the wetting properties of room temperature ionic liquid 

in contact with graphite surface. The force integration approach developed in chapter 4 is 
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used for obtaining interface potential for direct drying method at various temperatures. The 

expanded ensemble technique is used to study the temperature dependence of drying 

coefficient. We used LAMMPS to carry out the molecular dynamics simulations. 

Our results demonstrate good statistical agreement with those obtained from the 

GCMC method. Also, our method yields smaller uncertainties compared to those obtained 

from the GCMC method. This method fails for the spreading method due to extremely low 

vapor pressure of ionic liquids requiring us to carry out simulations for huge box heights ( for 

e.g. 0.0086 mm at 1000K). Therefore, it requires prior knowledge ofliquid-vapor interfacial 

tension to calculate the contact angle. The advantage of using this method over GCMC is 

that one can perform direct drying simulations even for lower values oftemperatures and the 

temperature expanded ensemble simulations are possible at low temperatures like 350K for 

this model. 
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6. Conclusion 

In this dissertation, we have developed various free energy methods to study the 

wetting behavior of model systems. These free energy methods were then applied to 

Lennard-Jones particles in contact with solid surfaces (structureless 9-3 surface, atomistic 

FCC wall), water in the vicinity of rigid silica surface and complex room temperature ionic 

liquid near graphite surface. In the first chapter, we discussed the existing molecular 

simulation approaches to compute the interfacial properties such as contact angle, interfacial 

tension. These methods were applied using either molecular dynamics or Monte Carlo 

methods. We have also outlined the limitations of existing molecular simulation methods. 

In the next chapter, we introduced a Monte Carlo method using the isothermal

isobaric ensemble. This method implements the interface potential approach within a 

spreading method and drying method. The simulations in NPT ensemble involve volume 

and energy fluctuations . The advantage of this method stems from the absence of insertion 

and deletion moves. We also presented a novel technique to perform volume moves for 

systems non-periodic in one dimension which results in increasing the efficiency of our 

method. We have applied this method on Lennard-Jones system in contact with the 

structureless 9-3 surface. The expanded ensemble method is also introduced for the NPT 

ensemble to compute wetting properties as a function of temperature and substrate strength. 

We compared the results from our method with those obtained from the GCMC method. 

They are in good statistical agreement. We found that error from NPT method is larger 

compared to GCMC method as insertion and deletion makes it easier to sample the region 

of interface potential where it changes from one phase to two coexisting phases. 
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In chapter three, the successful implementation of the Monte Carlo method in the 

NPT ensemble encouraged us to use molecular dynamics. To this end, we developed a way 

of implementing the interface potential method in molecular dynamics to study wetting 

behavior. Umbrella sampling method is used to sample the phase space during molecular 

dynamics simulations. We use pymbar and force integration approach to generate the 

interface potential. This method is applied for both drying and spreading simulations. The 

spreading method demonstrated the limitation ofmolecular dynamics in sampling the vapor 

phase. In order to overcome this limitation, we developed a hybrid molecular dynamics 

method which involves running MD and MC alternatively. We have used open source 

molecular dynamics package LAMMPS to carry out our simulations. A way to apply the 

expanded ensemble method in molecular dynamics is also described in this chapter. We 

applied this method on fluid particles modeled using Lennard-Jones model system in the 

vicinity of atomistically detailed FCC surface. The interfacial properties are calculated for a 

range of temperature and substrate strengths using this method. As expected, the results 

agreed with those generated from the NPT MC method from chapter 2. However, the 

uncertainties for spreading method is larger due to an inefficient sampling ofthe vapor phase. 

In chapter four, we developed an interface potential method using the canonical 

ensemble to examine the wetting behavior. Simulations at constant volume were carried out 

at various box heights along the range to be sampled. The average force profile obtained 

was integrated to obtain the interface potential. The developed method was applied for two 

model systems 1) Lennard-Jones fluid in contact with atomistically detailed FCC surface 2) 

tip4p/2005 water model near a rigid silica surface. Interface potential using the spreading 

method and drying method was obtained for the Lennard-] ones model system and was 
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compared with results from the previous chapter. The uncertainties in interface potential 

from this method were smaller compared to using pymbar or force integration method using 

umbrella sampling. An interesting thing to note about this method is its ability to generate 

interface potential at lower temperatures using direct spreading or drying method. Next, we 

applied this method to a realistic model system oftip4p/2OO5 water in contact with the silica 

surface. The interface potential method using canonical ensemble works well for the drying 

method. We obtained interface potential for various temperatures. Due to low vapor 

pressure, the box heights that needs to be sampled for spreading method is huge. This acts 

as a limitation for this method and therefore we were not able to perform spreading 

simulations. We have used an expanded ensemble technique for drying method and obtained 

drying coefficient as a function of temperature. 

In the next chapter, we applied the interface potential method using the canonical 

ensemble to study the wetting behavior of complex room temperature ionic liquid. In 

particular, we study 1,3-dimethylimidazolium tetrafluoroborate [C1mim] [BF4] near graphite 

surface. The direct drying method is applied for various temperatures of 1OOOK, SOOK and 

SOOK. The results at 1OOOK are compared with those obtained from the GCMC method and 

is found to be in good agreement. Also, the uncertainty from our method was smaller. This 

method does an excellent job of providing interface potential at lower temperatures for 

drying method. The vapor pressure of ionic liquids is negligible therefore we were not able 

to perform simulations for spreading method. The expanded ensemble method provides 

drying coefficient as a function of temperature. Using our method, we were able to compute 

the drying coefficient for temperatures as low as 35OK which is impossible from GC-TEE 

method due to sampling difficulties. 
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This dissertation can be extended in future by developing a method for obtaining 

interface potential using the spreading method and address the limitation of sampling huge 

box heights. In addition, one can also apply the developed method to study other complex 

room temperature ionic liquids such as [C1mim] [NTfi]. 
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