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ABSTRACT 

When liquids are confined between solid surfaces whose separation is comparable 

to the molecular dimensions, the properties of liquid are significantly different from bulk 

properties. It has been shown that the structure and properties of a confined fluid can be 

profoundly affected by the molecular structure of confining surfaces. Molecular-scale 

computer simulations play an important role to elucidate thin film properties. 

Molecular dynamics and grand canonical Monte Carlo simulations are used to 

study diffusion of monolayer octamethylcyclotetrasiloxane (OMCTS) and cyclohexane 

films confined between atomically structured uncharged mica surfaces. Diffusion 

parallel to the walls is found to be anisotropic due to the influence of the atomically 

structured surfaces. If the surfaces are aligned perfectly, the fluid occupies isolated 

regions of the pore space and diffusion is the same in all lateral directions and is a 

minimum. If one of the surfaces is shifted laterally in the x-direction by one half unit cell 

diffusion is enhanced in the x-direction along conduits formed by the overlapping 

potential energy fields of the surfaces. 

Nonequilibrium molecular dynamics are used to study the flow of 

octamethylcyclotetrasiloxane (OMCTS) films confined between atomically structured 

micalike surfaces in the presence of a chemical potential gradient. The relationship 

between the fluid flux and the atomic structure of confining mica surfaces, the distance 

separating the surfaces (~1 to 10 nm), and the difference in chemical potential at the pore 

ends was studied. The results show that when the pore width is small enough and under 

large chemical potential differences, the liquid molecules form a nearly pure monolayer 
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and the alignment of the mica surfaces affects the flux value. The flux is also affected by 

the pore width, which affects the structure of the thin film. The liquid molecules are 

packed loosely or tightly at different pore widths so the fluid flow varies with pore width. 

So, for certain pore widths, the flux is higher and for others it is lower. The chemical 

potential difference drives the fluid movement and when this difference is less than a 

critical level there is no fluid flow at least on the time scale of the computer simulation. 

We also studied the transport of the simple liquid, octamethylcyclotetrasiloxane 

(OMCTS), in a slit pore of finite length, where the pore-ends are explicitly included in 

the model. The results show that when the pore width is small enough, the liquid 

molecules form a nearly pure monolayer and the flux value is close to zero. When the 

pore width increases, the alignment of the mica surfaces affects the flux value. The fluid 

tracks forced by the alignment enhance the molecular movement in the same direction. 

The pore width also can affect the structure of the thin films. 

This information will enhance our understanding of phase transitions and 

rheology at the molecular level, and additionally will improve our ability to manipulate 

fluids flowing through or trapped in natural and synthetic nanoporous systems. 
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CHAPTER 1: Literature Review 

INTRODUCTION 

Fluids on surfaces and in micropores (vicinal fluids) are important in many areas 

of science and engineering. It has become clear that the properties of a vicinal fluid differ 

markedly from those of the bulk fluid (Low, 1987). The altered behavior of vicinal fluids 

has important consequences for both natural and commercial processes. In the natural 

environment, vicinal fluid play a crucial role in absorption and transport in clay soils 

(Low, 1987) and consequently in determining the stability of earthen structures and the 

dispersion of environmental pollutants. A number of processes important in engineering, 

such as lubrication (Shigley, 1977), catalysis (Laszlo, 1987), and drilling (Gray and 

Darley, 1980), involve vicinal fluids. 

When liquids are confined between solid surfaces whose separation is comparable 

to the molecular dimensions, the properties of the liquid are significantly different from 

the bulk properties. The liquid density across molecularly thin films is not uniform but 

has an oscillatory profile. The periodicity of oscillations is close to the diameter of liquid 

molecules and reflects the forced ordering of the liquid molecules into discrete layers 

between the two surfaces. Both experimentally and theoretically it is found that 

molecules become progressively more ordered and that their mobility sharply decreases 

in films less than about ten molecular diameters (Christenson, 1983; Horn and 

Israelachvili, 1980). The structure and dynamics of confined nanofilms play an important 

role in understanding lubrication, wear, adsorption and wetting. Grand canonical Monte 
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Carlo and molecular dynamics simulations are used to study the density distributions, 

solvation force and velocity auto-correlation of the confined fluid. 

Computer simulations have played an important role in understanding tribological 

processes. They allow controlled numerical "experiments" where the geometry, sliding 

conditions and interactions between atoms can be varied at will to explore their effect on 

friction, lubrication, and wear. Tremendous advances in computing hardware and 

methodology have dramatically increased the ability of theorists to simulate tribological 

process. Unlike laboratory experiments, computer simulations enable scientists to follow 

and analyze the full dynamics of all atoms. Moreover, theorists have no other general 

approach to analyze processes like friction and wear. There is no known principle like 

minimization of free energy that determines the steady state of non-equilibrium systems. 

Even if there were, simulations would be needed to address the complex systems of 

interest, just as in many equilibrium problems. 

Diffusion in nanometer scale pores is of primary importance in industrial 

processes such as catalysis and separations. It is also expected to become important in 

the design of nanoscale structures and devices. It is well known that fluids confined in 

pores only a few molecular diameters wide have properties that are different than the bulk 

(Israelachvili, 1992). For instance, enhanced viscosity (Granick, 1991), stick-slip 

transitions (Granick, 1991; Gee, McGuiggan and Israelachvili, 1990), and confinement 

induced phase transitions (Qiao and Christenson, 2001) are observed. Computer 

simulations have been used extensively to complement experimental studies and to 

provide new insights by looking directly at the structure of the confined fluid. This has 



led to an explosion in the number of computational studies over the last two decades, and 

has allowed increasingly sophisticated modeling. In particular, computer simulations 

have shown that the properties of the fluid depend not only on the confinement but also 

on the intimate relationship between the fluid and the atomic structure of the surface. 

The attraction the fluid feels for the surface and the way it packs due to the arrangement 

and size of the surface atoms profoundly affects fluid behavior (Thompson and Robbins, 

1990; Gao, Luedtke, and Landman, 1997; Curry, 2000; Schoen, Diestler, and Cushman, 

1987). If the fluid is the same size as the solid atoms and the surface atoms are arranged 

as a face centered cubic (fee) lattice then the fluid epitaxially aligns with the surface and 

is shown to undergo freeze-thaw cycles as the surfaces are moved relative to one another 

either dynamically (Thompson and Robbins, 1990) or as a series of equilibrium steps 

(Schoen, Diestler, and Cushman, 1987). 

Using the SFA, Klein and Kumacheva (1995,1998) studied the liquid-to-solid 

transition of a simple liquid, octamethyltetracyclosiloxane, (OMCTS) confined between 

two surfaces as a function of surface separation. For large surface separations down to a 

separation corresponding to seven molecular layers the confined films displayed a liquid

like shear viscosity. On further decreasing the surface separation by a single molecular 

spacing, the films underwent an abrupt, reversible transition to a solid. At the transition, 

the rigidity of the confined films increased reversibly by at least seven orders of 

magnitude. 

Computer simulations have also been used to elucidate thin film properties. 

Schoen and coworkers (1989) showed that a simple liquid confined between two plane 
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parallel solid surfaces forms a solidlike structure that can be induced to melt by sliding 

the surface relative to one another. Stick-slip has been explained in terms of a shear 

melting transition in the film (Thompson and Robbins, 1990; Thompson et al., 1995). In 

these studies the results are closely linked with the fact that the fluid and solid atoms 

were the same or nearly the same size and the fluid could optimally epitaxially align with 

the surface. When the surfaces were aligned the fluid was solidlike and when the surfaces 

were out of line the fluid was liquidlike or melted. The melting was directly related to 

epitaxial alignment of the fluid with the solid. In 1998, Curry and Cushman used a model 

mica surface to show that OMCTS does not shear melt when the surfaces are solid 

relative to one another. The OMCTS molecule is too large to epitaxially align with the 

mica surface. 

The properties of fluids confined in nanoscale pores are still not well understood. 

Work in this area has focused on how the coupling between the fluid and the surface 

material produces important effects such as stick-slip transitions and enhanced order in 

confined thin films. Less attention has been paid to the effects of the finite length of the 

pore and the pore entrances and exits. In most simulations nanopores are modeled as 

infinite cylinders or slits. The pore-ends are neglected. The severity of this approximation 

depends on the phenomenon of interest. Early studies of adsorption hysteresis in pores of 

infinite extent (Heffelfinger et al., 1987, 1988; Peterson and Gubbins, 1987) produced an 

adsorption-desorption loop with extended metastable branches. The metastable liquidlike 

branch smoothly extended to values below the coexistence chemical potential and 

abruptly jumped to the gaslike branch without exhibiting a rounded knee as present in 



some experimental work. It was only when the pore-ends were included (Papadopoulou 

et al., 1992) explicitly that the qualitative character of the desorption branch was 

correctly predicted. Pore-ends are known to reduce the flux of a vapor diffusing in a 

porous membrane under a chemical potential gradient (MacElroy et al., 1999; Martin et 

al., 2001; Nitta and Furukawa; 2000). 

The main goal of this research is to use computer simulation to study the diffusion 

and flow in confined thin films and how they are affected by the chemical and physical 

structure of both the fluid and solid surfaces. We also determine how the molecular 

structure and properties, particularly attractiveness, of the interior and external nanopore 

surfaces affect transport resistance at pore entrances and exits. Such information will 

enhance our understanding of friction, lubrication, rheology, and other tribological 

mechanisms at the molecular level, will offer new fundamental insights into the 

interactions of liquids with surfaces and for liquids confined or flowing within very thin 

films, cracks, or small pores, and additionally, will improve our ability to manipulate 

fluids flowing through or trapped in natural and synthetic nanoporous systems. 

COMPUTER SIMULATIONS 

Computer simulation allows us to study properties of many-particle systems. 

Mote Carlo simulations and Molecular Dynamics Simulations are the two most important 

methods in this field. 
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Numerical methods that are known as Monte Carlo methods can be loosely 

described as statistical simulation methods, where statistical simulation is defined in quite 

general terms to be any method that utilizes sequences of random numbers to perform the 

simulation. Monte Carlo methods have been used for centuries, but only in the past 

several decades has the technique gained the status of a full-fledged numerical method 

capable of addressing the most complex applications. The name "Monte Carlo" was 

coined by Metropolis (inspired by Ulam's interest in poker) in 1953. They first used it to 

simulate a liquid. Monte Carlo is now used routinely in many diverse fields, from the 

simulation of complex physical phenomena such as radiation transport in the earth's 

atmosphere and the simulation of the esoteric subnuclear processes in high energy 

physics experiments, to the mundane, such as the simulation of a Bingo game or the 

outcome of Monty Hall's vexing offer to the contestants in "Let's Make a Deal." In many 

applications of Monte Carlo, the physical process is simulated directly, and there is no 

need to even write down the differential equations that describe the behavior of the 

system. The only requirement is that the physical (or mathematical) system be described 

by probability density functions. Once these functions are known, the Monte Carlo 

simulation can proceed by random sampling from these functions. Many simulations are 

then performed (multiple "trials" or "histories") and the desired result is taken as an 

average over the number of observations (which may be a single observation or perhaps 

millions of observations). In many practical applications, one can predict the statistical 

error (the "variance") in this average result, and hence an estimate of the number of 

Monte Carlo trials that are needed to achieve a given error. 
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The primary components of a Monte Carlo simulation method include the 

following: 

• Probability distribution functions (pdf's) — the physical (or mathematical) system 

must be described by a set of pdf's. 

• Random number generator — a source of random numbers uniformly distributed 

on the unit interval must be available. 

• Sampling rule — a prescription for sampling from the specified pdfs, assuming 

the availability of random numbers on the unit interval, must be given. 

• Scoring (or tallying) — the outcomes must be accumulated into overall tallies or 

scores for the quantities of interest. 

• Error estimation — an estimate of the statistical error (variance) as a function of 

the number of trials and other quantities must be determined. 

• Variance reduction techniques — methods for reducing the variance in the 

estimated solution to reduce the computational time for Monte Carlo simulation 

• Parallelization and vectorization — algorithms to allow Monte Carlo methods to 

be implemented efficiently on advanced computer architectures. 

In particular, we focus on the most popular realization of the Monte Carlo for 

molecular systems which is the Metropolis method: 

1. Specify the initial atom coordinates (e.g., from molecular mechanics geometry 

optimization). 

2. Select some atom i randomly and move it by random displacement: AXi, AYi, and 

AZi. 
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3. Calculate the change of potential energy AV corresponding to this displacement. 

4. If AV<0 accept the new coordinates and go to step 2. 

5. Otherwise, if AV>0, select a random number R in the range [0,1] and: 

A. if EXP(-AV/kT)<R accept the new coordinates and go to step 2, 

B. if EXP(-AV/kT)>R keep the original coordinates and go to step 2. 

Note that the iterations are independent of one another (i.e., the system does not 

contain any "memory"). The possibility that the system might revert to its previous state 

is as probable as choosing any other state. This condition has to be satisfied if the system 

is to behave as a Markov process, for which the methods of calculating ensemble (i.e., 

statistical) averages are known. Another important condition to be satisfied is the 

continuity of the potential energy function in order for the system to be ergodic. In this 

context, ergodicity means that any state of the system can be reached from any other 

state. A clearly written introduction to these concepts is given by Heermann (1990). As a 

result of a stochastic simulation, the large number of configurations (geometries) are 

accumulated and the potential energy function is calculated for each of them. These data 

are used to calculate thermodynamic properties of the system. 

Most serial Monte Carlo codes are readily adaptable to a parallel environment. 

The limiting factor for Monte Carlo calculations is, of course, the number of samples 

acquired, as the uncertainty in a Monte Carlo integral scales as the inverse of the square 

root of the number of samples. Therefore, the only way to improve the results of a Monte 

Carlo calculation is to increase the number of samples taken. Note, however, that because 
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of the square root dependence, a factor of four more samples is required in order to 

achieve a factor of two improvements in the accuracy of the integral. 

The first proper Molecular Dynamics (MD) simulations were reported in 1956 by 

Alder and Wainwright at Livermore, who studied the dynamics of an assembly of hard 

spheres. The first MD simulation of a model for a "real" material was reported in 1959 by 

the group led by Vineyard at Brookhaven, who simulated radiation damage in crystalline 

Cu. The first MD simulation of a real liquid (argon) was reported in 1964 by Rahman at 

Argonne. Much of the methodology of computer simulations has been developed since 

then, although it is fair to say that the basic algorithms for MC and MD have hardly 

changed since the 1950s. 

Molecular Dynamics (MD), a deterministic approach, actually simulates the time 

evolution of the molecular system and provides us with the actual trajectory of the 

system. The information generated from simulation methods can in principle be used to 

fully characterize the thermodynamic state of the system. In practice, the simulations are 

interrupted long before there is enough information to derive absolute values of 

thermodynamic functions, however the differences between thermodynamic functions 

corresponding to different states of the system are usually computed quite reliably. 

In molecular dynamics, the evolution of the molecular system is studied as a 

series of snapshots taken at close time intervals (usually of the order of femtoseconds 

(fs), 1 fs = lO'^^s). For large molecular systems the computational complexity is 

enormous and supercomputers or special attached processors have to be used to perform 
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simulations spanning long enough periods of time to be meaningful. Typical simulations 

of small proteins including surrounding solvent cover the range of tens to hundreds of 

10 
picoseconds (ps, 1 ps = 10" s), i.e., they incorporate thousands of elementary time steps. 

Molecular Dynamics (MD) simulations are time-consuming, and are therefore 

ripe candidates for parallel execution. Any MD simulator must perform the following 

operations: 

1. For the next 1-100 steps, calculate which atoms interact with each other. 

2. Given the set of interactions, calculate some steps of the simulation. One step 

requires the calculation of; 

• The non-bonded forces 

• The bonded forces (lenghts, angles, and dihedrals) 

• The application of the forces on each atom 

• A shake procedure, to ensure a proper structure 

By far, the most time-consuming operation is that of the non-bonded force calculation. 

Even in simulations using a lOA cutoff radius (which places an upper limit on the 

number of interacting atoms), the calculation of the non-bonded forces is substantially 

larger. 

Instead, the fact that atoms nearby one another interact with almost the same set 

of atoms leads to a decomposition based upon position in the simulation, rather than 

position in some list. Since a processor is responsible for a geometric region, all nearby 

interaction can be computed with local data, and when data about atoms is fetched from 

remote locations, there is a high likelihood of it being used more than once, amortizing 
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the cost of the remote memory reference. Since the force on each of the atoms is equal 

and opposite, there are two choices; 

• Calculate for each atom all of the forces from other atoms (every interaction is 

calculated twice, but there is no need for communication), or 

• Calculate the force once, and then have a strategy to deliver the opposite force to 

the proper processor at the proper time for summing with other forces. 

Molecular dynamics (MD) and Monte Carlo (MC) atomistic computer 

simulations have long been accepted as valuable methods of modeling atomic and 

molecular interactions enabling macroscopic properties to be related to atomic 

phenomena. Although the differing strengths of these two methods have made an 

effective two-pronged approach to many and varied problems, several important classes 

of problems fall in the void between the two techniques. For example, until very recently, 

only MC has been used in the grand canonical ensemble (constant chemical potential, 

volume, and temperature). This is because the insertions and deletions necessary for 

chemical potential control fit nicely with MC s stochastic moves (enabling grand 

canonical Monte Carlo or GCMC), while they adversely affect the dynamics of a MD 

simulation. As a result, problems such as diffusion, adsorption, and vapor-liquid 

equihbrium, which would benefit from study in the grand canonical ensemble yet need a 

dynamical approach, have historically been addressed by both traditional NVT MD and 

GCMC techniques, sometimes simultaneously. Therefore, a necessary bridge between 

MD and GCMC is a MD simulation in the grand canonical ensemble or GCMD. 
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Furthermore, one would ultimately like to be able to spatially control the chemical 

potential in a dynamical simulation, thus enabling steady-state phenomena to be modeled 

(e.g., diffusion, evaporation/condensation, etc.). While other techniques that enable 

dynamical simulations at constant system chemical potential have been developed, the 

dual control volume grand canonical molecular dynamics method' (DCV-GCMD) 

presented by Grant S. Heffelfinger and Frank van Swol (1993) is more general, enabling 

spatial chemical control in a dynamic simulation. 

Cagin and Pettit (1991) produced a GCMD simulation by taking the number of 

particles to be a continuous variable, essentially introducing a fractional particle. When 

this fractional particle grows to a full particle, a whole particle is inserted at that point. A 

new fractional particle is then created following a search throughout the system volume 

for an insertion point yielding a potential energy close to that of the previous fractional 

particle. When the fractional particle decreases to zero, it is deleted and another particle 

chosen as the fractional particle. This technique models an adiabatic system: a system 

which exchanges matter, but not energy with its surroundings, i.e., a system enclosed by 

porous walls. In addition, the insertion and deletion of the fractional particles throughout 

the system volume damages the real dynamics. Thus this technique is best suited for 

equilibrium studies much like GCMC. 

Papadopoulou et al. (1993) have developed a GCMD technique which models a 

system interacting with an external reservoir at constant chemical potential by using local 

chemical potential control volumes. Briefly, this technique consists of inserting and 

deleting particles in a local control volume (reservoir), which is in direct contact with the 



22 

molecular dynamics system. The reservoir influences the chemical potential in the MD 

system much the way a real open system acts, through matter and energy exchange 

between the open system and a reservoir. The resulting simulation, which may be thought 

of as a hybridization of GCMC and MD, employs stochastic methods of chemical 

potential control in the same vein as Abraham's constant pressure MD (1982) and 

Anderson's method for constant temperature MD (1980). Papadopoulou et al.'s GCMD 

technique (1993) is particularly well suited for nonequilibrium studies because chemical 

potential control volumes can be strategically placed to model real systems, an advantage 

over the extended Hamiltonian approach of Cagin and Pettitt. (1991) 

In DCV-GCMD the simulation cell is divided into sections. MD is conducted 

throughout the cell and GCMC creations and deletions are conducted in the control 

volumes in order to maintain those sections at a fixed chemical potential. The number of 

molecules outside the control volumes fluctuates as in an experimental system. 

Thermodynamic and transport properties are calculated in the pure MD sections of the 

cell. Energy barriers, at the pore entrance and exit for instance, are represented 

realistically. The strength of the DCV-GCMD method is that it enables a direct 

measurement of diffusivity in the presence of a steady state chemical potential gradient. 

Thus, not only it can be used to study multicomponent diffusion, but if a system with a 

pressure gradient is modeled, one can obtain the transport diffusivity. 
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MODEL 

The slit-pore model consists of OMCTS or cyclohexane confined transversely by 

flat walls consisting of layers of oxygen atoms where the layer in contact with the fluid 

contains discrete atomic structure. Fluid and wall atoms are spherical, non-polar, 

Lennard-Jones (LJ) atoms characterized by diameters aj and interaction energies ei where 

i indicates fluid (f) or wall (w) atom. Following Somers et al. (1993), we choose the 

molecular diameter, mass and interaction strength parameters so that the fluid molecules 

represent either OMCTS or cyclohexane, and the wall atoms represent oxygen (see Table 

1). 

The total potential energy of the confined fluid is approximated as a pairwise sum 

of LJ (12,6) interactions with the interaction energy between atoms i and j given by 

U ( r y )  =  4£ y  

1 /9 where Ey = (8,e,) and a,y = 1/2 (a, + O)). The potential energy cylindrical cutoff radius is 

3.5 Gij. Corrections due to the cutoff are calculated and added according to Schoen et al. 

(1987). 

12 ^ A cr,,. 
(1) 
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Table 1.1 Simulation Parameters 

Diameter Oi (A) Interaction energy £i (J) Chemical potential Hi/Ei 
cyclohexane 5.4 4.473 X 10-^' J -14.935 

OMCTS 7.7 4.736 X 10"^' J -16.996 
oxygen 2.71 1.629 X 10-^' J 

Fig. 1.1 A schematic of the Lennard-Jones potential. 
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The Lennard—clones (LJ) potential is an effective potential that describes the 

interaction between two uncharged molecules or atoms. The Lennard—Jones potential is 

mildly attractive as two uncharged molecules or atoms approach one another from a 

distance, but strongly repulsive when they approach too close (Fig. 1.1). The strong 

close-in repulsion between atoms or molecules is easy understandable, resulting from 

mutual deformation of their structures (meaning, one atom cannot diffuse through 

another). The mild attraction at larger distances is harder to explain. It results from what 

is called induced dipole—dipole moment interaction of the particles. Dipole means 

"having two poles," a positive and a negative one. A dipole is an electrical structure in 

which charges of equal magnitude but opposite sign are separated along a line. A dipole 

moment is a measure of the "strength" of a dipole. We can increase the dipole moment of 

a structure either by increasing the magnitude of the positive and negative charges or by 

increasing their separation. If a molecule with dipole moment is placed in an electric 

field, the dipole orients along that field. When we look at an uncharged atom, we see a 

symmetrically distributed (round) electron cloud surrounding its nucleus. As a result, the 

atom has no dipole moment, because no charges are concentrated in any one direction. A 

particle in a liquid is constantly in motion, undergoing collisions and near—collisions 

with other particles. When two uncharged particles approach one another, the electron 

clouds of the competing particles undergo a deformation. During the interaction, each 

particle does not have a symmetrical electron cloud. As a result each acquires a dipole 

moment. This is called an induced dipole moment. It lasts for only the short time of near 

approach, but during this time particles with dipoles are attracted to each other. This 



attraction is called the London or Van der Waals force. The potential resulting from these 

attractive and repulsive interactions is called the Lennard--Jones potential. 

The Lennard—Jones force between two molecules is given the equation: 

Fir,) = -^8, 
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The simplest and most frequently used potential in computer simulations is the 

Lennard-Jones potential between a pair of atoms. The LJ 12-6 potential constitutes 

nowadays an extremely important model system. There is a vast body of papers that 

investigated the behavior of atoms interacting via LJ on a variety of different geometries 

(solids, liquids, surfaces, clusters, two-dimensional systems, etc). One could say that LJ is 

the standard potential to use for all the investigations where the focus is on fundamental 

issues, rather than studying the properties of a specific material. The simulation work 

done on LJ systems helped us (and still does) to understand basic points in many areas of 

condensed matter physics, and for this reason the importance of LJ cannot be 

underestimated. 

We use model mica (high energy) surfaces, with discrete molecular structure. 

Each mica surface consists of four layers of oxygen atoms (k = 0, 1,2, 3) with density, Ps 

= 0.12 following Somers et al. (1993) (see Fig. 1.2). The solid layer in contact with 

the fluid is a sheet of discrete oxygen atoms in a hexagonal arrangement derived from x-

ray diffraction data for mica. Following Somers et al. (1993), the layers that do not 

contain discrete atomic structure are treated as uniform sheets of atoms separated by Az = 

2.2 A. The average distance between layers beyond the fourth layer is Azfar = 2.5 A. 



27 

The interaction energy between a fluid atom and a single wall is the sum of the 

pairwise interactions of the fluid atoms with each solid atom in the contact layer (NS), 

and the 10-4-3 potential interaction with the three continuum layers behind the contact 

layer given by 

The distance between the pore walls, h, is measured from the center of the wall 

atoms. The relative lateral alignment of the walls, or registry, in both the x and y 

directions can be changed. It will be able to determine if fluids are ordered merely by 

virtue of the confinement or if coupling between the fluid and solid dominates thin film 

properties. 

In order to study the film response to shear we must vary the relative lateral 

alignment, or registry, of the surface. In previous work we have only used the model 

where the surfaces start directly aligned over one another and then are sheared in the x 

direction. When the surfaces are directly aligned over one another there is no shear stress 

because the system is symmetrical. In this project, we extend previous work to explore 

different state points by shifting the relative alignment of the surfaces in both the x and y 

directions. The idea is to study a surface arrangement where the surfaces are almost never 

directly aligned over one another during sliding, as might be expected in real systems. 

3 2cr'3 (TI a t  
+iTtp E y ^ ^ 

(3) 
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Fig. 1.2 A schematic of a portion of the simulation cell. The fluid molecules are shown as 

large open circles (OMCTS). The mineral surfaces consist of four layers of oxygen 

atoms. Small shaded circles represent the oxygen atoms in a hexagonal arrangement in 

the layer closest to the fluid. Rectangles represent uniform sheets of atoms with the 

oxygen density equal to that for mica. An x-z view is shown on the left and an x-y view 

of one surface is shown on the right. Lx and Ly denote the unit cell in the x and y 

directions respectively. 
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Fig. 1.3 A schematic of the relative alignment of two mica surface. The configuration on 

the left is shifting in the x direction and the configuration on the right is shifting in the y 

direction. 

A shift in the x direction is given in terms of the coordinates of the corresponding 

atoms: Xi^^^ = x/^^ + Uxh', + h where superscripts (1) and (2) refer to 

the lower and upper walls respectively, Ux is the registry of the surfaces in the x-direction 

(0 < a;c < 1) and Ix is the lattice constant in the x-direction which is taken to be 1.985aw. 

A shift in the y direction is given in terms of the coordinates of the corresponding atoms; 

yi^^^ = yi^^^ + Oylx, + h where oCy is the registry of the surfaces in the 

Lower surface 

Upper surface 
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y-direction (0 < a3,< 1.732). The lattice constant in the y-direction is taken to be 

3.438aw. When ttx = 0 and = 0 the walls are precisely in registry. When ax = 0.5 the 

walls are completely out of registry in the x direction and when a^, = 0.866 the walls are 

completely out of registry in the y direction. The lattice constants were chosen so that a 

shift in registry, = 0.25 corresponds to the same shift distance as <Xy = 0.25, the shifts 

being in different directions. This is a commensurate system in that the surfaces are 

aligned directly over one another at the reference point a;^ = 0, = 0 and only shifts in 

the X and y directions are allowed. The surfaces are not twisted with respect to one 

another (Fig. 1.3). 

We will study the simple nonpolar liquids, octamethyltetracyclosiloxane 

(OMCTS) and cyclohexane, confined between two parallel solid surfaces using Monte 

Carlo and molecular dynamics computer simulations. OMCTS and cyclohexane have 

been used extensively as model lubricants in SFA experiments (Israelachvili et al., 1988; 

Klein and Kumacheva, 1988; Granick, 1991). 

Octamethyltetracyclosiloxane (OMCTS) is a colorless liquid of limited water 

solubility (50 ppb), and an important chemical in the silicone industry. The most common 

conmiercial use of OMCTS is in antiperspirants, deodorants, and hair conditioners. Most 

of the OMCTS used in these applications will evaporate into the air with only small 

amounts being washed off in wastewater. In the atmosphere OMCTS will photo-oxidize 

within days to the products of silicone dioxide, water and carbon dioxide. OMCTS that 

enters wastewater will be transported to wastewater treatment plants where it is 

extensively removed by volatilization. 
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Studies have shown that OMCTS does not contribute to ground level ozone 

formation and has been exempted from the regulations as a volatile organic compound 

(VOC) by the US EPA. OMCTS does not deplete stratospheric ozone because its 

atmospheric lifetime is too short to be transported to the stratosphere. 

An atmospheric transport model predicts that the concentration of OMCTS in the 

atmosphere at ground level is a relatively low, 0.0097 mg/m^. The OMCTS concentration 

in water in equilibrium with the atmosphere is predicted to fall within the range of 105 to 

108 mgW, well below the current detection limit. 

Measured influent concentrations suggest that only 3.3% of the total OMCTS 

used in consumer products reaches wastewater treatment facilities. The small amount of 

OMCTS, which may enter wastewater from personal care products or industrial uses, 

rapidly partitions to air. 

The risk of OMCTS bioconcentration is low because sustained exposure to 

OMCTS in aquatic systems is not possible as a result of rapid evaporation from surface 

water. The rapid loss of OMCTS from surface water is a consequence of its high Henry's 

Law Constant. 

Because OMCTS is hydrophobic and water insoluble, it has the potential to 

bioaccumulate. The bioconcentration factor determined for the fathead minnow 

(Pimephales promelas) under extremely strict laboratory conditions was 12,400X. 

However, the extremely low environmental concentrations due to high volatility, water 

insolubility and sorption onto solids results in low bioavailability. 
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Table 1.2 Physiochemical Properties of Octamethyltetracyclosiloxane 

Property Octamethyltet racyclos iloxane 

Si(CH,)2 

O O 
Chemical structure si(CH,)2 si(CH,)2 

o o 
\ / 
Si(CH,)2 

CAS No. 556-67-2 
Molar polarizability 22 A 
Boiling Point 175.4°C 
Vapor pressure at 20°C 0.681 mm Hg 
Specific gravity at 20°C 0.953 
H2O solubility 56 ppb (at 25 °C) 
Log ^(octanol/water) ^ 

Cyclohexane is a chemical that occurs naturally in crude oil and is extracted 

during the refining process. It is used in many ways: in the manufacture of nylon, and as 

a solvent for oils, fats, waxes, rubber, paints and varnishes. The primary use of 

cyclohexane, accounting for approximately 58 percent of all use, is in the production of 

adipic acid, a nylon intermediate. Cyclohexane is also used in the production of 

caprolactam, another nylon intermediate. Small amounts are used as a solvent for 

lacquers and resins; as a paint and varnish remover; as an intermediate in the manufacture 

of benzene, cyclohexanone, and nitrocyclohexane; as fuel for camp stoves; as an 

ingredient in fungicidal formulations; and in the industrial recrystallization of steroids 

(Manns ville 1993). 
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Cyclohexane is volatile (vapor pressure, 77 mm Hg @ 20°C; Henry's Law 

constant, 0.195 atm.m^/mol @ 25°C) and is expected to partition into the atmosphere 

from both water and soil (HSDB 1994). The estimated KOC for cyclohexane, 482 

(CHEMFATE 1994), indicates a moderate potential for soil adsorption. Cyclohexane is 

slightly soluble in water (55 ppm) and has the potential to leach through soil into 

groundwater (HSDB 1994). (Table 1.3) 

Table 1.3 Chemical/Physical Properties Of Cyclohexane 

Characteristic/Property Data 
CAS No. 110-82-7 

Molecular Formula C6H12 
Physical State liquid 

Molecular Weight 84,16 
Melting Point 6.47°C 

Boiling Point 80.7°C @760 mm Hg 
Water Solubility 55 mg/L @ 25°C 

Density d20/4 °C, 0.7781 
Vapor Density (air =1) 2.90 

KOC 482 (calculated) 
Log KOW 3.44 

Vapor Pressure 77 mm Hg @ 20°C 
Reactivity flammable; reacts with oxidizing materials 
Flash Point 1°C (18°C) (closed cup) 

Henry's Law Constant 0.195 atm.n?/mol @ 25°C (calculated) 
Fish Bioconcentration Factor 240 (calculated) 

Odor Threshold 300 ppm (in air); mild, sweet odor (chloroform-like) 
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RESULTS 

When liquids are confined between solid surfaces whose separation is comparable 

to molecular dimensions, the properties of the liquid are significantly different from bulk 

properties (Israelachvili, 1992). For instance, the liquid can exhibit enhanced viscosity 

(Granick, 1991), stick-slip transitions (Granick, 1991; Gee et. al., 1990), and confinement 

induced phase transitions (Qiao and Christenson, 2001). In previous grand canonical 

ensemble Monte Carlo computer simulations. Curry (2000) has shown that a simple fluid 

such as cyclohexane or octamethylcyclotetrasiloxane (OMCTS) confined between 

aluminosilicate surfaces such as mica is packed as a highly ordered hexagonally close 

packed lattice with a fixed orientation relative to the surfaces (Curry, 2000). When the 

surfaces are directly aligned over one another the fluid is most likely to be found at the 

centers of the siloxane rings that form the mineral surface. When the surfaces are out of 

alignment the energetically favorable locations shift and the fluid density is spread over 

tracks or conduits with a particular orientation relative to the surfaces. This observation 

coupled with the earlier work of Schoen, Cushman and Diestler (1994), motivated this 

study by suggesting that for some surface alignments diffusion would be enhanced in a 

particular lateral direction. 

The slit-pore model consists of OMCTS or cyclohexane confined transversely by 

flat walls consisting of layers of oxygen atoms where the layer in contact with the fluid 

contains discrete atomic structure. Fluid and wall atoms are spherical, non-polar, 

Lennard-Jones atoms. The distance between the pore walls, h, is measured from the 

center of the wall atoms. The relative lateral alignment of the walls, or registry, in both 
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the X and y directions can be changed. A standard molecular dynamics simulation 

scheme is used (Schoen et al., 1988; Allen and Tildesley, 1987). The number of fluid 

molecules is chosen to be 50, 100, 200, or 400. At these fluid densities the monolayer is 

packed loosely enough so that diffusion can be observed on the simulation time scale. 

The number of equilibration cycles is approximately 1000 and the number of production 

cycles varies between 100,000 and 300,000. The simulation duration is 1-3 nanoseconds. 

Simulations are carried out for four wall alignments: ax=0.0, ay=0.0 (perfect 

alignment); ax=0.5, ay=0.0 (shifted half-unit in x direction); ax=0.0, ay=0.433 (shifted 

quarter-unit in y direction); and ax=0.3, ay=0.433 (shifted both in x and y direction). The 

pore widths are chosen so that the distance between the nearest edges of opposing surface 

oxygen atoms is slightly less than the fluid molecular diameter. 

When the surfaces are this close the potential energy of a fluid molecule in the 

pore depends on the atomic structure of both surfaces. For ax=0.0, ay=0.0 the hexagonal 

rings lie over one another and the fluid occupies isolated regions centered on the rings. 

For ax=0.5, ay=0.0 one surface is shifted by half a unit cell in the x direction and the 

fluid occupies tracks along the x-axis that are potential conduits for fluid movement. 

Diffusion is least for the ax=0.0, ay=0.0 case where surface atoms directly overlie one 

another and thus create the maximum barrier to fluid movement. In this case the fluid 

primarily occupies lattice positions defined by the hexagonal oxygen rings. The fluid 

diffuses by hopping between the hexagonal rings. In essence this amounts to diffusion on 

a triangular lattice. The mean square displacement for a molecule undergoing a random 

walk on a triangular lattice is the same in the x- and y- directions, hence Dxx = Dyy 
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(diffusion coefficient in x and y directio). Fluid diffusion is increased in both directions 

when the surface alignment is shifted to ax=0.5, ay=0.0. Channels are formed in the x-

direction and diffusion is greater in the x-direction than in the y-direction. In terms of the 

diffusion coefficient, Dxx = 2Dyy. Notably, diffusion in the x-direction is nearly as facile 

as in the smooth-wall case demonstrating how some surface alignments minimize the 

barrier effects of the discrete surface atoms. The results for cyclohexane and OMCTS are 

compared in terms of the diffusion coefficients. Overall, cyclohexane diffusion is higher, 

but qualitatively the effect of surface structure and alignment are the same for the two 

fluids. 

The pore width was increased to determine how close the surfaces must be so that 

the overlapping potential energy fields of the surfaces cause anisotropic diffusion. When 

increasing the pore width to 11A the effect of the surface structure is diminished and 

diffusion is no longer anisotropic. As the pore width increases there is more space for the 

molecules to move and the effect of the surfaces on the fluid decreases. 

From the previous results, we conclude that when the monolayer is a tightly 

packed hexagonal array, diffusion on the simulation time scale is essentially zero. 

Diffusion increases with reduced fluid density. With the surface separation just large 

enough to accommodate a monolayer, lateral diffusion is direction dependent due to the 

influence of the atomically structured surfaces. If the surfaces are aligned perfectly the 

fluid occupies isolated regions of the pore space and diffusion is the same in all lateral 

directions and is a minimum. If one of the surfaces is shifted laterally in the x-direction 

by one half unit cell, diffusion is enhanced in the x-direction along conduits formed by 



the overlapping potential energy fields of the surfaces. This work suggests that diffusion 

of a confined simple fluid in a nanoscale slit-pore is tunable in terms of direction and 

magnitude through control of the relative alignment of the surfaces. 

When a liquid confined between solid surfaces whose separation is comparable to 

molecular dimensions is subject to a chemical potential gradient, what is the relationship 

between the flux and the atomic structure of the confining mica surfaces, the pore width, 

and the chemical potential gradient? We employed the nonequilibrium molecular 

dynamics simulation on the whole system to try to answer this question. 

Nonequilibrium molecular dynamics (NMD) has been widely used over last 20 

years to investigate the transport characteristics of fluids (Evans and Morriss, 1990). A 

new approach in nonequilibrium molecular dynamics, the dual control volume grand 

canonical molecular dynamics (DCV-GCMD) method, was developed by Heffelfmger 

and van Swol (1994) and MacElroy (1994). This method was designed to enable the 

simulation of diffusion and flow in systems experiencing a chemical potential gradient. 

The slit-pore model consists of OMCTS confined transversely by flat walls 

consisting of layers of oxygen atoms where the layer in contact with the fluid contains 

discrete atomic structure. Periodic boundary conditions were applied in both the x and y 

directions. Throughout the simulation volume, a standard NVT MD simulation was 

employed. The simulated system had dimensions 322.80A x 102.50A in x and y 

directions, respectively. In the z direction, the pore width is varied, starting from 10.1794 

A. The simulation cell contains two control volumes, referred to as control volume 1 and 

control volume 2. The x-dimension of the each control volume is 53.80A while the yz 
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cross-sectional area is equal to that of the system. The control volumes occupy one third 

of the simulation cell. They are positioned so that the remainder of the cell is divided 

into two regions of equal size. One region is in the middle of the cell while the other is 

the sum of the two regions at the ends of the cell that are computationally connected due 

to periodic boundary conditions. The simulation results are obtained by monitoring 

molecules moving in both regions outside the control volumes. 

In a pore 10.1794A wide, the flux as a function of different wall alignments was 

calculated. In control volume 1, n* = -17, which corresponds to a thermodynamic state 

where the temperature and pressure of the bulk fluid in equilibrium with the pore fluid 

are 303K and latm. The reduced chemical potential in control volume 2 is -34. This 

corresponds to a pressure of 4.4 x 10'^ atm which is high vacuum. For alignment ax=0.5, 

ay=0.0, the flux is much higher compared to the other alignments. The presence of these 

channels enhances fluid flow in the x-direction and by shifting one surface in the x-

direction the flux can be varied by more than an order of magnitude. If the shift is also in 

the y-direction to ax=0.3, ay=0.433 channels are created that are oriented 60° with 

respect to the x-axis. There is an increase in the flux compared to the perfectly aligned 

case however the channels are not along the direction of the chemical potential gradient 

so the flux increase is much less than that for ax=0.5, ay=0.0. 

Even though the effect of surface alignment on flux is only important in pores 

with widths on the order of one nanometer, in general the flux for a given chemical 

potential gradient depends on pore width. With increasing pore width, there are several 

peaks in the flux. The first peak is at reduced pore width h* = 1.5 to 1.8, which is from 
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11.7194A to 14.0294A. The second and third peaks are near 2.5 and 3.5 a, which are 

19.4194A and 27.1194A, respectively. It is interesting to note that the flux is about an 

order of magnitude higher for h* = 1.5 to 1.8 than it is for all other pore widths studied. 

For h* = 1.322 the fluid is a monolayer and the normal force is slightly repulsive. As the 

pore width increases the monolayer transitions to a bilayer at h* ~ 2. As this transition 

occurs there is a range of pore widths where the pore is wider than that required for a 

monolayer but not wide enough to accommodate a bilayer. It is in this range (h* = 1.5 to 

1.8) that the flux increases dramatically. The volume available to the fluid increases but 

the number of molecules does not increase proportionally hence the molecules are able to 

move more easily. 

The chemical potential difference drives the fluid movement in the pore. The 

chemical potential difference was varied to determine the minimum difference required 

to produce fluid movement. When the chemical potential difference is less than some 

critical level, the flux will be close to zero, which means there is no movement of liquid 

molecules. 

These results can help us get more insight to understand interfacial adhesion, 

lubrication, and the behavior of concentrated dispersions. Furthermore, we conducted 

simulations to analyze a system more like the natural environment, a system that 

explicitly includes the pore-ends. In most simulations nanopores are modeled as infinite 

cylinders or slits. The pore-ends are neglected. The severity of this approximation 

depends on the phenomenon of interest. Early studies of adsorption hysteresis in pores of 

infinite extent (Heffelfinger et al., 1987, 1988; Peterson and Gubbins, 1987) produced an 
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adsorption-desorption loop with extended metastable branches. The metastable liquidlike 

branch smoothly extended to values below the coexistence chemical potential and 

abruptly jumped to the gaslike branch without exhibiting a rounded knee as present in 

some experimental work. It was only when the pore-ends were included (Papadopoulou 

et al., 1992) explicitly that the qualitative character of the desorption branch was 

correctly predicted. 

The simulated system has dimensions 404.62A x 102.50A in the x and y 

directions, respectively. In the z direction the size of the simulation cell is 25.72 A plus 

the pore width (h). The pore width is varied, starting from 10.1794 A. The two control 

volumes, 1 and 2, are positioned in the simulation cell. The size of each control volume 

is 31.57A X 102.50A in the x and y directions, respectively. The spaces between the 

control volumes and pore walls, which are referred to as middle volumes, are the same 

size as control volumes. 

The flux for OMCTS under different wall alignments in pores 10.1794A and 

25.5794A wide was determined. The reduced chemical potential in control volumes 1 

and 2 are -12 and -27 respectively. It is interesting that the flux varies with the relative 

alignment of the surfaces when the pore width is 25.5794A (h* = 3.322). For ax=0.5, 

ay=0.0 the flux is much higher compared to the ax=0.0, ay=0.0 case. It appears, however 

that perhaps because of the effect of the pore ends, the surface alignment can also affect 

the fluid flow in wider pores. It is possible that by explicitly including the ends of the 

pore in the simulation that the relative alignment may affect the flux although more work 
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must be done to clarify this point. For pore width equal to 10.1794A, the flux values for 

both wall alignments are almost zero. Only a few molecules (less than 10 molecules) 

move through the pore during the simulation. 

The pore width also can affect the structure of the thin films, so the liquid 

molecules are packed loosely or tightly in pores of different width. This situation causes 

the changes in the fluid flow. In some range of pore width, especially pore width close to 

the natural number of the molecular diameter, the flux value is higher and in other ranges 

the flux value is lower. 

This research will enhance our understanding of transport and capillary 

condensation in nanopores which is of vital importance in subsurface transport of oils and 

toxic solvents, in the preparation of synthetic porous materials and in the design of 

nanoscale machines. All these information will enhance our understanding of phase 

transitions and rheology at the molecular level, and additionally will improve our ability 

to manipulate fluids flowing through or trapped in natural and synthetic nanoporous 

systems. 
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CHAPTER 2: Flux of Simple Liquid Monolayers in a Mica Slit-pore 

ABSTRACT 

Nonequilibrium molecular dynamics are used to study the flow of 

octamethylcyclotetrasiloxane (OMCTS) films confined between atomically structured 

micalike surfaces in the presence of a chemical potential gradient. The relationship 

between the fluid flux and the atomic structure of confining mica surfaces, the distance 

separating the surfaces (~1 to 10 nm), and the difference in chemical potential at the pore 

ends was studied. The results show that when the pore width is small enough and under 

large chemical potential differences, the liquid molecules form a nearly pure monolayer 

and the alignment of the mica surfaces affects the flux value. If one of the surfaces is 

shifted laterally in the x-direction by one half unit cell flow is enhanced in the x-direction 

along conduits formed by the overlapping potential energy fields of the surfaces. The 

fluid tracks forced by the alignment enhance the molecular movement in the same 

direction. The flux is also affected by the pore width, which affects the structure of the 

thin film. The liquid molecules are packed loosely or tightly at different pore widths so 

the fluid flow varies with pore width. So, for certain pore widths, the flux is higher and 

for others it is lower. The chemical potential difference drives the fluid movement and 

when this difference less than a critical level there is no fluid flow at least on the time 

scale of the computer simulation. 



INTRODUCTION 

Nonequilibrium molecular dynamics (NMD) has been widely used over last 20 

years to investigate the transport characteristics of fluids (Evans and Morriss, 1990). A 

new approach in nonequilibrium molecular dynamics, the dual control volume grand 

canonical moleculeir dynamics (DCV-GCMD) method, was developed by Heffelfmger 

and van Swol (1994) and MacElroy (1994). This method was designed to enable the 

simulation of diffusion and flow in systems experiencing a chemical potential gradient. 

The idea of DCV-GCMD is that two local grand canonical Monte Carlo control 

volumes are placed inside the simulation volume of a molecular dynamics simulation. 

Grand canonical Monte Carlo (GCMC) insertions and deletions can be carried out to 

establish different desired chemical potentials in the control volumes. This method is a 

bridge between molecular dynamics (MD) and GCMC. Equilibration exchanges between 

the MD simulation volume and the GCMC control volumes will establish a steady-state 

chemical potential gradient between the control volumes. 

The strength of the DCV-GCMD method is that it enables a direct measurement 

of diffusivity in the presence of a steady state chemical potential gradient. Thus, not only 

can it be used to study multicomponent diffusion, but also if a system with a pressure 

gradient is modeled, one can obtain the transport diffusivity. Previously, computational 

studies of diffusion have yielded only the self-diffusivity, generally by measuring the 

system's natural fluctuations or its response to a driving force (MacGowsn and Evans, 

1986). However, given the importance of the transport diffusivity to industrial processes, 

much experimental work has focused on its measurement. As a result, some effort has 



been made to relate the transport diffusivity to the self-diffusivity, namely, the so-called 

Darken equation, (L. S. Darken) as well as to develop methods of adapting standard 

computer simulation techniques to determine the transport diffusivity. Using the DCV-

GCMD method, one can determine the gradient of the system's steady-state density 

profile and flux at any point in the system and apply Pick's law at that point yielding a 

measurement of the diffusivity at that point. 

Molecular-scale computer simulation has been used extensively to study the 

properties of confined thin films. It has been shown that the structure and properties of a 

confined fluid can be profoundly affected by the molecular structure of the confining 

surfaces. Fluids confined between surfaces with atoms arranged in face-centered cubic 

100 or 111 arrays have been studied in detail (Gao, et al., 1997-1998; Schoen et al., 1987, 

1989; Thompson and Robbins, 1990, 1991). Most often the fluid molecule is taken to be 

nearly the same size as the atoms comprising the solid surfaces so the fluid fits deeply in 

the potential wells of the corrugated surface (Gao, et al., 1997-1998). The surface 

therefore provides a template for the fluid that packs against it in ordered layers that 

resemble the structure of the underlying solid. If the walls are sufficiently close and the 

registry, or lateral relative alignment, is optimum, the fluid looks very much like an 

extension of the solid surface and solid-like order extends across the film. Shifting one 

surface laterally to a registry that does not favor solid-like packing causes the fluid to be 

disordered or liquidlike. Continued lateral movement of the surface results in a 

succession of solid-like and liquidlike states or freeze-thaw cycles. This has been 

suggested as a possible mechanistic explanation for the stick-slip phenomena observed in 
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Surface Forces Apparatus (SFA) experiments (Schoen et al., 1989; Thompson and 

Robbins, 1990). The observed shear response however, depends on the particular model 

of the slit pore system. If the fluid is larger than the potential wells in the surface or the 

surface wells are shallow the surface is not expected to be a very good template for the 

fluid and order in the fluid should depend less on the relative alignment of the surfaces. 

Indeed, in the extreme case of structureless walls the fluid structure is independent of 

surface alignment. In grand canonical molecular dynamics simulations Gao and co

workers (1997) compared the shear response of a commensurate system where the fluid 

and solid atoms were the same size to an incommensurate system where the solid atoms 

were smaller than the fluid and the solid lattice constant was reduced. The commensurate 

system developed an internal yield stress upon application of a shear force whereas in the 

incommensurate system shear lead to boundary slip with insignificant accumulation of 

internal stress in the film. In the incommensurate case the fluid was unable to couple 

significantly with the surface. This indicates that changing the model for the surfaces can 

lead to qualitatively different predictions for the properties of thin films. 

The diffusivity, either the transport diffusivity (the diffusivity in the presence of a 

pressure as well as a chemical potential gradient), or the equilibrium or self-diffusivity, is 

determined by calculating the time averaged density profile and flux for each of the 

dp{x )  
system's components. From the gradient of the density (or concentration) profile — 

dx  

and flux J, the diffusivity D of component i can be calculated via Pick's law, generally 

written as 



46 

y ,=-D,^  (1)  
ax  

Because the resulting mass transfer is due directly to a steady state chemical 

potential gradient, D is the species' diffusivity, whether a pressure gradient is present or 

not (in the former case, D is the transport diffusivity; in the latter, it is the self-

diffusivity). MacElroy (1993) has used the nonequilibrium molecular dynamics method 

to study transport in thin membranes. 

The goal of the present work is to employ the DCV-GCMD method to study a 

confined simple fluid in a model slit pore that closely mimics the system used for SFA 

experimental studies of confined fluids, namely, OMCTS confined between mica 

surfaces (Israelachvili et al., 1988). The fluid molecules are larger than the oxygen atoms 

that are arranged to form the hexagonal siloxane cavities on the mica surfaces. The fluid 

packs as a hexagonal array between the surfaces. The orientation of the fluid lattice is 

guided by the mica surfaces. The angle between the symmetry planes of the fluid and the 

hexagonal oxygen rings on the mica surfaces is approximately 30° (Curry, 2000). This 

work studied the relationship between the flux and the atomic structure of the confining 

mica surfaces, the pore width, and the chemical potential difference between the pore 

ends. When the pore width is small enough and under a large chemical potential 

difference, the liquid molecules form a nearly pure monolayer and the alignment of the 

mica surfaces affects the fiux. 

MODEL 
The slit-pore model consists of OMCTS confined transversely by flat walls 

consisting of layers of oxygen atoms where the layer in contact with the fluid contains 
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discrete atomic structure. Fluid and wall atoms are spherical, non-polar, Lennard-Jones 

(LJ) atoms characterized by diameters O; and interaction energies e, where i indicates 

fluid (f) or wall (w) atom. Following Somers et al., (1993) we choose the molecular 

diameter, mass and interaction strength parameters so that the fluid molecules represent 

OMCTS and the wall atoms represent oxygen (see Table 2.1). 

The total potential energy of the confined fluid is approximated as a pairwise sum 

of LJ (12,6) interactions with the interaction energy between atoms i and j given by 

u{ry )  =  Aey  

where 8/, = (e/8/)'^^and Oy = 1/2 (a, + o}). The potential energy cylindrical cutoff radius is 

3.5 a,;. Corrections due to the cutoff are calculated and added according to Schoen et al. 

(1987). 

Each mica surface consists of four layers of oxygen atoms (k = 0, 1,2, 3) with 

density, Ps = 0.12 following Somers et al (1993) (see Fig. 2.1). The solid layer in 

contact with the fluid is a sheet of discrete oxygen atoms in a hexagonal arrangement 

derived from x-ray diffraction data for mica. (S. W. Bailey, 1980). Following Somers et 

al., (1993) the layers that do not contain discrete atomic structure are treated as uniform 

o 

sheets of atoms separated by Az = 2.2 A. The average distance between layers beyond 

the fourth layer is Azfar = 2.5 A. 

The interaction energy between a fluid atom and a single wall is the sum of the 

pairwise interactions of the fluid atom with each solid atom in the contact layer (NS), and 

v ' iv  

12 X x6 

r -y  'J  J  
(2) 
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the 10-4-3 potential (Steele, 1973) interaction with the three continuum layers behind the 

The distance between the pore walls, h, is measured from the center of the wall 

atoms. The relative lateral alignment of the walls, or registry, in both the x and y 

directions can be changed. A shift in the x direction is given in terms of the coordinates 

of the corresponding atoms: + Uxlx', = yi^'^ + h where 

superscripts (1) and (2) refer to the lower and upper walls respectively, ax is the registry 

of the surfaces in the x-direction (0 < ttjc < 1) and Ix is the lattice constant in the x-

direction which is taken to be 1.9850w. A shift in the y direction is given in terms of the 

coordinates of the corresponding atoms: Xi^^^ = + Uylx, + h 

where Oy is the registry of the surfaces in the y-direction (0 < ay< 1.732). The lattice 

constant in the y-direction is taken to be 3.438aw. When a;c = 0 and a^, = 0 the walls are 

precisely in registry. When = 0.5 the walls are completely out of registry in the x 

direction and when Uy = 0.866 the walls are completely out of registry in the y direction. 

The lattice constants were chosen so that a shift in registry, ax = 0.25 corresponds to the 

same shift distance as a^, = 0.25, the shifts being in different directions. This is a 

commensurate system in that the surfaces are aligned directly over one another at the 

contact layer given by 

+ 2we  y < 
' ^1^=1 5(Z | s ,+k^Zy°  (z^+Mz)"  3AZfar (Z fw+^^Z  +  AZfar f  

. (3) 
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reference point a;c = 0, Oy = 0 and only shifts in the x and y directions are allowed. The 

surfaces are not twisted with respect to one another. 

Periodic boundary conditions were applied in both the x and y directions. 

Throughout the simulation volume, a standard NVT MD simulation was employed. The 

simulated system had dimensions 322.80A x 102.50A in x and y directions, respectively. 

In the z direction, the pore width is varied, starting from 10.1794 A. The simulation cell 

contains two control volumes, referred to as control volume 1 and control volume 2. The 

x-dimension of the each control volume is 53.80A while the yz cross-sectional area is 

equal to that of the system. A schematic of the system is shown in Fig. 2.2. The control 

volumes occupy one third of the simulation cell. They are positioned so that the 

remainder of the cell is divided into two regions of equal size. One region is in the 

middle of the cell while the other is the sum of the two regions at the ends of the cell that 

are computationally connected due to periodic boundary conditions. The simulation 

results are obtained by monitoring molecules moving in both regions outside the control 

volumes. 

The chemical potential in the control volumes was maintained each MD time step 

by attempting 50 adjustments to the number of particles in each control volume. These 

adjustments were simply attempted creations or destructions of particles. At steady state, 

the open system DCV-GCMD program removes material (from one control volume) at 

the same rate as it adds material (in the other control volume). For this work, 50 is a large 

enough number of attempted adjustments to keep this balance through all simulation 

conditions. 
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The flux was calculated via two different methods. In the first method, (the jump 

method) the net movement of OMCTS molecules from control volume 1 to control 

volume 2 (ji2, from left to the right) and control volume 2 to control volume 1 (j2i, from 

right to the left) through the yz plane at the center and boundary of the simulation cell 

were tabulated as the simulation progressed. The flux was then calculated according to 

j ^ Jnz j2L_  (4) 

where At, Ayz, and Nsteps are the time step duration, yz area, and number of time steps, 

respectively. In the second method, (the insert-delete method) the net number of particles 

added (total creations-total destructions), in control volumes 1 (NO and 2 (N2), was 

tabulated. The flux was then determined according to 

7=^^^ (5) 
2AlA„Af,„„ 

where the 2 in the denominator is due to the fact that since a single move from the control 

volume 1 side (left side) to the control volume 2 side (right side) of the flux plane counts 

both as a deletion on the control volume 1 side and a creation in the control volume 2 

side, subtracting the net creations of the left side from the right side will result in a double 

counting of the corresponding flux. The flux is expressed in reduced units where J* = 

Jxa\(m/8)'^'. 

The density profile is calculated as follows: 

p=<N(z )> l s 'Az  (6) 



where <N(z)> is the mean number of fluid atoms in a layer of thickness Az = 0.02a about 

r\ 

z. s is the area of the pore in xy plane. The density is expressed in reduced units where 

p* = pxa^ 

RESULTS AND DISCUSSION 

Simulations are carried out for four wall alignments: ax=0.0, ay=0.0 (0.0/0.0); 

ax=0.5, ay=0.0 (0.5/0.0); ax=0.0, ay=0.433 (0.0/0.433); and ax=0.3, ay=0.433 

(0.3/0.433). The pore width was varied, starting with pore width equal to 10.1794 A. 

Fig. 2.3 shows the flux as calculated by the insert-delete and jump methods for 

OMCTS as a function of wall alignment in a pore 10.1794A wide. In control volume 1 

= -17, which corresponds to a thermodynamic state where the temperature and 

pressure of the bulk fluid in equilibrium with the pore fluid are 303K and latm. The 

reduced chemical potential in control volume 2 is -34. This corresponds to a pressure of 

4.4 X 10"^ atm which is high vacuum. We can see that both methods for calculating the 

flux give the same results. In the remainder of the work the flux will be reported as the 

average of the values obtained via the two different methods. We also see that the flux 

varies with the relative alignment of the surfaces. For ax=0.5, ay=0.0 the flux is much 

higher compared to the other alignments. As was shown in previous work (Curry 2000, 

Su and Curry 2003), for narrow enough slits the surface structure influences the position 

and diffusion of the fluid in the pore. When the surfaces are aligned over one another the 

fluid occupies hexagonal rings and fluid diffusion is minimized. When the surfaces are 

out of alignment (ax=0.5, ay=0.0) the diffusion is enhanced in the direction of channels 
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that are parallel with the x-axis (Su and Curry, 2002). We show here that the presence of 

these channels enhances fluid flow in the x-direction and that by shifting one surface in 

the x-direction the flux can be varied by more than an order of magnitude. If the shift is 

also in the y-direction to ax=0.3, ay=0.433 channels are created that are oriented 60° with 

respect to the x-axis. There is an increase in the flux compared to the perfectly aligned 

case however the channels are not along the direction of the chemical potential gradient 

so the flux increase is much less than that for ax=0.5, ay=0.0. 

Fig. 2.4 shows the flux as a function of pore width for ax=0.0, ay=0.0 (o) and 

ax=0.5, ay=0.0 (•). For h* < 1.522 the flux is higher when the surfaces are aligned to 

form channels in the x-direction (ttx = 0.5, tty = 0.0). For h* < 1.322 the flux is zero 

when the surfaces are perfectly aligned whereas it is non-zero when the surfaces are 

aligned to form channels. This suggests that the flow can be switched on and off by 

changing the surface alignment. Fig. 2.5 shows a typical trajectory (10,000 steps) for a 

molecule in a pore 9.4094A wide (h* = 1.222) showing that the molecule moves along 

the channel in the x-direction when the surfaces are out of alignment. The effect of the 

surface alignment disappears for h* > 1.522. 

The chemical potential difference drives the fluid movement in the pore. The 

chemical potential difference was varied to determine the minimum difference required 

to produce fluid movement. Fig. 2.6 (ttx = 0.0, ay = 0.0) and 7 (a* = 0.5, tty = 0.0) show 

the flux as a function of pore width for four different chemical potential differences. This 

gives us an idea about how the chemical potential drives the molecular movement. When 

the chemical potential difference is less than some critical level, the flux will be close to 
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zero, which means there is no movement of liquid molecules. The chemical potential in 

control volume 1 is fixed at -17 while the chemical potential in control volume 2 is -

20(A), -23(D), -27 (•) and -34 (x). The flux is essentially zero until the chemical 

potential difference is 10 units (-17/-27). 

Even though the effect of surface alignment on flux is only important in pores 

with widths on the order of one nanometer, in general the flux for a given chemical 

potential gradient depends on pore width. In Fig. 2.8 the flux for OMCTS for ax=0.5, 

ay=0.0 is plotted as a function of pore width. Simulation conditions are similar as Fig.3. 

Continuum fluid mechanics equations predict the flux should increase with increasing 

pore width. It is accepted that this model breaks down for very small pores, however the 

pore size where the breakdown occurs is not known. With increasing pore width, there 

are several peaks in the flux. The first peak is at h* = 1.5 to 1.8, which is from 11.7194A 

to 14.0294A. The second and third peaks are near 2.5 and 3.5 a, which are 19.4194A and 

27.1194A, respectively. It is interesting to note that the flux is about an order of 

magnitude higher for h* = 1.5 to 1.8 than it is for all other pore widths studied. For h* = 

1.322 the fluid is a monolayer and the normal force is slightly repulsive. As the pore 

width increases the monolayer transitions to a bilayer at h* ~ 2. As this transition occurs 

there is a range of pore widths where the pore is wider than that required for a monolayer 

but not wide enough to accommodate a bilayer. It is in this range (h* = 1.5 to 1.8) that 

the flux increases dramatically. The volume available to the fluid increases but the 

number of molecules does not increase proportionally hence the molecules are able to 

move more easily. This is illustrated in the plot of overall density versus reduced pore 
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width shown as Fig. 2.9. The density declines from h* = 1.322 as the pore width 

increases. At h* = 1.822 the density starts to increase again and the flux drops 

dramatically. The transition from two to three layers occurs between h* = 2.5 to 3.0. 

This corresponds to a peak in the flux and a minimum in the density. The same occurs 

for the three to four layer transition between h* = 3.5 to 4.0. 

To look at the one to two layer transition more closely Fig. 10 shows the density 

profile for ax=0.5, ay=0.0 with the -17/-34 chemical potential difference at h* = 1.322 

(0), 1.722 (•) and 1.922 (A). The x axis is the z coordinate in the simulation system and 

the y axis is the local molecular density as a function of the z coordinate. For pore width 

equal to 10.1794A (h* = 1.322), most liquid molecules are centered between z* = 0.65 to 

0.71, which is a monolayer thin film. The liquid molecules are packed so well that there 

is no more space for molecular movement. When the pore width increases to 13.2594A 

(h* = 1.722), the molecules are no longer in a two-dimensional array but rather are 

staggered between two planes at z* = 0.68 and 1.1. The distance between the two planes 

is 3.25A (Az* = 0.42), which is less than half the molecular diameter. So the liquid 

molecules do not form two well packed layers but rather are packed loosely as shown in 

the schematic in Fig. 2.11. Since each molecule has more space to move the flux is 

higher. But when the pore width continues to increase to 14.7994A (h* = 1.922), the 

distance between the two centers is about 5A (Az* = 0.65) which is more than half the 

molecular diameter. The liquid molecules can be packed tightly again and the flux 

decreases. With increasing pore width, the ability of the molecules to pack tightly will 
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influence the flux however the effect is greatest for the transition between one and two 

fluid layers. 

It is of interest to know how wide the pore must be before the packing effects no 

longer dominate the flow. In an attempt to determine this, and hence when the fluid 

begins to behave like a continuum fluid, simulations were carried out at h* = 7.322 and 

10.322. As shown in Fig. 2.6 the flux remains constant at about 0.02 and does not show 

the expected increase predicted by continuum models. Even at h* = 10.322 the pore is 

only ~8 nm wide so it is not surprising that the fluid behavior is still governed by packing 

effects. The density profile shown in Fig. 2.12 shows that the fluid is still distinctly 

layered. Simulations at larger pore widths will help to determine the scale where 

continuum equations are appropriate. This is expected to have an impact in the field of 

microfluidics. 

SUMMARY 
Nonequilibrium molecular dynamics simulations were used to understand the flux 

of liquid molecules when they are confined between solid surfaces whose separation is 

comparable to the molecular dimensions. It can also help us get to know the relationship 

between the flux and the atomic structure of the confining mica surfaces, pore width, and 

chemical potential gradient. When the pore width is small enough and under large 

chemical potential differences, the liquid molecules form a nearly pure monolayer and 

the alignment of mica surfaces affects the flux value. The fluid tracks forced by the 

aUgnment enhance the molecular movement in the direction of the tracks. The pore width 

affects the structure of the thin films, and the liquid molecules are packed loosely or 
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tightly depending on the pore width. Packing affects the movement of the molecules. So 

in some range of pore width, the flux is higher and in other ranges the flux is lower. The 

chemical potential difference is the driving force for the liquid movement, when this 

difference less than a critical level, it cannot force the molecules to move. This work 

suggests that we can optimize the pore width and surface alignment for a given chemical 

potential difference so the flux of liquid molecules can be highest. This work can help us 

get more insight to understand interfacial adhesion, lubrication, and the behavior of 

concentrated dispersions 
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Table 2.1 Simulation Parameters 

Diameter a (A) Interaction energy e (J) Chemical potential |Li/e 
oxygen 2.71 1.629 X 10-2'J 
OMCTS 7.7 4.736 X 10'^^ J -16.996 
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Fig. 2.1 A schematic of a portion of the simulation cell. The fluid molecules are shown as 

large open circles (OMCTS). The mineral surfaces consist of four layers of oxygen 

atoms. Small shaded circles represent the oxygen atoms in a hexagonal arrangement in 

the layer closest to the fluid. Rectangles represent uniform sheets of atoms with the 

oxygen density equal to that for mica. An x-z view is shown on the left and an x-y view 

of one surface is shown on the right. Lx and Ly denote the unit cell in the x and y 

directions respectively. 
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Fig. 2.2 A schematic of the simulation cell (x-z view). The x and y dimensions of the 

simulation cell are 322.8A and 102.5A respectively. The pore width varies between h* = 

1.222 (9.4A) to 10.322 (79.5A). The x and y dimensions of the control volumes are 

53.SA and 102.5A respectively. 
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Fig. 2.3 Flux for OMCTS in different wall alignments 
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Fig. 2.4 OMCTS flux as a function of pore width. The chemical potentials in control 

volumes 1 and 2 are -17 and -34 respectively. Filled circles are for = 0.5, tty = 0.0 and 

open circles are for ttx = 0.0, tty = 0.0. 
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Fig. 2.5 Simulation trajectory (10,000 steps) for a single OMCTS molecule. The x and o 

symbols mark the positions of the upper and lower surface oxygen atoms respectively (ax 

= 0.5, CLy = 0.0 and h* = 1.222). The chemical potentials in control volumes 1 and 2 are -

17 and -34 respectively. 
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Fig. 2.6 Flux for OMCTS as a function of pore width for surface alignment = 0.0, tty = 

0.0 with different chemical potential gradients. The chemical potential in control volume 

1 is fixed at -17 while the chemical potential in control volume 2 is -20(A), -23(n), -27 

(•)and -34 (x). 
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Fig. 2.7 Flux for OMCTS as a function of pore width for surface alignment ax = 0.5, Uy = 

0.0 with different chemical potential gradients. The chemical potential in control volume 

1 is fixed at -17 while the chemical potential in control volume 2 is -20(A), -23(n), -27 

(•)and -34 (x). 
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Fig. 2.8 Flux for OMCTS as a function of pore width (ttx = 0.5, tty = 0.0). The reduced 

chemical potential in control volumes 1 and 2 are -17 and -34. 
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Fig. 2.9 Overall OMCTS density in the pore as a function of pore width. The simulation 

conditions are the same as in Fig. 8. 
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Fig. 2.10 Molecular density as a function of z coordinate for h* = 1.322, 1.722 and 1.922. 

ax=0.5, ay=0.0 and the chemical potentials in control volumes 1 and 2 are -17 and -34 

respectively. 
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Fig. 2.11 A schematic of liquid molecules packed (x-z view) 
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Fig. 2.12 Local density for h* = 10.322. ax=0.5, ay=0.0 and the chemical potentials in 

control volumes 1 and 2 are -17 and -34 respectively. 
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CHAPTER 3: The Effect of Pore-ends on the Transport of a Simple Liquid 
through a Mica Slit-pore 

ABSTRACT 

The properties of fluids confined in nanoscale pores are still not well understood. 

Work in this area has focused on how the coupling between the fluid and the surface 

material produces important effects such as stick-slip transitions and enhanced order in 

confined thin films. Less attention has been paid to the effects of the finite length of the 

pore and the pore entrances and exits. Using DCV-GCMD simulations, we study the 

transport of a simple nonpolar liquid, octamethylcyclotetrasiloxane (OMCTS), in a slit 

pore of varying finite length. The results show that when the pore width is small enough, 

the liquid molecules form a nearly pure monolayer and the flux value is close to zero. 

When the pore width increases, the alignment of the mica surfaces affects the flux value. 

The fluid tracks forced by the alignment enhance the molecular movement in the same 

direction. The pore width also can affect the structure of the thin films. Because the liquid 

molecules are packed loosely or tightly in different pore width, in some range of pore 

width, the flux value is higher and in other ranges the flux value is lower. This 

information will enhance our understanding of phase transitions and rheology at the 

molecular level, and additionally will improve our ability to manipulate fluids flowing 

through or trapped in natural and synthetic nanoporous systems. 
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INTRODUCTION 

The properties of submicroscopic quantities of matter, and especially of fluids 

confined to very small spaces, are of great interest, both for a fundamental understanding 

of molecular systems as well as for a practical need to understand and control many 

colloidal, interfacial, and material engineering processes (Israelachvili et al., 1988). Fluid 

flow and capillary condensation in nanoscale pores are important for zeolitic separations, 

transport in natural porous media and design of nanostructured machines where 

components will conceivably be separated by nanometers. 

Studies of fluid properties at the nanoscale involve questions pertaining to a sub-

continuum regime for which experiments are often unable to provide the required 

answers. The behavior of materials at the nanoscale is often quite different from that in 

the bulk (Schoen et al., 1987; Granick, 1991; Gao et al., 1997; Thompson et al., 1995). 

Atomistic computer simulations offer a natural tool to directly study these systems. For 

instance, computer simulations show that the validity of the hydrodynamic "no-slip" 

boundary condition depends critically on the molecular scale details of the attraction and 

commensurability between the fluid and the solid surface (Sokhan et al., 2001; Thompson 

and Robbins, 1990; Travis and Gubbins, 2000). Additionally, they show that confined 

fluids can behave like solids in supporting a shear stress and "melting" when a critical 

shear strain is exceeded (Schoen et al., 1989). 

The properties of fluids confined in nanoscale pores are still not well understood. 

Work in this area has focused on how the coupling between the fluid and the surface 

material produces important effects such as stick-slip transitions and enhanced order in 
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confined thin films. Less attention has been paid to the effects of the finite length of the 

pore and the pore entrances and exits. In most simulations nanopores are modeled as 

infinite cylinders or slits. The pore-ends are neglected. The severity of this approximation 

depends on the phenomenon of interest. Early studies of adsorption hysteresis in pores of 

infinite extent (Heffelfinger et al., 1987, 1988; Peterson and Gubbins, 1987) produced an 

adsorption-desorption loop with extended metastable branches. The metastable liquidlike 

branch smoothly extended to values below the coexistence chemical potential and 

abruptly jumped to the gaslike branch without exhibiting a rounded knee as present in 

some experimental work. It was only when the pore-ends were included (Papadopoulou 

et al., 1992) explicitly that the qualitative character of the desorption branch was 

correctly predicted. 

Pore-ends are known to reduce the flux of a vapor diffusing in a porous 

membrane under a chemical potential gradient (MacElroy et al., 1999; Martin et al., 

2001; Nitta and Furukawa; 2000). We will determine how the molecular structure and 

properties, particularly attractiveness, of the interior and external nanopore surfaces affect 

transport resistance at pore entrances and exits. This information will enhance our 

understanding of phase transitions and rheology at the molecular level, and additionally 

will improve our ability to manipulate fluids flowing through or trapped in natural and 

synthetic nanoporous systems. The overall goal of our research is to understand how 

pore-ends affect the dynamic and equilibrium properties of confined fluids. This has 

important implications for the design of porous membranes and the extraction of toxic 

solvents as well as petroleum products from the subsurface. 
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Examples of processes that can not be studied without explicitly considering the 

unique environment of a pore-end are capillary condensation and mass transfer 

resistance. 

We will study transport and capillary condensation of a simple nonpolar liquid, 

octamethylcyclotetrasiloxane (OMCTS), in a slit pore of varying finite length using 

DCV-GCMD simulations. Computer simulations are used extensively to study thin films 

and OMCTS is commonly employed in SFA experiments (Israelachvili et al., 1988; 

Granick, 1991). 

GCMC simulations are by definition equilibrium simulations. However, 

condensed liquids are not always in equilibrium with the surroundings, metastable states 

such as those associated with adsorption/desorption hysteresis are common. We mtend to 

remove the equilibrium restriction and directly extend this work to study condensation 

dynamics with dual control volume grand canonical molecular dynamics simulations 

(DCV-GCMD) (Heffelfinger et al, 1994; MacElroy, 1994). DCV-GCMD is a hybrid 

simulation technique that includes the best aspects of GCMC and molecular dynamics 

(MD) simulations. In GCMC, configurations are generated through random atom 

creations, deletions and displacements. The GCMC method is a natural way to simulate 

the adsorption of a fluid into a porous material, as the fixed parameters (chemical 

potential, volume and temperature) correspond to those of a real adsorption experiment. 

Drawbacks to GCMC are that transport properties can not be calculated and creation 

steps allow atoms to adsorb into any part of the system with no regard to barriers that 

may impede transport. With MD, transport properties can be calculated and energetic or 



physical barriers realistically impede molecular movement. The drawback is that the 

number of molecules must be fixed so that the results are not directly comparable with 

experiment. 

In DCV-GCMD the simulation cell is divided into sections. MD is conducted 

throughout the cell and GCMC creations and deletions are conducted in the control 

volumes in order to maintain those sections at a fixed chemical potential. The number of 

molecules outside the control volumes fluctuates as in an experimental system. 

Thermodynamic and transport properties are calculated in the pure MD sections of the 

cell. Energy barriers, at the pore entrance and exit for instance, are represented 

realistically. 

The diffusivity, either the transport diffusivity (the diffusivity in the presence of a 

pressure as well as a chemical potential gradient), or the equilibrium or self-diffusivity, is 

determined by calculating the time averaged density profile and flux for each of the 

d p  ( ; c )  
system's components. From the gradient of the density (or concentration) profile —'• 

d x  

and flux J, the diffusivity D of component i can be calculated via Pick's law, generally 

written as 

(1) 
d x  

Because the resulting mass transfer is due directly to a steady state chemical 

potential gradient, D is the species' diffusivity, whether a pressure gradient is present or 

not (in the former case, D is the transport diffusivity; in the latter, it is the self-

diffusivity). 
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We expect to determine tiow the molecular structure and properties of nanopore 

materials contribute to the surface barrier effect that reduces flux through pores. This 

research will continue our work on the properties of confined thin films and enhance our 

understanding of transport and capillary condensation in nanopores which is of vital 

importance in subsurface transport of oils and toxic solvents, in the preparation of 

synthetic porous materials and in the design of nanoscale machines. 

MODEL 
We use model mica surfaces, with discrete molecular structure. The surfaces 

consist of layers of hexagonally arranged oxygen atoms with configuration as shown in 

Fig 3.1. It is possible to adjust the lateral relative alignment of the surfaces. Structured 

surfaces are necessary in order to determine the impact of the molecular structure on the 

energy barriers at the pore entrance and exit. In natural systems the crystallographic 

alignment of mineral surfaces for instance will be random and in synthetic systems the 

alignment potentially could be engineered. In recent work (Su et al., 2003) we have 

shown that for monolayer OMCTS films confined between mica surfaces diffusion is 

anisotropic for certain surface alignments and isotropic for others. We will explore 

different state points by shifting the relative alignment of the surfaces in the x direction. 

The solid layer in contact with the fluid is a sheet of discrete oxygen atoms in a 

hexagonal arrangement derived from x-ray diffraction data for mica (S. W. Bailey, 1980). 

The distance between layers beyond the first layer is Az = 2.2, 2.04, 2.92, 2.2 A. 

Fluid and wall atoms are spherical, non-polar, Lennard-Jones (LJ) atoms 

characterized by diameters a, and interaction energies 8, where i indicates fluid (f) or wall 
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(w) atom. Following Somers et al., (1993) we choose the molecular diameter, mass and 

interaction strength parameters so that the fluid molecules represent OMCTS and the wall 

atoms represent oxygen (see Table 3.1). 

The total potential energy of the confined fluid is approximated as a pairwise sum 

of LJ (12,6) interactions with the interaction energy between atoms i and j given by 

u { r , j )  =  4 £ y  
r  \  12 ^ X 6 

^ i j  

V  - y  y  J  
(2) 

where ^ij = (e;8;)^'^and aij = 1/2 (a, + a,). The potential energy cylindrical cutoff radius is 

3.5 Oy. Corrections due to the cutoff are calculated and added according to Schoen et al. 

(1987). 

The distance between the pore walls, h, is measured from the center of the wall 

atoms. The relative lateral alignment of the walls, or registry, in both the x and y 

directions can be changed. A shift in the x direction is given in terms of the coordinates 

of the corresponding atoms: x,^^^ = xi^'^ + aj,x, + h where 

superscripts (1) and (2) refer to the lower and upper walls respectively, ax is the registry 

of the surfaces in the x-direction (0 < a;^ < 1) and Ix is the lattice constant in the x-

direction which is taken to be 1.985aw. A shift in the y direction is given in terms of the 

coordinates of the corresponding atoms: Xi^^^ = yi'^^ = yi^'^ + Uylx, = Zi''^ + h 

where ay is the registry of the surfaces in the y-direction (0 < aj,< 1.732). The lattice 

constant in the y-direction is taken to be 3.438CTw. When 0C;c = 0 and = 0 the walls are 

precisely in registry. When ax = 0.5 the walls are completely out of registry in the x 
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direction and when OLy = 0.866 the walls are completely out of registry in the y direction. 

The lattice constants were chosen so that a shift in registry, ax = 0.25 corresponds to the 

same shift distance as a^, = 0.25, the shifts being in different directions. This is a 

commensurate system in that the surfaces are aligned directly over one another at the 

reference point = 0, = 0 and only shifts in the x and y directions are allowed. The 

surfaces are not twisted with respect to one another. 

Periodic boundary conditions are applied in all directions. Throughout the 

simulation volume, a standard NVT MD simulation is employed. The simulated system 

has dimensions 404.62A x 102.50A in the x and y directions, respectively. In the z 

direction the size of the simulation cell is 25.72 A plus the pore width (h). The pore 

width (h) is varied, starting from 10.1794 A. The two control volumes, 1 and 2, are 

positioned in the simulation cell as shown in Fig. 3.2. The size of each control volume is 

3I.57A X I02.50A in the x and y directions, respectively. The spaces between the 

control volumes and pore walls, which are referred to as middle volumes, are the same 

size as control volumes. 

The flux is calculated via two different methods. In the first method, the net 

movement of OMCTS molecules from control volume 1 to control volume 2 (jn, from 

left to the right) and control volume 2 to control volume 1 (jii, from right to the left) 

through the yz plane at middle and boundary are tabulated as the simulation progresses. 

The flux is then calculated according to 

j ^ J n Z h L .  (3) 



79 

where At, Ayz, and Nsteps are the time step duration, yz area, and number of time steps, 

respectively. In the second method, the net number of particles added (total creations-

total destructions), in control volumes 1 (NI) and 2 (N2), is tabulated. The flux is then 

determined according to 

7= (4) 

where the 2 in the denominator is due to the fact that since a single move from the control 

volume 1 side (left side) to the control volume 2 side (right side) of the flux plane counts 

both as a deletion on the control volume 1 side and a creation in the control volume 2 

side, subtracting the net creations of the left side from the right side will result in a double 

counting of the corresponding flux. The flux is expressed in reduced units where J* = 

J*a^*(nn/8)'^\ When the system has equilibrated, the flux values are same with these two 

methods. In this work the flux will be reported as the average of the values obtained via 

the two different methods. 

The structural features are presented in-terms of the in-plane pair correlation 

functions g. the function is given by 

g ( r )  = <  N ( r )  >  / ( I n r A r h p )  (5) 

where <N(r)> is the expected number of film molecules in an annulus of radius r, width 

AT = 0.02CT and thickness h centered on a film molecule, p is the monolayer density. The 

density profile is calculated as follows: 

p  = <  N { z )  >  t  s ^ A z  (6) 
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where <N(z)> is the mean number of fluid atoms in a layer of thickness Az = 0.02a about 

z. s is the area of the pore in xy plane. The density is expressed in reduced units where 

p* = pxa^ 

RESULTS AND DISCUSSION 

Simulations are carried out for two wall alignments: ax=0.0, ay=0.0 (0.0/0.0) and 

ax=0.5, ay=0.0 (0.5/0.0). The pore width is varied, starting with pore width equal to 

10.1794 A. The reduced chemical potential in control volume 2 is fixed at -27 while the 

reduced chemical potential in control volume 1 is varied, starting with -15.996. 

Fig. 3.3 shows the number of molecules in the different parts of the simulation 

system as a function of simulation steps for pore width equal to 25.5794A (h* = 3.322). 

The total number of steps is 410,000, which is 4.1x10"^ s. Control volume 2 (•) remains 

empty throughout the simulation due to the low chemical potential. In control volume 1 

(•) the chemical potential is higher so the volume fills with molecules and the 

equilibrium density is reached within 50,000 steps. Middle volume 2 (•) and middle 

volume 3 (x) are the spaces between the pore wall and control volume 1 and control 

volume 2, respectively. Middle volume 2 is filled quickly after control volume 1 is full. 

Next the molecules flow into the gap between the surfaces so that the number of 

molecules in the center volume (A) reaches steady state at approximately 200,000 steps. 

After another 150,000 steps the number of molecules in middle volume 3 plateaus so the 

whole system reaches steady state after 350,000 steps and the molecular insertion in 

control volume 1 is equal to the deletion in control volume 2. This figure gives us a 
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schema of how molecules move from the high chemical potential region to the low 

chemical potential region. 

Fig. 3.4 gives an x-z view of OMCTS molecule position in the whole simulation 

system at the end of the simulation. The gray lines represent the oxygen molecules that 

comprise the pore walls. Each open circle (o) represents one OMCTS molecule. It 

shows the molecules in the pore are more ordered than the molecules outside the pore. 

The pore width is 3.322 a (25.5794A) and there are clearly three layers of OMCTS 

molecules in the pore. The molecules outside the pore are bulk-like. It can also be seen 

that a somewhat ordered layer of molecules adsorbs on the pore surfaces outside the 

central gap. These molecules are regularly spaced along the edges. On the left side, 

control volume 1 and the middle volumes around it are full of OMCTS molecules, but in 

the right side the OMCTS molecules stay in the middle volumes because the chemical 

potential in control volume 2 is -27. 

We start to calculate the flux after the whole system reaches steady state. Fig. 3.5 

shows the flux for OMCTS as a function of wall alignment in pores 10.1794A and 

25.5794A wide. The reduced chemical potential in control volumes 1 and 2 are -12 and -

27 respectively. We can see that the flux varies with the relative alignment of the 

surfaces when the pore width is 25.5794A (h* = 3.322). For ax=0.5, ay=0.0 the flux is 

much higher compared to the ax=0.0, ay=0.0 case. It was shown in previous work (Curry 

2000, Su and Curry 2003) that for monolayer fluids confined to narrow enough slits (h* < 

1.522) the surface structure influences the position and diffusion of the fluid in the pore. 

It appears, however that perhaps because of the effect of the pore ends, the surface 
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alignment can also affect the fluid flow in wider pores. Fig. 3.6 shows a typical 

trajectory (10,000 steps) for two molecules moving out of the pore for pore width h* = 

3.322. In the upper plot the surface alignment is ax=0.0, ay=0.0 and in the lower plot the 

surface alignment is ax=0.5, ay=0.0. When the surfaces are aligned over one another 

(ax=0.0, ay=0.0), the molecule stays in the end of the pore for a long time and crosses the 

boundary many times. When the surfaces are out of alignment (ax=0.5, ay=0.0), the 

molecule moves in the direction of the channels that are parallel with the x-axis until it 

moves outside the pore. It is possible that by explicitly including the ends of the pore in 

the simulation that the relative alignment may affect the flux although more work must be 

done to clarify this point. For pore width equal to 10.1794A, the flux values for both wall 

alignments are almost zero. Only a few molecules (less than 10 molecules) move 

through the pore during the simulation. 

In the results presented previously, we noticed that the flux depends on the pore 

width so we investigated the relationship between the flux and pore width for ax=0.5, 

ay=0.0 in the following. Fig. 3.7 shows the flux as a function of pore width for ax=0.5, 

ay=0.0. The pore width (h*) is from 1.322 to 3.822 a (a = 7.7 A, Table 1). For h* = 

1.422, 2.322 and 3.322, where the pore width is close to 1, 2 and 3 layers of molecules 

and the actual number of fluid layers are 1, 2 and 3 (Fig. 3.8), the flux reaches peak 

values. For h* = 1.822 and 2.822, where the pore width is close to 1.5 and 2.5 layers but 

the number of fluid layers is close to 2 and 3 layers (Fig. 3.8), the flux is lower. When 

we look at the density profile when simulation is at steady state we can see that the 

distance between the molecular layers increases as the pore width increases from h* = 
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1.822, to 2.822, and to 3.822 (bottom panel, Fig. 3.8). The OMCTS molecules are 

packed looser and looser and the flux value is slightly increasing. Compared to h* = 

1.422, 2.322 and 3.322 the flux is much less because the fluid layers are packed more 

tightly together as can be seen clearly by comparing the distance between layers in the 

upper and lower panels in Fig. 3.8. 

It is interesting to note that the flux is much higher for h* = 1.422 and 3.322 than 

it is for h* = 2.322. For h* = 1.422, the pore width is slightly wider than an OMCTS 

monolayer and the fluid molecules can easily cross the channel and enhance the 

movement in the x-direction (Fig. 3.11). For h* = 3.322, there are three layers and the 

middle layer is wider than the others (Fig. 3.8), which means this layer is packed looser 

and the molecules inside move more easily. 

We also calculate the pair correlation function for each individual layer in the 

pore (shown in Fig. 3.9 and Fig 3.10). Fig. 3.9 is for the OMCTS layer near to the pore 

wall and Fig. 10 is for the middle layer. As shown in Fig. 3.9 except for h*=1.822, the 

OMCTS layer near the wall is hexagonally ordered. For h* = 1.422 the peaks are sharper 

than for h* = 2.322 and 3.322 indicating more order in the layer adjacent to the wall in 

the monolayer (h* = 1.422) compared to the multilayered films. For h*=1.822, the fluid 

is more loosely packed since there is not enough space to form two complete hexagonally 

packed OMCTS layers. There are definite peaks indicating the fluid is structured 

however the order is not purely hexagonal. The shoulder on the first peak is indicative of 

a face centered cubic (fee) arrangement although the peak is weak suggesting the 

arrangement is between hexagonal and fee. The situation is changed when we look at the 
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middle OMCTS layers. When h*=3.322, the molecules in the middle layer are clearly 

hexagonally packed and as ordered as those in the layers near the pore wall. In this case 

there is enough space for the fluid to develop three hexagonally packed layers. But for 

h*=2.822 (one middle layer) and h*=3.822 (two middle layers) there is not enough space 

to pack an integral number of layers in the pore. For h* = 2.822, Fig. 3.10 shows that the 

middle layer is less ordered than the middle layer for h* = 3.322 however the small peak 

at about r = 12A clearly indicates there is short range fee packing in this layer. For h* = 

3.822 the peak at r = 12A is completely absent. The g(r) is more suggestive of hexagonal 

packing although the structure is weakly ordered. Together with the results from Fig. 3.7, 

the results show that the flux reaches a minimum when a new layer is being added to the 

pore and it reaches a maximum when the layers are fully formed. 

The trajectory (10,000 steps) of a single OMCTS molecule in the pore (Fig. 3.11) 

can give us a direct view on the effect of pore width on the molecular movement. Fig. 

3.11 shows the molecular trajectory for different pore widths with surface alignment 

ax=0.5, ay=0.0. The molecules are mostly keeping in the channel along x-direction, the 

movement ranges match the flux values we get in Fig. 3.7. This result can give us an 

idea on how to control the molecular movement using pore width and surface alignment 

in a finite pore. 

SUMMARY 
Nonequilibrium molecular dynamics simulations were used to understand the flux 

of liquid molecules when they are confined between solid surfaces with pore-end effects. 

Because of the presence of the pore-ends, when the pore width is close to a nearly pure 
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monolayer the flux value is close to zero. With the pore width increased, the alignment of 

mica surfaces affects the flux value. The fluid tracks forced by the alignment enhance the 

molecular movement in the same direction. 

The pore width also can affect the structure of the thin films, so the liquid 

molecules are packed loosely or tightly in pores of different width. This situation causes 

the changes in the fluid flow. In some range of pore width, especially pore width close to 

the natural number of the molecular diameter, the flux value is higher and in other ranges 

the flux value is lower. This work can help us get more insight and to understand 

interfacial adhesion, lubrication, and concentrated dispersions. 
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Table 3.1 Simulation Parameters 

Diameter a (A) Interaction energy e (J) Chemical potential ji/e 
OMCTS 7.7 4.736 X 10"^  ̂ J -15.996 
oxygen 2.71 1.629 X 10"^^ J 
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Fig. 3.1 A schematic of a portion of the simulation cell. The fluid molecules are shown as 

large open circles (OMCTS). The mineral surfaces consist of four layers of oxygen 

atoms. Small shaded circles represent the oxygen atoms in a hexagonal arrangement in 

the layer closest to the fluid. Rectangles represent uniform sheets of atoms with the 

oxygen density equal to that for mica. An x-z view is shown on the left and an x-y view 

of one surface is shown on the right. Lx and Ly denote the unit cell in the x and y 

directions respectively. 
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Fig 3.2. DCV-GCMD simulation cell. The solid gray shaded regions are the control 

volumes. The control volume chemical potentials are different for induced flow 

simulations. The textured regions represent the nanopore surfaces. Periodic boundary 

conditions are employed in all directions. 
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Fig. 3.3. Number of molecules in the simulation system as a function of simulation steps 

for h* = 3.322. 
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Fig. 3.4 An x-z view of OMCTS molecule position at the end of the simulation (pore 

width = 3.322 a, ax = 0.5, ay = 0.0, the reduced chemical potential in control volumes 1 

and 2 are -12 and -27). The gray lines represent the oxygen molecules that comprise the 

pore walls. 
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Fig. 3.5 Flux for OMCTS in different wall alignments. 
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Fig. 3.6 Simulation trajectory (10,000 steps) for a single OMCTS molecule. The x and o 

symbols mark the positions of the upper and lower surface oxygen atoms respectively. 
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Fig. 3.7 Flux for OMCTS as a function of pore width in -12/-27. 
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Fig. 3.8 Molecular density as a function of z coordinate for different pore width. Surface 

alignment is ax=0.5, ay=0.0 and the chemical potentials in control volumes 1 and 2 are -

12 and -27 respectively. 
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Fig. 3.9 Pair correlation function for OMCTS layer nearest to the pore wall 
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. 3.10 Pair correlation function for OMCTS layer in the middle of pore 
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Fig. 3.11 Simulation trajectory (10,000 steps) for a single OMCTS molecule inside the 

pore with different pore width. The x and o symbols mark the positions of the upper and 

lower surface oxygen atoms respectively. 
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ABSTRACT 

Molecular dynamics computer simulations are used to study diffusion of 

monolayer octamethylcyclotetrasiloxane (OMCTS) and cyclohexane films confined 

between atomically structured uncharged mica surfaces. Diffusion parallel to the walls is 

found to be anisotropic due to the influence of the atomically structured surfaces. If the 

surfaces are aligned perfectly the fluid occupies isolated regions of the pore space and 

diffusion is the same in all lateral directions and is a minimum. If one of the surfaces is 

shifted laterally in the x-direction by one half unit cell diffusion is enhanced in the x-

direction along conduits formed by the overlapping potential energy fields of the 

surfaces. This work augments earlier work by the authors and confirms that diffusion of 

a confined simple fluid in a nanoscale slit-pore is tunable in terms of direction and 

magnitude through control of the relative alignment of the surfaces. 
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I. INTRODUCTION 

Diffusion in nanometer scale pores is of primary importance in industrial 

processes such as catalysis and separations. It is also expected to become important in 

the design of nanoscale structures and devices. It is well known that fluids confined in 

pores only a few molecular diameters wide have properties that are different than the 

1 2 2 3 bulk . For instance, enhanced viscosity , stick-slip transitions ' , and confinement induced 

phase transitions'^ are observed. Such topics are extensively discussed in chapter 3 and 4 

of Cushman^. Computer simulations have been used widely to complement experimental 

studies and to provide new insights by looking directly at the structure of the confined 

fluid. In particular, computer simulations have shown that the properties of the fluid 

depend not only on the confinement, but also on the intimate relationship between the 

fluid and the atomic structure of the surface. The attraction the fluid feels for the surface 

and the way it packs due to the arrangement and size of the surface atoms profoundly 

affects fluid behavior^'®. If the fluid is the same size as the solid atoms and the surface 

atoms are arranged as a face centered cubic (fee) lattice then the fluid epitaxially aligns 

with the surface and is shown to undergo freeze-thaw cycles as the surfaces are moved 

relative to one another either dynamically^ or as a series of equilibrium steps^. 

In previous grand canonical ensemble Monte Carlo computer simulations one of 

us has shown that a simple fluid such as cyclohexane or octamethylcyclotetrasiloxane 

(OMCTS) confined between aluminosilicate surfaces such as mica is packed as a highly 

Q 

ordered hexagonally close packed lattice with a fixed orientation relative to the surfaces . 

The fluid, however, does not undergo freeze-thaw transitions when the surfaces are 
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moved relative to one another because the surface potential energy wells formed by the 

hexagonal arrays of oxygen atoms on the clay surface are shallow and the fluid-surface 

coupling is not strong enough^^. Even though shear melting is not observed, the regions 

of the pore space most energetically favorable for the fluid vary with the relative 

alignment of the surfaces. When the surfaces are directly aligned over one another the 

fluid is most likely to be found at the centers of the siloxane rings that form the mineral 

surface. When the surfaces are out of alignment the energetically favorable locations 

shift and the fluid density is spread over tracks or conduits with a particular orientation 

relative to the surfaces. This observation coupled with the earlier work of Schoen, 

Cushman and Diestler^\ motivated this study by suggesting that for some surface 

alignments diffusion would be enhanced in a particular lateral direction. 

That diffusion should be tunable and anisotropic is best illustrated with the 

gedanken experiment depicted in Fig. 1 which is adapted from Fig. 2 of Schoen et al.^^ 

This thought experiment was originally used to explain anomalous diffusion in 

monolayers confined between infinite flat surfaces of rigidly fixed like atoms, however it 

is just as applicable to the system studied herein. The only required modification is a 

reduction in amplitude of the sinusoidal equipotentials that illustrate the role of the pore 

walls (depicted here in one dimension). This amplitude reduction reflects the non-

freezing character of the fluids (panel c of Fig. 2 of Schoen et al.'^ does not apply to the 

system studied here). The parameter a in this figure represents the relative alignment of 

the atoms in the two surfaces (0.0 being in phase and 0.5 being exactly out of phase in the 

x-direction). 
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Diffusion in confined thin films is necessarily anisotropic due to the presence of 

the walls. Vanderlick and Davis^^ and Schoen et al.^^ found that the diffusion coefficient 

in the plane parallel to the walls was independent of the radial direction but oscillates as a 

function of pore width for fixed chemical potential and temperature. In this work we 

examine diffusion in a fluid monolayer and find that for small enough pores, diffusion 

can also be anisotropic in the plane parallel to the walls. This is consistent with Schoen 

et al.^^ The corrugation in the surface structure guides the movement of the fluid 

molecules. In a computer simulation study of diffusion in carbon nanotubes Mao and 

Sinnott^"^ observed that ethane and ethylene diffusing in nanotubes with diameters 

between 16 and 22A followed a spiral path around the circumference of the nanotube. 

The path was strongly correlated with the helical structure of the nanotube. In this work, 

if the monolayer is tightly packed the fluid molecules essentially oscillate about their 

lattice locations and diffusion is minimal on the time scale of the simulation. When the 

density is reduced the fluid can move throughout the pore and it can then be seen that the 

diffusion is enhanced in particular directions which is consistent with observations in 

Schoen et al.^' A change in the relative alignment of the surfaces can change the 

dominant diffusion direction. This work suggests that it may be possible to control the 

gradient driven flow of a fluid confined between aluminosilicate sheets by changing the 

relative alignment of the surfaces. 

II. MODEL 
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The sUt-pore model consists of OMCTS or cyclohexane confined transversely by 

flat walls consisting of layers of oxygen atoms where the layer in contact with the fluid 

contains discrete atomic structure. Fluid and wall atoms are spherical, non-polar, 

Lennard-Jones (LJ) atoms characterized by diameters a,- and interaction energies e, where 

i indicates fluid (f) molecule or wall (w) atom. Following Somers et al.^^, we choose the 

molecular diameter, mass and interaction strength parameters so that the fluid molecules 

represent either OMCTS or cyclohexane, and the wall atoms represent oxygen (see Table 

1). 

The total potential energy of the confined fluid is approximated as a pairwise sum 

of LJ (12,6) interactions with the interaction energy between atoms i and j given by 

u ( r y )  =  4 £ y  
r cr. 

r V y y 

r \ 

(1) 

where r,y = |r, - r/| is the distance between any two atoms i and j in Cartesian coordinates, 

Eij = (E,e,y^and a,) = 1/2 (a, + oj). The potential energy cylindrical cutoff radius is 3.5 a,;. 

Corrections due to the cutoff are calculated and added according to Schoen et al.^. 

Each clay surface consists of four layers of oxygen atoms (k = 0, 1,2, 3) with 

density, Ps = 0.12 A"^ following Somers et al.'^ (see Fig. 2). The solid layer in contact 

with the fluid is a sheet of discrete oxygen atoms in a hexagonal arrangement derived 

from x-ray diffraction data for mica'^. Following Somers et al.'^, the layers that do not 

contain discrete atomic structure are treated as uniform sheets of atoms separated by Az = 

2.2 A. The average distance between layers beyond the fourth layer is Azfar = 2.5 A. 
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The interaction energy between a fluid molecule and a single wall is the sum of 

the pairwise interactions of the fluid molecules with each solid atom in the contact layer 

(NS), and the 10-4-3 potential^^ interaction with the three continuum layers behind the 

contact layer given by 

W=1 

3 2a fw ' >  

5 ( z j ^ + k A z y "  ( Z f ^ + k A z )  fw 

(2) 
a 
Jw 

For comparison some simulations were conducted with smooth walls in which 

case the interaction energy between a fluid molecule and a single wall is given by 

2(7 
'  fw 

5(z^+Mzr U/w+^Az) 
'  fw (3) 

far '  

The distance between the pore walls, h, is measured from the center of the wall 

atoms. The relative lateral alignment of the walls, or registry, in both the x and y 

directions can be changed. A shift in the x direction is given in terms of the coordinates 

of the corresponding atoms: Xi'^^ = Xj'^^ -i- axh', + h where 

superscripts (1) and (2) refer to the lower and upper walls respectively, ax is the registry 

of the surfaces in the x-direction (0 < a;^ < 1) and Ix is the lattice constant in the x-

direction which is taken to be 1.985aw. A shift in the y direction is given in terms of the 

coordinates of the corresponding atoms: yi^^^ = yi^'^ + aylx, -i- h 

where is the registry of the surfaces in the y-direction (0 < < 1.732). The lattice 

constant in the y-direction is taken to be 3.438aw. When a;^ = 0 and (Xy = 0 the walls are 

precisely in registry. When = 0.5 the walls are completely out of registry in the x 
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direction and when Uy = 0.866 the walls are completely out of registry in the y direction. 

The lattice constants were chosen so that a shift in registry, ax = 0.25 corresponds to the 

same shift distance as a^, = 0.25, the shifts being in different directions. This is a 

commensurate system in that the surfaces are aligned directly over one another at the 

reference point ttx = 0, = 0 and only shifts in the x and y directions are allowed. The 

surfaces are not twisted with respect to one another. 

Since the clay unit cell is rectangular it is not possible to construct a perfectly square 

simulation cell. However, the dimensions of the simulation cell are chosen to make it as 

close to square as possible. The cell size is Sx = 204.44 A by Sy = 204.99952 A for 

OMCTS and 150.64A by 149.0906A for cyclohexane. 

A standard molecular dynamics simulation scheme is used'^' The number of 

fluid molecules is chosen to be 50,100, 200, or 400. At these fluid densities the 

monolayer is packed loosely enough so that diffusion can be observed on the simulation 

time scale. The majority of the runs are conducted with 400 fluid molecules. The 

number of equilibration cycles is approximately 1000 and the number of production 

cycles varies between 100,000 and 300,000. The simulation duration is 1-3 nanoseconds. 

Self-diffusion is described quantitatively in terms of the mean square 

displacement (MSD) 

where in MD simulations the average <.. .> extends over N fluid molecules and L 

configurations in time (i.e., time origins). In order to analyze diffusion along channels 

(4) 
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created by particular surface arrangements the mean square displacement is also 

calculated by tagging and following the diffusion of molecules in channels. The MSD in 

that case is given by 

where the average extends over J(t) data points and x(t) is the particle's coordinates 

dotted with a unit vector in the direction of the channel. Operationally this is 

accomplished by storing the time each molecule crosses from one track to another. Then 

as the molecule moves in the channel at regular intervals the distance moved is added to 

the appropriate time sum while keeping track of the number of data points. This 

continues until the molecule jumps to a new track. The number of data points necessarily 

varies with time since the molecules remain in the tracks for different lengths of time. 

The results are also discussed in terms of the usual diffusion coefficient defined as 

where Du denotes the diffusion coefficient in the X direction. The diffusion coefficient 

is expressed in reduced units where = Dxx/(EaVm)''^'. 

III. RESULTS AND DISCUSSION 

Simulations are carried out for four wall alignments: ax=0.0, ay=0.0; ax=0.5, 

ay=0.0; ax=0.0, ay=0.433; and ax=0.3, ay=:0.433. The simulations are conducted with h = 

Cfoxygen + 0.962afiuid which is 10.1794 A for OMCTS and 7.911 A for cyclohexane. The 

pore widths are chosen so that the distance between the nearest edges of opposing surface 

(5) 

(6) 
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oxygen atoms is slightly less than the fluid molecular diameter. In all simulations the 

normal stress between the walls is slightly attractive. 

When the surfaces are this close the potential energy of a fluid molecule in the 

pore depends on the atomic structure of both surfaces. In previous work^ it was shown 

by calculating the local fluid density in the plane of the monolayer that the regions of the 

pore space most likely to be occupied depend strongly on the relative alignment of the 

surfaces. A schematic showing how the shape of the high density regions (gray shaded 

areas) varies with surface alignment is shown for four different registries in Fig. 3. The 

atoms comprising the two surfaces are shown as open and closed circles respectively. 

For ax=0.0, ay=0.0 the hexagonal rings lie over one another and the fluid occupies 

isolated regions centered on the rings. For ax=0.5, ay=0.0 one surface is shifted by half a 

unit cell in the x direction and the fluid occupies tracks along the x-axis that are potential 

conduits for fluid movement. For ax=0.0, ay=0.433 one surface is shifted by one quarter 

of a unit cell in the y direction and the fluid occupies rectangular shaped isolated regions 

and for ax=0.3, ay=0.433 the surfaces are shifted in both the x- and y-directions and the 

fluid once again occupies tracks, however, in this case, the tracks are oriented 60° with 

respect to the x-axis. Due to system symmetry tracks oriented 120° with respect to the x-

axis can also be formed with appropriate shifts in surface alignment. However, in terms 

of the local oxygen atom positions the tracks are all the same. Therefore we will discuss 

in depth only two surface alignments, ax=0.0, ay=0.0 and ax=0.5, ay=0.0 since these 

results also apply to channels oriented in the other two directions. 



Fig. 4 shows a double logarithmic plot of the MSD as a function of time for 

OMCTS in the x- (triangles) and y- (squares) directions for ax=0.0, ay=0.0 (open 

symbols) and ax=0.5, ay=0.0 (filled symbols). In order to illustrate the general effect of 

structured walls on fluid diffusion the MSD in a smooth walled pore is also shown as 

open circles. Initially simulations were run in a thermodynamic state where the 

temperature and pressure of the bulk fluid in equilibrium with the pore fluid was 303K 

and latm. This corresponds to approximately 650 fluid molecules arranged as a well 

packed, highly ordered monolayer. Diffusion is near zero since the fluid molecules can 

only move cooperatively and that is unlikely on the simulation time scale. To effectively 

test the hypothesis that the surface alignment affects diffusion and specifically that for 

some alignments the molecules move along conduits formed by the surfaces we studied 

molecular diffusion for a reduced fluid density (N = 400) where the fluid is mobile and 

movement is much less cooperative. The diffusion coefficient is determined from the 

linear portion of the MSD versus time plot and is tabulated in Table II. As indicated by 

the relative MSD slopes and the resulting diffusion coefficients fluid diffusion in the pore 

is greatest for the smooth-wall case as expected since the surface atoms do not offer 

resistance to fluid movement. Diffusion is least for the ax=0.0, ay=0.0 case where 

surface atoms directly overlie one another and thus create the maximum barrier to fluid 

movement. In this case the fluid primarily occupies lattice positions defined by the 

hexagonal oxygen rings. As discussed below, the fluid diffuses by hopping between the 

hexagonal rings. In essence this amounts to diffusion on a triangular lattice. The mean 

square displacement for a molecule undergoing a random walk on a triangular lattice is 
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the same in the x- and y- directions, hence Dxx = Dyy. Fluid diffusion is increased in both 

directions when the surface alignment is shifted to ax=0.5, ay=0.0. Channels are formed 

in the x-direction and diffusion is greater in the x-direction than in the y-direction. In 

terms of the diffusion coefficient, Dxx ~ 2Dyy. Notably, diffusion in the x-direction is 

nearly as facile as in the smooth-wall case demonstrating how some surface alignments 

minimize the barrier effects of the discrete surface atoms. In Table II the results for 

cyclohexane and OMCTS are compared in terms of the diffusion coefficients. Overall, 

cyclohexane diffusion is higher, but qualitatively the effect of surface structure and 

alignment are the same for the two fluids. 

In Fig. 5 the diffusion coefficient for OMCTS in the x- (triangles) and y-

(squares) directions is plotted for ax=0.0, ay=0.0 (closed symbols) and ax=0.5, ay=0.0 

(open symbols) as a function of pore width for 50 fluid molecules in order to determine 

how close the surfaces must be so that the overlapping potential energy fields of the 

surfaces cause anisotropic diffusion. It is clear increasing the pore width to 11A 

diminishes the effect of the surface structure and diffusion is no longer anisotropic. As 

the pore width increases there is more space for the molecules to move and the effect of 

the surfaces on the fluid decreases. 

Even though shifting the surfaces from ax=0.0, ay=0.0 to ax=0.5, ay=0.0 causes 

an increase in overall diffusion and in particular diffusion in the x-direction, it is still not 

clear to what extent the molecules actually stay in the channels. In order to explore this 

we tagged molecules and monitored their movement during the simulation. Fig. 6 shows 

a representative path for a single OMCTS molecule over 50,000 time steps for ax=0.0. 
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ay=0.0 (upper panel) and ax=0.5, ay=0.0 (lower panel). As can be clearly seen when the 

surfaces are aligned directly over one another the molecule stays in the hexagonal oxygen 

rings for long times (on the simulation time scale) and diffuses by hopping from one 

hexagonal ring to another. In contrast, for ax=0.5, ay=0.0, the molecular movement is 

very different. The diffusion covers greater distances in both the x- and y-directions, 

which is consistent with the diffusion coefficient calculations, and there is movement 

along the channels oriented in the x-direction. Although the molecule clearly moves 

extensively in the y-direction, notice that when the molecule is in a channel it tends to 

move back and forth in the x-direction for what amounts to several thousand steps before 

jumping to an adjacent channel. The molecule does not generally stay confined to one 

potential well but moves back and forth along the channel between two or more wells in 

contrast to the ax=0.0, ay=0.0 case. The molecule moves in the y-direction by jumping 

between channels. 

In order to analyze the fluid movement in the channels quantitatively we used Eq. 

[6] to calculate the MSD as a function of time along the channels for all molecules. 

When a molecule crosses into a lane the MSD calculation begins and the MSD as a 

function of time is accumulated for a series of time origins until the molecule hops to 

another lane where the data accumulation restarts. Fig. 7 shows the double logarithmic 

plot of MSD in the channels as a function of time for both OMCTS (open symbols) and 

cyclohexane (filled symbols). Triangles are for perfectly aligned surfaces and squares are 

for surfaces arranged to form channels. When the surfaces are arranged to form channels 

the slope of the MSD versus time plot is much greater than when the surfaces are 
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perfectly aligned. Table II shows the channel diffusion coefficient for the Fig. 7 data as 

well as the smooth wall model. Note that in the smooth wall case the overall Dxx is 

slightly higher than the channel Dxx showing that restricting the calculation to channels 

leads to a difference in the value of Dxx that is only slightly dependent on surface 

structure. There is proportionally a similar difference between the overall and channel 

Dxx values for ax=0.5, ay=0.0. As noted earlier the overall Dxx is greater when the 

surfaces are arranged to form channels compared to the perfectly aligned case. This 

difference is more obvious when the calculation is limited to diffusion along channels. 

For OMCTS, when the surfaces are perfectly aligned the overall Dxx is 19% of the value 

for ax=0.5, ay=0.0. When the calculation is limited to diffusion along channels, Dxx is 

only 6.4% of the ax=0.5, ay=0.0 value. The result is qualitatively the same for 

cyclohexane. The overall Dxx is of course greater because in the overall calculation 

molecular movement in the x-direction continues to be tracked even if the molecules 

jump from one track to another. On average the molecules travel farther along the 

channels before jumping to another track when the surfaces are arranged to form 

channels. In a simulation of 260000 steps the greatest distance traveled by a cyclohexane 

molecule in a channel was 30A when the surfaces were perfectly aligned and 52A when 

the surfaces were arranged to form channels. 

IV. SUMMARY 

Molecular dynamics and grand canonical Monte Carlo simulations were 

conducted in order to understand better the relationship between the diffusion of OMCTS 
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and cyclohexane monolayers and the atomic structure of confining mica surfaces. When 

the monolayer is a tightly packed hexagonal array, diffusion on the simulation time scale 

is essentially zero. Diffusion increases with reduced fluid density. With the surface 

separation just large enough to accommodate a monolayer, lateral diffusion is direction 

dependent due to the influence of the atomically structured surfaces. If the surfaces are 

aligned perfectly the fluid occupies isolated regions of the pore space and diffusion is the 

same in all lateral directions and is a minimum. If one of the surfaces is shifted laterally 

in the x-direction by one half unit cell, diffusion is enhanced in the x-direction along 

conduits formed by the overlapping potential energy fields of the surfaces. With suitable 

shifts in the relative alignment of the surfaces in both the x- and y- directions, diffusion is 

enhanced along conduits oriented 60° from the horizontal. This work suggests that 

diffusion of a confined simple fluid in a nanoscale slit-pore is tunable in terms of 

direction and magnitude through control of the relative alignment of the surfaces. 

V. ACKNOWLEDGEMENTS 

This work has been supported by the Petroleum Research Fund. 



115 

REFERENCES 

1. J. N. Israelachvili, Intermolecular and Surface Forces (Academic Press, San Diego, 

1992). 

2. S. Granick, Science 253, 1374 (1991). 

3. M. L. Gee, P. M. McGuiggan and J. N. Israelachvili, J. Chem. Phys. 93, 1895 (1990). 

4. Y. Qiao and H. K. Christenson, Phys. Rev. Lett. 86, 3807 (2001). 

5. J. H. Cushman, The Physics of Fluids in Hierarchical Porous Media: Angstroms to 

Miles (Kluwer, 1997). 

6. P. A. Thompson and M. O. Robbins, Phys. Rev. A 41, 6830 (1990). 

7. J. Gao, W. D. Luedtke, and U. Landman, Phys. Rev. Lett. 79,705 (1997). 

8. J. E. Curry, J. Chem. Phys. 113, 2400 (2000). 

9. M. Schoen, D. J. Diestler, and J. H. Cushman, J. Chem. Phys. 87, 5464 (1987). 

10. J. E. Curry and J. H. Cushman, Tribology Letters 4, 129 (1998). 

11. M. Schoen, J. H. Cushman, and D. J. Diestler, Mol. Phys. 18, 475 (1994). 

12. T. K. Vanderlick and H. T. Davis, J. Chem. Phys. 87,1791 (1987). 

13. M. Schoen, J. H. Cushman, D. J. Diestler, and C. L. Rhykerd, Jr, J. Chem. Phys. 88, 

1394 (1988). 

14. Z. Mao and S. B. Sinnott, J. Phys. Chem. B 104, 4618 (2000). 

15. S. A. Somers, A. V. McCormick and H. T. Davis, J. Chem. Phys. 99,9890 (1993). 

16. S. W. Bailey, Crystal Structures of Clay Minerals and their X-ray Identification 

(Mineralogical Society, London, 1980). 

17. W. A. Steele, Surf. Sci. 36, 317 (1973). 



116 

18. M. P. Allen and D. J. Tildesley, Computer Simulation of Liquids (Clarendon, Oxford, 

1987) 



117 

Figure Captions 

FIG. 1. Types of microstructures encountered by a vicinal molecule diffusing in a slit-

pore with atomically structured surfaces. Surface atoms are represented by open (upper 

wall) and filled (lower wall) circles. Arrows indicate paths of diffusing fluid molecules 

and oscillatory curves are projections of equipotential surfaces onto planes containing 

those paths. 

FIG. 2. A schematic of a portion of the simulation cell. The fluid molecules are shown as 

large open circles (OMCTS). The mineral surfaces consist of four layers of oxygen 

atoms. Small shaded circles represent the oxygen atoms in a hexagonal arrangement in 

the layer closest to the fluid. Rectangles represent uniform sheets of atoms with the 

oxygen density equal to that for mica. An x-z view is shown on the left and an x-y view 

of one surface is shown on the right. Lx and Ly denote the unit cell in the x and y 

directions respectively. 

FIG. 3. Schematic showing regions of high fluid density as gray shaded areas with 

respect to the oxygen atoms on the two surfaces, which are shown as open and closed 

circles respectively. Four different registries are shown. The energetically favorable 

pore locations are isolated for the ax = 0.0, tty = 0.0 and ttx = 0.0, tty = 0.433 whereas the 

energetically favorable pore locations are continuous tracks for ttx = 0.5, tty = 0.0 and a* 

= 0.3, tty = 0.433. 
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FIG. 4. Double logarithmic representation of mean square displacement in units of as 

a function of time in units of lO'^'^ s for OMCTS in the x- (A) and y- (•) directions. Open 

symbols are for ttx = 0.0, ay = 0.0 and filled symbols are for ttx = 0.5, OLy = 0.0. Pore 

width is 10.1794A. 

FIG. 5. Diffusion coefficient for OMCTS in the x- (A) and y- (•) directions as a function 

of pore width. The number of fluid molecules is 50. Closed symbols are for ax = 0.0, ay 

= 0.0 and open symbols are for ax = 0.5, tty = 0.0. 

FIG 6. Simulation trajectory (50,000 steps) for a single OMCTS molecule. The x and o 

symbols mark the positions of the upper and lower surface oxygen atoms respectively. In 

the upper panel the surfaces are aligned directly over one another (ax = 0.0, tty = 0.0). In 

the lower panel the surfaces are arranged to form channels in the x-direction (ax = 0.5, tty 

= 0.0). 

FIG 7. Double logarithmic representation of mean squeire displacement along channels in 

the x-direction as a function of time for ax = 0.0, ay = 0.0 (A) and ax = 0.5, tty = 0.0 (•). 

Open symbols are for cyclohexane and filled symbols are for OMCTS. 
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Table I Simulation Parameters 

i Diameter Oi (A) Interaction energy Ei (J) Chemical potential Hi/Ej 
cyclohexane 5.4 4.473 X 10"^  ̂ J -14.935 

OMCTS 7.7 4.736 X 10"^  ̂J -16.996 
oxygen 2.71 1.629x 10-^^1 
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Table II Overall diffusion coefficient in the x- and y- directions and channel 

diffusion coefficient. Both units of A^/lO'^^s and reduced units (*) are given. 

Smooth ttx = 0.5, tty = 0.0 ax = 0.0, tty = 0.0 
D(D*) Dxx (Dxx*) Dyy (Dyy ) Dxx (Dxx ) Dyy (Dyy*) 

Overall OMCTS 14.6 11.6 5.65 2.15 2.05 
(0.194) (0.153) (0.075) (0.0285) (0.0272) 

cyclohexane 28.4 15.0 7.5 5.5 5.5 
(0.294) (0.155) (0.080) (0.055) (0.055) 

Channel OMCTS 12.9 10.2 0.65 
cyclohexane 23.9 12.3 1.9 
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