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Abstract 
 

The interfacial and structural properties of fluids confined by surfaces of different geometry are 

studied at the mesoscopic scale using dissipative particle dynamics simulations in the grand 

canonical ensemble. The structure of the surfaces is modeled by a simple function, which allows 

us to simulate readily different types of surfaces through the choice of three parameters only. The 

fluids we have modeled are confined either by two smooth surfaces or by symmetrically and 

asymmetrically structured walls. We calculate structural and thermodynamic properties such as 

the density, temperature and pressure profiles, as well as the interfacial tension profiles for each 

case and find that a structural order – disorder phase transition occurs as the degree of surface 

roughness is increased. However, the magnitude of the interfacial tension is insensitive to 

structuring of the surfaces and depends solely on the magnitude of the solid – fluid interaction.  

These results are important for modern nanotechnology applications, such as in the enhanced 

recovery of oil, and in the design of porous materials with specifically tailored properties.   

 

Keywords: symmetrically and asymmetrically structured surfaces; interfacial tension profile; 
dissipative particle dynamics.  
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 I. INTRODUCTION 

 
The research progress in the science and technology of nanoscale systems in recent years poses 

new challenges for the understanding of the properties of materials at this scale and the 

mechanisms that give rise to those properties from a more fundamental point of view. In 

particular, liquids are known to exhibit completely different behavior when they are confined at 

the molecular range [1]. The study of thermodynamics and structural properties of confined 

fluids by surfaces of different morphologies, especially at the nanometer scale, is especially 

important for many industrial and bioengineering applications. For example, nanorheology has 

received increasing attention over the past two decades, with important advances in 

nanomaterials, microfluidics, and nanofluidics, providing significant insights into various 

applications such as boundary lubrication, adhesion, adsorption, and wetting, in technologies 

such as catalysis, gas adsorption, boundary lubrication, adhesion and oil recovery, to name a few 

[2]. One of the most challenging unresolved issues is to elucidate the relationship between the 

rheological properties and the structural evolution of confined fluid films and particles’ 

suspensions [3]. Two major experimental techniques for studying the rheological behavior of 

confined liquids include atomic force microscopy (AFM) and the surface forces apparatus (SFA) 

[4-7]. AFM and SFA have been widely used to measure normal and lateral forces between a tip 

(a colloidal probe) and a flat surface (with AFM) or between two curved surfaces (with SFA) 

with high precision. In most of these studies, the fluid is bound by naturally occurring surfaces, 

which are rough and/or energetically inhomogeneous, and the heterogeneity leads to an 

enhancement of adsorption under quite general conditions. Despite the significant progress 

achieved with these techniques, there are still many remaining challenges in the field. For 

example, it is still experimentally challenging to determine the detailed structural information of 
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confined fluids in many systems. Surface roughness occurs in a wide variety of processes where 

it is both difficult to avoid and control. When two bodies are separated by a small distance the 

roughness starts to play an important role in the interaction between the bodies, their adhesion, 

and friction. It has been found also that even small differences in the roughness morphology lead 

to observable changes in the force profiles [8].   

It is known that fluids confined within narrow pores can display drastically different phase 

behavior from that of the bulk fluid [9]. Such confinement – driven phase changes can be 

attributed to a combination of the effects of the fluid – surface interaction [10]. This phenomenon 

has been widely examined experimentally, and there is strong evidence of confinement – induced 

solidification [11]. Currently, there is no agreement as to the nature of the transition, in large part 

due to the intrinsic difficulties faced in experiment, i.e., it has not yet been possible to observe 

directly the structure within the pores.  Following the initial observation of nanoconfinement –

induced solidification by Gee and co-workers using the SFA [12], surface force balance 

experiments carried out by Klein and co-workers on simple organic solvents nanoconfined 

between two atomically smooth mica surfaces suggest a first – order phase change when the pore 

separation is reduced from seven to six molecular layers [13]. However, experiments by Demirel 

and co – workers using the SFA instead suggest a second – order transition [14]. No agreement 

has yet been reached between these two results, in large part due to the intrinsic difficulties faced 

in experiments at those scales [15]. More recent experiments have provided additional insights 

into this debate; several studies have found results consistent with the work of Klein and 

Kumacheva [16], while others have shown agreement with the conclusions of Demirel et al. [17]. 

On the other hand, very few experimental studies have concentrated on investigating the 

influence of roughness on boundary slip. These experiments are challenging chiefly because of it 
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is difficult to produce suitable surfaces of controlled roughness. Most efforts to alter the surface 

roughness result in additional undesired changes to the interface properties. The interpretation of 

the results is complicated by the uncertainty in the wall position that is associated with 

roughness. An appropriate theoretical description of realistic surface roughness is yet to be found 

[18]. In the engineering community, the effect of surface roughness on the flow of simple liquids 

in microchannels has been thoroughly investigated, but a model valid to explain all experiments 

has not been proposed (see [19, 20] and references therein).  

A variety of molecular simulation schemes have been used to study phase transitions in confined 

systems. The principal methods used are grand canonical Monte Carlo (GCMC) simulation and 

Gibbs ensemble Monte Carlo (GEMC) simulation [21-22]. Other methods that have been applied 

less frequently to these problems are semi-grand Monte Carlo (SGMC), histogram – reweighting 

and histogram – biasing methods [23-24]. GCMC simulations, which keep the chemical 

potential, volume and temperature constant during the simulation, are ideally suited to model 

confined fluids because chemical equilibrium plays the key role in determining phase 

equilibrium between the fluid in the confined region and the bulk fluid. The choice of the GCMC 

technique is dictated by the conditions of AFM and SFA experiments, where the confined fluid is 

open to the bulk fluid reservoir. Among its advantages over other techniques is its ability to 

incorporate density fluctuations while keeping the chemical potential fixed, which is crucial to 

keep confined fluids in thermodynamic equilibrium with the bulk. Using GCMC, the phase 

diagram of a Lennard-Jones fluid confined by a quenched disordered structure was studied by De 

Grandis and collaborators [25]. Gruhn et al. investigated the microscopic structure of liquid-

crystalline films confined between two plane parallel solid surfaces (i.e. walls) consisting of 

discrete, rigidly fixed atoms distributed across the plane of a wall [26]. The effect of branching 
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on the structure of confined thin films of alkanes was studied by Dijkstra through GCMC 

simulations [27]. Extensive GCMC simulations have been conducted by Porcheron et al. [28 – 

30] to study the effect of wall corrugation on the confined fluid structure. They used furrowed 

slits to model surface roughness effects at the nanometer scale, while the confining walls 

remained smooth on the atomistic scale. It has been shown that the fluid confined between planar 

walls exhibits a damped oscillatory solvation pressure profile. A transition from oscillatory to 

non – oscillatory behavior is observed when the characteristic length of the furrow reaches the 

length of the anisotropic n-butane [31] molecule.  

However, simulating the thermodynamics of fluids confined by rough surfaces with atomistic 

detail is still rather demanding computationally, especially if one is interested in modeling large 

systems. It is well established that for a fluid confined by pores larger than a few nanometers its 

thermodynamic properties far from the matrix wall are close to its bulk properties. If one is 

primarily interested in global rather than in local properties, it may be useful to introduce surface 

quantities to characterize the difference between the adsorbed and bulk fluids [32]. An 

alternative approach is the use of mesoscopic, coarse–grained techniques that incorporate 

particles that are large enough for external (hydrodynamic) forces to influence their dynamics 

but not so large that thermal (Brownian) forces are negligible. Dissipative particle dynamics 

(DPD) is one of those mesoscopic techniques and has been shown to be successful in the 

prediction of equilibrium and non-equilibrium properties of soft matter systems [33-34]. 

Implementation of wall or solid objects in DPD is an issue that needs to be addressed carefully; a 

simple way to incorporate a solid object is to freeze locally the portions of the fluid [35-36]. Due 

to the soft interaction potential, particles may penetrate the wall creating slip. To prevent this, a 

higher wall density is necessary, increasing the computational demand, but increasing the wall 
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density tends to distort the flow field near the wall [37]. However, most simulations of confined 

fluids with DPD have been carried out only for smooth and homogeneous walls [38-40]; to our 

knowledge, the properties of fluids confined by rough surfaces have not yet been studied at the 

mesoscopic scale. Among the few reports on this topic is that of Liu et al. [41], who studied the 

morphology in aqueous solutions of a nonionic triblock copolymer, using mesoscopic dynamics. 

Liu and Jiang have published a review that focuses on the recent progress in mechanisms, 

preparation, and applications of self-cleaning surfaces, where our work can have potential 

applications [42]. DPD has been shown to be a very useful alternative for the prediction and 

interpretation of soft matter phenomena when the atomistic details of the system are not 

important. There are, of course, phenomena that fall beyond the scope of DPD, such as those that 

require of the simultaneous presence of attractive and repulsive interactions, which are 

responsible for capillary condensation for example [43].  In this work, we present DPD 

simulations of fluids confined by structured surfaces with the purpose of predicting their 

interfacial properties. 

The remainder of this paper is organized as follows. The general equations of the DPD approach, 

the simulation methodology, and our model for rough surfaces are presented and explained in 

Section II. The details of the simulations are presented in Section III. In Section IV, we present 

our results for two case studies: (a) the effect of varying the roughness parameter, and (b) the 

influence of the wavelength of the oscillations on the structural and thermodynamic properties of 

the fluid. Finally, the conclusions are drawn in Section V.  

II. MODELS AND METHODS 

A. Dissipative particle dynamics for confined fluids  
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In the DPD model, the particles do not represent actual molecules but rather groups of molecules 

with soft boundaries, which is why this is a coarse–grained approach. The theoretical 

foundations of the DPD method can be found in various sources [44-48], therefore we shall only 

outline some general aspects of this technique. The idea behind DPD simulations is similar to a 

traditional MD algorithm [49] in the sense that one must integrate Newton’s second law of 

motion using finite time steps to obtain the particles’ positions and momenta from the total force. 

A difference from atomistic MD is that the DPD model involves not only a conservative 

force	����, but also random	����, and dissipative	����, components acting between any two 

particles i and j, placed a distance �	
 apart. In its traditional form, the DPD total force is the sum 

of these three components [44], but to simulate the confinement of DPD fluids by effective 

surfaces one should include a fourth force to take into account the fluid-wall interactions; we 

shall call this force ����, therefore, the total force for confined fluids is the sum of these four 

components: 

 

�	
 = ∑ �����	
� + ����	
� + ����	
�� + ∑ ���z	���	�	�
  ,    (1) 

 

All forces between particles i and j are zero beyond a finite cutoff radius rc, which represents the 

intrinsic length scale of the DPD model and is usually also chosen as �� ≡ 1. The conservative 

force determines the thermodynamics of the DPD system and is defined by a soft, linearly 

decaying repulsion whose maximum strength is given by a constant, �	
. The strength of the 

dissipative (γ) and random forces (σ) are related in a way that keeps the temperature internally 

fixed, ��� =  !
"# ; �� being Boltzmann’s constant [44].  At interparticle distances larger than rc, 

all forces are equal to zero. This simple distance dependence of the forces, which is a good 
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approximation to the one obtained by spatially averaging a van der Waals – type interaction [50], 

allows one to use relatively large integration time steps. The natural probability distribution 

function of the DPD model is that of the canonical ensemble, where N (the total particle 

number), V, and T are kept constant. 

A salient feature of the last term in eq. 1 is that it depends only on the z coordinate. This force 

allows us to model the confining surfaces with different geometries, which we design as either 

smooth, flat walls, or symmetrically and asymmetrically structured surfaces. The modeling of 

roughness in our simulations can be introduced through this force. To this end, we choose a 

periodic, symmetric function having the form [51]: 

 

���z%&� = �&−%( )1 − *%&
*+ , -.*											*	 < 	 *+ ,                                (2) 

  

which is zero for z > zC, where *� is the cutoff distance along the z–axis beyond which the force in 

eq. 2 is zero; and -.0  is a unit vector that points in the z – direction. We have chosen a model for 

the force that structured walls exert on the fluid that depends only on the z – coordinate because 

there are periodic boundary conditions along the x – and y – directions. The structure of the walls 

on the xy – plane is likely to induce some structure locally in the fluid particles more closely 

adsorbed on the walls, on the xy – plane , but that structure is expected to be a secondary effect 

compared with the influence of the structure along the z – direction, due to the fact that the fluid 

is effectively infinite along the x – and y – directions.  Equation 2 has two parameters: ��1	2  

and	*	�. The first, ��1	2, is the one that defines the intensity of the repulsive interaction between 

the walls (w) and the confined fluid species (ie), which may be solvent particles or polymer’s 

monomers for example. Large values of ��1	2, lead to hard walls, while small values of ��1	2 
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lead to soft walls. The second term, 	*	�, has two meanings; first, it is a function that takes into 

account the distance of separation between a fluid’s particle (i) and a planar wall (w) upon which 

a structured wall is constructed; secondly, it represents the distance along the z–axis between a 

given fluid particle and the structured surface (the last term in eq. 3) . It is given by 

  

*	� = *	 ± *� ± ��exp78!�9:;<:�=cos )"A9:8B , cos )
"A<:
8B ,  ,                          (3) 

  

where *	 and *� are the position of the particle % and the z–coordinate of the wall &, respectively, 

whereas C	 and D	 are the position of the particle % in the C and D axes, respectively. The constant 

�� is the parameter that controls the amplitude of the roughness on the wall; when �� = 0 one 

recovers a smooth wall, while for �� = 1  we obtain a rough wall. Furthermore, FG  is the 

parameter that determines the periodicity of the structure on the walls, and F" represents the 

asymmetry of the structure. Table I summarizes the information that characterizes the different 

types of surfaces obtained from eq. 3. Figure 1 shows a schematic representation of eq. 3, as a 

function of the parameters �� and	FG, for the particular case when F" = 0.  

 

 
Table I. Characteristics of the surfaces modeled in this work 
�� FG F" Geometry of the surface. 

0 Π 0 Smooth wall. 

1 Π 0 Symmetrically structured wall. 

1 Π >0 Asymmetrically structured wall 
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Figure 1.  Schematic representation of surface roughness modeled in this work. λ and �� are parameters that control 
the oscillation period of the roughness and the amplitude of the structure, respectively. For this figure we used λ≡λ1 
= H and �� = 1; λ2 = 0. See the discussion of eq. 3. This image was obtained using VMD [52]. 

 
In Fig. 1 we show a typical example of the kind of structured wall we have modeled in the work 

reported here, which is completely characterized by aR and FG. Changing these parameters allows 

us to set up periodically structured walls or asymmetric walls as well as combinations between 

those cases, as we have two walls confining the fluid.  
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Figure 2. Three-dimensional (3D) views of the different geometries of surfaces studied in this work. The fluid is 
represented by red particles. Snapshots of the fluid confined by: A) two smooth, planar surfaces (SS); B) a smooth 
and a symmetrically rough surface (SR); C) two symmetrically rough surfaces (RR); and D) a combination of a two 
asymmetrically rough surfaces (AA). These images were obtained with VMD [52]. 

Figure 2 displays all the differently confined systems we research and report here, which include 

the symmetrical flat surfaces case (Fig. 2(A)); an asymmetrical case where one surface is smooth 

and the other is a symmetrically structured wall (Fig. 2(B)); when both surfaces are equally 

structured, the fluid is represented in Fig. 2(C). Finally, we modeled also the case when the fluid 

is flanked by walls that are not periodically structured but are instead asymmetrically rough (on 

the xy – plane), as shown in Fig. 2(D); the surfaces are mirror images of each other, as is the case 

also for Fig. 2(C).  

B. Grand Canonical MC for confined fluids 

A) B) 

C) D) 
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In this section we present an overview of the formulation and implementation of the MC method 

(using the Metropolis algorithm [53]) in the Grand Canonical ensemble (at fixed chemical 

potential, volume and temperature) for the DPD model (GCMC-DPD) to simulate fluids 

confined by structured surfaces, at the mesoscopic scale. This methodology has been applied 

successfully by one of us (AGG) to study polymers, polyelectrolytes and colloids, among other 

systems. Readers can consult full details of the method in the original articles [54-56].   

The confined fluid must be in chemical equilibrium with a reservoir at fixed chemical potential. 

Under this situation, one can model a fluid confined by rough surfaces, where the number of 

particles of the solvent has to be allowed to fluctuate. This is done by fixing the chemical 

potential of the solvent in the simulation. The Grand Canonical conditions can be readily 

included in a DPD simulation by performing creation/deletion of particles in a MC run. The 

algorithm attempts to create or delete a solvent particle with equal probability a number of times, 

using the GCMC acceptances rules [51]. However, when an inhomogeneous fluid is confined by 

walls, the rules for the creation and destruction of particles must be modified as a result of the 

confinement of the particles. Therefore, the probabilities for insertion and deletion of a particle 

are given by the following equations, respectively: 

  

IJKLMNOJPK = min T1, 〈W�0�〉Y�;G exp )− Z[\]^\
_`a ,b  ,      (4) 

 

IcMdMOJPK = min T1, �
〈W�0�〉Y exp )− Z[\]^\

_`a ,b  ,      (5) 

 

where efOMLO  is the total conservative interaction energy difference between the added or 

removed bead, and the N or g − 1 remaining beads, respectively, including the conservative 
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interaction with the surface. 〈h�*�〉 is the so-called activity, defined for inhomogeneous systems 

as [56]: 

 

〈h�*�〉 = 〈i�0�〉jkl
〈Mmno1pq\]^\r`s t〉jkl

= e〈u
�v�〉

r`s     ,        (6) 

 

In eq. 6, µ(z) is the chemical potential for an inhomogeneous system in the z-direction, and the 

angular brackets represent averages in the NVT (canonical) ensemble. The total average z-

dependent density is w�*�. The velocity of the inserted particle is chosen randomly using a 

Maxwell-Boltzmann distribution using the imposed temperature.  

C. Interfacial properties for confined fluids 

The combination of surface geometry and interfacial tension in the system may create new stable 

or metastable structures such as capillary bridges [57], and the presence of the confining walls 

may cause phase transitions to occur not seen in the bulk [58]. For this reason, the analysis of 

fluids confined in this work is based on the calculation of the profiles of various thermodynamic 

properties such as density, temperature, pressure, and interfacial temperature. The expressions 

for calculating the pressure profiles for confined fluids are slightly different from those 

commonly used for unconfined fluids. In this work, the confinement is applied along the z-

direction of the simulation cell, where there is a variation of the particle local density along this 

direction, which produces an asymmetry in the pressure tensor. Thus, the pressure tensor, P, has 

two different z-dependent components, I��*� = I00�*� and	Ix�*� = �I99 + I<<� ∕ 2, which are 

the normal and tangential components of the pressure tensor, respectively. Because the fluid’s 

confinement appears only in the z – direction, only I� component must be modified, while the 
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component 	Ix  remains unchanged with respect to a bulk (unconfined) fluid. Thus, I��*� has 

two contributions, namely 

 

I��*� = I�{�*� + I���*�   ,                                                           (7) 

 

where I�{�*� and I���*� are the contributions to the normal pressure component arising from the 

fluid (f), and from the walls (W), respectively. Following the Irving-Kirkwood definition [59] of 

the pressure tensor, the first term,	I�{�*�, in eq. 7 can be rewritten for confined fluids as follows 

[60]:  

 

I�{�*� = G
Y 〈∑ |	�	}G �~	�0�~	�0〉 + G

� 〈∑ ∑ �*	
��	�
 ��	
�0 G
�0:��� o

010:
0:� t � o

0�10
0:� t�	 〉 ,  (8) 

 

where N is the total number of particles, V = A∆z is the volume of a slab of the simulation box of 

thickness ∆z and transversal surface area A = LzLy, mi is atomic mass of the fluid particles, (vi)z 

is the velocity in the z direction of the ith particle, ��	
�*  is the z-component of the total 

conservative force between particles i and j,   � oW1W:W:� t is the unit step function which is equal to 

1 when oW1W:W:� t > 0 and zero otherwise, and *	
 is the distance between the particle i and j in the z 

direction. The tangential component, Ix{�*�, can be obtained by replacing *	
 by �G
" �C	
" + D	
" � 

in eq. 8. The second term, I���*�,	in eq. 7 describes the contribution of the walls to the normal 

pressure. This contribution is given by		I���*� = I��B�*� + I��!�*�, where I��B�*� and I��!�*� 
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are the normal pressure components of the surfaces evaluated at the positions *�B = 0  and 

*�! = �0, respectively. The contribution of the first surface, I��B�*�, is given by 

 

I��B�*� = − G
� 〈∑ �*	�B���	�B�� o0:100:�B

t � o010�B0:�B
t�	 〉 ,      (9) 

 

where *	�B and *	 are the positions both of the first wall and the ith particle in the z direction; 

�	�B is the conservative force between the fluid and the first surface. Analogously, one can write 

the expression for the contribution to the normal pressure arising from the second wall, I��!�*� 
as follows:   

 

I��!�*� = − G
� 〈∑ �*	�!���	�!�� o0�!100:�!

t � o010:0:�!
t�	 〉 .      (10) 

 

In this case,  *	�! and *	 correspond to the positions of the second wall and the ith particle in the z 

direction, respectively; �	�!  is the conservative wall force between the fluid and the second 

surface. The forces, �	�B and	�	�! in eqs. 9 and 10, respectively, are both given by eq. 3.  The 

interfacial tension profile, ��*��, for fluid-fluid and fluid-wall interfaces is obtained in terms of 

normal and tangential pressures using the following expression: 

 

 ��*�� = � �I��*� − Ix�*���*�v�
�  .       (11) 
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All the methodology described in this work has been implemented in our simulation code, called 

SIMES, which is designed to study complex systems at the mesoscopic scale using graphics 

processors technology (GPUs) [61].  

III. SIMULATION DETAILS 

Four different models of confined fluids were analyzed, namely those confined between smooth 

surfaces (SS); surfaces with symmetric roughness (RR), surfaces with non – symmetric 

roughness (AA), and a combination between a smooth surface and a surface with symmetric 

roughness (SR). Our simulations were performed using reduced units so the all masses are equal 

to one, as are the cutoff distances rc and zc. The values that define the dissipative and random 

force intensities are γ = 4.5 and σ = 3.0, so that kBT
* = 1 for all simulations. Furthermore, the 

conservative force intensities for the fluid were chosen as aij = 78 units, which correspond to a 

coarse-graining degree of 3 water molecules grouped into a DPD bead [47]; from it one can 

extract a dimensionalized value for rc = 6.46 Ǻ, which is the characteristic length scale for our 

simulations. On the other hand, the repulsive wall – fluid interaction parameter, aw-ie (eq. 2), was 

chosen as aw-ie = 140 units in all simulations. Higher values of this parameter lead to very 

repulsive walls, while very small values lead to attractive and soft walls. The chemical potential 

chosen for the solvent so that the average density obtained was of 〈w∗〉 = 3.0 was set at µ* = 37.7. 

By choosing this average density, one has the smallest system where the DPD quadratic equation 

of state obeys the scaling law that makes it independent of the choice of particle-particle 

interaction parameters [45]. The properties were calculated with simulations of at least 50 

blocks, of 5 x 104 MC configurations each one, with the first 10 blocks used to equilibrate the 

system; the percentage of successful MC moves was between 35-40 %. The dimensions of the 

simulations box were Lx=Ly=Lz=10.0 for the all simulations, and periodic boundary conditions 
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were used, except in the z-direction since this is the direction of the confinement. The time step 

chosen for the dynamics part of the simulation was set to δt
*= 0.001, and the DPD beads were 

moved using the velocity Verlet algorithm [62]. This value of δt
* allows us to maintain an 

acceptance rate of between 35% and 40%. To evaluate the density, pressure, temperature and 

interfacial tension profiles, the z-length of the simulation box, Lz, was divided into Ns slabs of 

width ∆z = 0.005 units. These profiles were calculated as 

 

 〈��h�〉 = 〈�����〉
�Y   ,         (12) 

 

Where X refers to the density (ρ), pressure (P), temperature (T) or interfacial tension (γ), 

〈��eg�〉 is the average of X as a function of the number of particles with coordinates between z 

and z + ∆z,  ∆V=LzLy∆z is the volume of the slab. The effect of the roughness of the walls in our 

simulations is controlled by the aR and FG parameters, see eq. 3. We analyze the behavior of 

these parameters in two sets of simulations. In the first set of simulations FG remains constant, FG 

= π, F" = 0,	with different values of aR namely, aR = 0.0, 0.5, 1.0. In the second set of 

simulations aR is constant, (aR = 1.0) while FG  takes the values of π/4, π, 7π/4. Only for 

asymmetrical walls is F" ≠ 0. 

 

IV. RESULTS AND DISCUSSION 
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Figure 3. (Color online) Density profiles of the fluid as a function of the magnitude of the surfaces roughness. The 
degree of confinement is analyzed in the z – direction of the simulation cell, namely perpendicularly to the walls. 
The main panel in the figure shows the effect of varying the magnitude of the parameter aR, see eq. 7. These profiles 
were obtained at fixed FG = H, for different values of ��: �� = 0.0 (solid line), �� = 0.5 (dashed line), and �� =
1.0 (dashed – dotted line). The density profiles with �� constant (�� = 1.0� while varyingFG, are presented in the 
inset, with FG=π/4 (solid line), FG= π (dashed line), and FG=7π/4 (dashed - dotted line). The type of surface generated 
with the parameters FG=π and �� = 1 is defined in Table I, i.e., both surfaces are symmetrically structured walls; see 
also Fig. 2(C). In all cases F" = 0. The axes are shown in reduced DPD units.  

Let us start by considering the influence of two symmetrically structured walls (see Fig. 2(C)) on 

a simple fluid. In Fig. 3 we show the density profiles obtained for these surfaces when the 

amplitude of the structure (aR, main panel) and the periodicity of it (λ1, inset) are changed. The 

case of two planar walls (Fig. 2(A)) is included also, which corresponds to aR = 0. The fluid is 

structured the most when the walls are flat (solid line in the main panel in Fig. 3), which is to be 

expected, because the fluid particles can order more easily into layers, giving rise to the peaks in 

the figure [63]. Another relevant aspect is that the periodicity of the structure induced in the fluid 
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(see solid line in Fig. 3) is approximately equal to the diameter of the molecules that make up the 

fluid; this is also known using other methods and experiments [63]. As the amplitude of the 

structure is increased (aR), the structure in the fluid tends to disappear rather quickly, reaching 

the bulk (unconfined) density, which occurs because the fluid’s particles cannot easily arrange 

themselves into layers. The effect of the periodicity of the structure (λ1) seems to play a 

secondary role, as seen in the inset in Fig. 3, where the structure in the fluid is barely apparent. 

The results shown in Fig. 3 demonstrate that the first few layers of the fluid’s particles adjacent 

to the walls reflect the symmetry of the walls that confine them, and since they are structured 

(except when aR = 0) the formation of layers is unfavorable. The density profiles along one of the 

sides of the walls confirm this assertion, as shown in Fig. 4. Wettability is maximum for the 

planar wall (solid line in main panel of Fig. 3), as expected, and is reduced as the roughness of 

the structured walls is increased, when FG = H. When the amplitude of the wall’s roughness if 

fixed, �� = 1.0, the maximum wettability is obtained for FG = H 4⁄ , see the inset in Fig. 3, 

because the structure on the walls is smaller than the size of the fluid particles, therefore this 

structured wall is similar to the smooth wall. 
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Figure 4. (Color online). Left. Density profiles in the x – direction for different values of the parameters of 
roughness. These profiles were obtained at fixed λ1=π, for different values of ��: �� = 0.0 (blue line), �� = 0.5 (red 
line), and �� = 1.0 (green line); in all cases, F" = 0. The axes are shown in reduced DPD units. Right. Schematic 
representation of the different morphologies of the surfaces shown in the density profiles.  

Figure 4 shows the density profiles of the fluid on plane of the structured surfaces, specifically in 

the x – direction, showing clearly how the fluid follows the symmetry of the substrate 

increasingly as the structure becomes more pronounced.  The maxima seen in the left panel in 

Fig. 4 correspond to maxima in the images shown in the right panel. Equivalent density profiles 

are obtained in the y–direction, of course, but they do not add new information to that given by 

Fig. 4, therefore they are not presented. It is important to notice that the periodicity seen in Fig. 4 

is not at all related to the size of the fluid’s molecules, as for the smooth surfaces case in Fig. 3. 

This results from the fact that the fluid is not bound in the x – direction, since periodic boundary 

conditions were used there. However, the structure seen in the density profile shown in the left 

image in Fig. 4 is due solely to the symmetry of the structured walls.  

Although the structure of the walls can be significant on the scale of the simulation box, see for 

example, the green structure on the right panel of Fig. 4, the system is always in thermal 

equilibrium. This can be ascertained from inspection of Fig. 5, which is the temperature profile 
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of the fluid along the direction perpendicular to the plane of the walls; the temperature of the 

fluid remains constant and equal to the value imposed by the thermostat, i.e. kBT
* = 1, regardless 

of the structure on the surfaces confining the fluid. Neither the amplitude of the structure (main 

panel in Fig. 5), which determines the strength of the surface – fluid interaction, nor the 

periodicity of it perturb the temperature of the fluid, once equilibrium has been achieved, as 

should be expected. 

 

Figure 5. (Color online) Temperature profiles of the fluid particles along the z – direction. In the main panel, λ1 
remains constant (λ1=π), for different values of ��. The  �� values are the same as those presented in Fig. 3. The 
temperature profiles at fixed 	�� = 1.0 while varying λ1 are presented in the inset, with the same λ1 values as those 
presented in Fig. 3. The color code of the lines is the same as in Fig. 3. The axes are shown in reduced DPD units.  
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Figure 6.  (Color online) Tangential pressure (PT) profiles of a fluid confined by smooth and rough surfaces. These 
profiles were obtained at constant λ1=π, for different values of ��, namely, �� = 0.0 (solid line), �� = 0.5 (dashed 
line), and �� = 1.0 (dashed – dotted line). The profiles of the tangential pressure with 	�� 	constant while varying λ1 
are presented in the inset; in this case �� = 1.0, with λ1=π/4 (solid line), λ1= π (dashed line), and λ1=7π/4 (dashed 
dotted line). See eq. 3. The axes are shown in reduced DPD units.  

In Fig. 6 we show the tangential pressure profiles of the fluid along the z – direction. Only for the 

smooth, planar surface (see Fig. 2(A)) do the fluid molecules display significant layering (solid 

line in the main panel of Fig. 6), while as the amplitude of the wall structure is increased, such 

layering disappears, in agreement with the trends found for the corresponding density profiles 

(Fig. 3). For the smooth surfaces, the layering in the tangential pressure profile has periodicity 

approximately equal to one molecular diameter, just as in the density profile (Fig. 3) because of 

the confinement in z – direction [63]. The influence of the periodicity of the walls in the 

tangential pressure profiles is the same as that found in the density profiles, as seen in the inset of 

Fig. 6 in comparison with the inset of Fig. 3.   
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Figure 7. (Color online) Profiles of the component of the pressure tensor normal to the surfaces as functions of the 
parameters of roughness. These profiles were obtained at fixed λ1=π, for different values of �� : �� = 0.0 (solid 
line), �� = 0.5 (dashed line), and �� = 1.0 (dotted line). The profiles of the normal pressure component at constant 
	��  while varying λ1, are presented in the inset, for �� = 1.0, and λ1=π/4 (solid line), λ1= π (dashed line), and 
λ1=7π/4 (dashed dotted line). The axes are shown in reduced DPD units.  

 
The mechanical equilibrium of the fluid confined by structured surfaces is clearly seen by the 

constant profile of the component of the pressure tensor normal to the surfaces, PN, shown in Fig. 

7. Even for the most structured walls, the normal pressure remains constant, as expected. Its 

value is somewhat larger than the value of the tangential pressure away from the walls, which is 

a consequence of the finite interfacial tension between the fluid and the surfaces. This is 

quantitatively evaluated using eq. 11, and is presented in Fig. 8. Interestingly, the value of the 

pressure normal to the walls does not depend on the solid – fluid interaction either, as the main 

panel in Fig. 7 shows. Once the fluid is confined, such component of the pressure tensor depends 

only on the interactions between the molecules of the fluid [53]. The solvation force depends, of 

Page 23 of 47 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



24 
 

course, on the confinement degree also and has been shown to display exponentially decaying 

oscillations for simple fluids [65-66], but those aspects are the result of the confinement only and 

are predominant for smooth surfaces, which are not the focus of this work.  

 

Figure 8. (Color online) Interfacial tension profiles for different values of the parameters of the walls’ roughness. In 
the main panel, λ1 remains constant (λ1=π), for different values of ��; the  �� values are 0 (solid blue line), 0.5 
(dashed red line), and 1.0 (dashed –dotted green line). The profiles of interfacial tension with	�� constant (	�� =
1.0� while varying λ1 are presented in the inset; the λ1 values are λ1=π/4 (solid line), λ1= π (dashed line), and λ1=7π/4 
(dashed dotted line). The axes are shown in reduced DPD units.  

 
The interfacial tension profiles shown in Fig. 8 are symmetric because the surfaces that confine 

the fluid are also symmetrically structured. The oscillations close to the walls that can be seen in 

the solid line in Fig. 8 correspond to the smooth walls and are once again the consequence of the 

ability of the fluid to form more or less well ordered layers close to the surfaces. However, as the 

amplitude of the structuring is increased the oscillations disappear but the value of the interfacial 

tension grows monotonically with the parameter aR (see eq. 3).  The influence of the periodicity 
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of the structure on the walls seems to be a secondary effect, as the inset in Fig. 8 shows, where 

the lowest interfacial tension profile is obtained for the structure with the smallest periodicity (λ1 

= π/4, see eq. 3). This occurs because the diameter of the fluid particles is larger than such 

periodicity, therefore they tend to organize themselves into ordered layers, which lowers the 

interfacial tension. This feature can be understood also by inspection of the tangential pressure 

profiles shown in the inset of Fig. 6, where the largest profile corresponds to the case with the 

wall periodicity equal to λ1 = π/4; hence, its corresponding value of γ must be the smallest, see 

eq. 11, as is indeed the case seen in the inset of Fig. 8. Equivalently, the tangential pressure 

profiles for λ1 = π and λ1 = 7π/4 (inset in Fig. 6) are almost indistinguishable, as are their normal 

pressure counterparts (inset in Fig. 7), which in turn leads to indistinguishable interfacial tension 

profiles (inset in Fig. 8). One notices also that the cases with maximum wettability (see 

discussion of Fig. 3) correspond to cases with the lowest interfacial tension, see the solid lines in 

the main panel and inset in Fig. 8; these are the expected results. 

The layering of a confined fluid occurs even when there are no interactions between the fluid’s 

particles, as in a hard – sphere liquid, or even when there is no attraction between the walls and 

the fluid [63]. The strength of the fluid – fluid interactions with respect to the wall – fluid 

interaction can, of course, increase the layering of the fluid, and hence the resulting interfacial 

tension. However, in the present study we have chosen to keep those interactions constant 

(�	
 = 78, �	_� = 140) and focus instead on the influence of the structure of the confining 

surfaces on the layering of the fluid and on the interfacial tension. Moreover, there are reports in 

the literature that have studied the influence of the fluid – wall interaction on the structuring of 

confined fluids [67] for smooth walls, therefore it is befitting to explore the consequences of 

structured walls on thermodynamic properties such as the interfacial tension.  

Page 25 of 47 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



26 
 

 

Figure 9. (Color online) Pressure tensor components for the fluid confined by a smooth surface on the left of the 
simulation cell (z* = 0), and a rough surface on the right of the simulation cell (z* = 10). See image (B) in Fig. 2. 
The filled circles connected by a solid line represent the normal pressure while the filled squares connected by a 
dashed line are the tangential pressure. The axes are shown in reduced DPD units. The geometric parameters for the 
rough surface shown in this case are λ1=π and  �� = 1.0.   

Let us now consider the case when the fluid is confined by differently structured walls. In Fig. 9 

we present the pressure profiles for a fluid flanked on the left by a featureless, smooth wall and 

on the right by a symmetrically structured surface. The normal pressure profiles is constant, as 

expected for a confined fluid in equilibrium, but the tangential pressure profile is asymmetric, 

showing strong structuring near the smooth wall (z*=0 in Fig. 9), where the fluid particles have 

complete freedom to arrange themselves into ordered layers, that extend up to about z*=3. One 

then should expect a relatively low value of the interfacial tension at the left interface. The 

situation for the interface on the right (z*=10 in Fig. 9) is entirely different, because the structure 

on the wall “washes out” all the possible ordering of the fluid into layers, producing only a 

reduction of the tangential pressure. As eq. 11 indicates, one should expect here a larger value of 

the interfacial tension than that on the left interface. This is precisely what is found, as shown in 
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Fig. 10, where the interfacial tension profile for the system whose pressure profiles are shown in 

Fig. 9 is calculated. Some oscillations appear in the interfacial tension close to the smooth wall 

(on the left), which are inherited from the oscillations in the tangential pressure profile (filled 

squares in Fig. 9). 

 

Figure 10. Interfacial tension profile of the fluid confined by the surfaces whose pressure profiles are shown in Fig. 
9. On the left of the simulation box (z*=0) there is a smooth wall, while a highly structured surface is placed on the 
right, with parameters λ1=π and  �� = 1.0. The axes are shown in reduced DPD units.  

 

Notice that the perturbations introduced into the interfacial tension profile, i. e. the regions where 

this profile is not constant, have the same extent into the z – direction; in the case shown in Fig. 

10 these regions comprise a thickness of about z* = 3.0 on each wall. However, the amplitude of 

the structure on the rough wall does influence greatly the value of the interfacial tension: while 

the smooth wall raises the interfacial tension up to γ* = 30 (on the left in Fig. 10), the structured 

wall raises it up to γ* = 137. This amplitude depends on the nature of the solid that makes up the 

surfaces, and on the properties of the confined fluid [63].  
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Figure 11. Snapshots of a face of the simulation box on the xy - plane in equilibrium for model B in Fig. 2. Left, the 
arrangement of the first layer of particles on a smooth surface (bottom surface in Fig 2B). Right, the arrangement of 
the first layer of particles on a symmetrically structured surface (top surface in Fig 2B). Notice how some particles 
display an almost crystalline arrangement near the structured wall (right image). The structural parameters for the 
latter are: λ1=π and  �� = 1.0.  These images were obtained with VMD [52].  

The snapshots of the left and right faces of the simulation box whose interfacial tension profile 

was presented in Fig. 10 are shown in Fig. 11, with the purpose of clarifying why there are 

oscillations in that profile for a smooth surface (left image in Fig. 11) and why they are absent 

when the wall is structured (right image in Fig, 11). When the surface is smooth, as in the left 

image in Fig. 11, particles can form layers more easily parallel to the xy – plane, as this increases 

their translational entropy.  Those layers, which are made of particles with full symmetry 

(disordered) on the xy – plane, induce ordering along the z – axis, which is responsible for the 

oscillations seen in density profiles (see left side of Fig. 3), tangential pressure profiles (see Fig. 

6) and interfacial tension profiles (see Figs. 8-10). On the order hand, when there is a structured 

surface, as in the right image in Fig. 11, particles have reduced symmetry (ordered) on the xy – 
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plane, and they form pockets with quasi-crystalline order (right image in Fig. 11), which 

produces full symmetry (disorder) along the z – axis.  These two contrasting cases are present in 

Fig. 3, namely when there is full symmetry (disorder) on the xy – plane (solid line, aR=1.0), the 

fluid forms layers (order) along the z – direction. However, when the surfaces impose their order 

on the xy – plane to the fluid particles (aR = 1.0, λ1 = π, dashed – dotted line), there appears 

disorder along the z – axis. This order – disorder phase transition has been studied in molecularly 

thin confined films [64], but it has never been investigated in mesoscale –structured pores to the 

best of our knowledge.      

It is also of interest to find out how the thermodynamic and structural properties of pores behave 

when both confining surfaces are symmetrically structured (as in Fig. 2C), as compared with the 

case when both walls are asymmetrically structured (as in Fig. 2D). In Fig. 12 we compare the 

interfacial tension profiles of these two cases, finding that they are the same regardless of the 

symmetry or asymmetry of the walls, as long as aR remains the same in both cases. The insets in 

Fig. 12 show that the normal pressure profiles and the density profiles are also the same for the 

fluid confined by symmetrically and asymmetrically structured surfaces. Mechanical equilibrium 

is maintained in both cases, as seen by the constant normal pressure profiles (lower right inset in 

Fig. 12), as expected. What is somewhat more surprising is that the particles of the fluid adsorb 

in a disorderly fashion over both types of confinement, as seen in the upper left inset in Fig. 12.  

The ordering on the xy – plane induced by symmetric and asymmetric walls prevents the fluid 

molecules from ordering along the z – direction, which leads to almost identical interfacial 

tension profiles. The most important factor regarding the value of the interfacial tension is the 

value of the interaction between the solid surfaces and the fluid molecules, aR, which is the same 

for all the cases shown in Fig. 12.   
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Figure 12. (Color online). Interfacial tension, density, and pressure profiles for symmetrically and asymmetrically 
structured walls. The symmetrically structured walls shown in this figure correspond to model C in Fig. 2, whose 
geometrical parameters are λ1=π and �� = 0.5. The asymmetrically structured walls shown in this figure correspond 
to model D in Fig. 2, whose geometrical parameters are λ1=π, λ2=0.1 and �� = 0.5, see eq 3. The solid line (blue 
line) is the profile for symmetric walls, while the dotted line (red line) is the profile for asymmetrical walls. The 
main panel shows the interfacial tension profiles. The inset in the upper left corner shows the density profiles for 
each case shown in the main figure, and the inset in the lower right corner shows the pressure profiles for the 
symmetrically and asymmetrically cases.  

To determine the extent to which the structure of the solid induces stratification in the liquid can 

be evaluated with the spatial evolution of the two – dimensional (xy – plane) radial distribution 

function as one samples the correlation between fluid particles away from the surface of the 

solid, see Fig. 13.  
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Figure 13. Three – dimensional evolution of the radial distribution function of a fluid confined by symmetrically 
structured walls, as in Fig. 2 C. These cases correspond to roughness parameters equal to (a) λ1=π, and �� = 1.0; (b) 
λ1=6π, and �� = 1.0. The distance r is the correlation distance on the xy – plane.  

As Fig. 13 shows, the fluid layer in contact with the structured surface is also highly structured 

(z=0 in Fig. 13), but as the distance along the z – axis is increased with respect to the surfaces, 

the correlations in the fluid tend to disappear, becoming almost bulk – like at the largest 

distances (z=5 in Fig. 13). Even for a solid – like ordering of the fluid particles close to a 

structured wall, see Fig. 13 (a) and the snapshot on the right in Fig. 11, such ordering disappears 

if the simulation box is large enough so that the fluid is allowed to regain its full symmetry. 

When the periodicity of the structure on the surface is very large, as is the case shown in Fig. 13 

(b), the wall appears almost as a smooth surface to the fluid particles closest to it, and the 

transition order – disorder occurs at smaller distances from the wall. Lastly, one notices that the 

period of the oscillations of the radial distribution functions changes from being given by the 

structure of the walls, when z=0, to becoming approximately equal to the diameter of fluid’s 

molecules, which is the intrinsic feature of the radial distribution function of a fully homogenous 

and isotropic fluid. 

As a final assessment of the order – disorder transition in smooth and structured surfaces, we 

have calculated the profile of the order parameter, � , defined as � = 3〈+� "�〉 − 1 2⁄  [49], 

where � is the angle formed by the unit vector in the z – direction with the vector �¡	
 = �¡	 − �¡
. 
The results are presented in Fig. 14; the solid line, which corresponds to smooth walls, shows the 

most ordering close to the surfaces. There appear peaks with the same periodicity as those in the 

density, pressure and interfacial tension profiles, which is roughly the size of the fluid particles 

[68]. The structured surface whose periodicity on the xy – plane is smaller than the size of the 

fluid’s particles, FG = H 4⁄ , shows also strong ordering near the walls along the z - direction 
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(dashed line in Fig. 14).  These two cases correspond to those of maximum wettability and order 

along the z – axis, coupled with disorder on the xy – plane. The dotted line in Fig. 14 is the order 

parameter profile of a strongly structured wall with large periodicity (�� = 1.0, FG = H 4⁄ ), 

which corresponds to a case of low wettability (see Fig. 3) and considerable ordering on the xy – 

plane (see Fig. 11). However, as is clearly seen in Fig. 14, this structure is disordered close to the 

surfaces, in comparison with the other two cases shown in the figure, confirming our analyses of 

the structural and thermodynamic properties of the systems studied in this work.   

 

 

Figure 14. (Color online) Order parameter profiles showing ordered phases near the walls. The solid black line 
represents the profile of smooth surfaces, which shows the largest ordering near the walls. The blue dashed line is 
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the profile of the order parameter for surfaces with large structure amplitude (�� = 1) but periodicity smaller than 
the size of the fluid’s particles (FG = H 4⁄ ). The dotted line shows the profile for a strongly structured wall with large 
periodicity on the xy – plane (�� = 1, FG = H) where the fluid is relatively disordered along the z – direction. See 
text for details. 

 

 

Although there are studies of the influence of structuring of the walls confining fluids on their 

thermodynamic properties [67, 69-70] at the atomistic level, ours is the first mesoscopic – level 

study we are aware of.  

V. CONCLUSIONS 

The thermodynamic and structural properties of a simple fluid confined by structured solid 

surfaces were studied here in detail using mesoscopic scale simulation techniques. It is found 

that when the fluid is confined by smooth walls it retains its homogeneity in the two dimensions 

where it is not bound, but its molecules order along the direction perpendicular to the confining 

surfaces. Structured surfaces induce ordering on the plane on which they bound the fluid, but 

disorder is found in the perpendicular direction. This phenomenon represents an order – disorder 

phase transition on a mesoscopic scale, which is a novel aspect of our work. We calculated 

interfacial tension profiles for several types of surfaces, and found that the most important factor 

in determining the value of the interfacial tension is not the geometry of the walls but the 

intensity of the solid wall – fluid interaction. The periodicity of the symmetry or lack thereof on 

the walls induces order or disorder on the fluid molecules adjacent to those walls, but plays a 

very minor role in the measurable value of the interfacial tension. These findings should be 

relevant for researchers working on the enhanced recovery of oil from complex pores and in 

microfluidics, among other nanotechnological applications.  
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Appendix. Influence of the coarse – graining degree on structural properties of the 

confined fluid. 

The effect of the coarse-graining degree on a DPD fluid confined by flat surfaces is presented 

here. The beads in DPD simulations are to be interpreted as a coarse graining of a fluid section 

rather than groups of the atoms or molecules. Because of this feature only structure and behavior 

that occur on length scales larger than the size of the beads have physical relevance. The coarse-

graining can be taken in DPD simulations as [46]: 

g¢ = £
¢	,       (A1) 

where ¤ is the mass of a bead DPD and | is the mass of a water molecule. When g¢ is changed 

the conservative force constant, a, is also changed: � = ��� �¥1Gg¢ − 1� 2¦w⁄ , where κ is the 

reduced isothermal compressibility of water, α is a numerical constant equal to 0.101, and ρ is 

the density of the DPD fluid [45]. That is how the coarse – graining degree enters into the 

simulations operatively. We studied the effect of g¢  on thermodynamic properties such as 

density and tangential profiles, the periodicity of the structure on the walls (see λ1 in eq. 3 in the 
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text), and radial distributions functions for flat surfaces. The analysis was performed for four 

different values of g¢, namely, g¢ = 1,2,3,4. The details of the simulations presented in this 

Appendix are the same as those of the simulations presented in the manuscript. The only 

difference is that for cases presented in this Appendix we used a simulation cell with a volume 

equal to Lx=Ly=Lz=12.0, except where indicated otherwise.  

In Fig. A1 we show the density profiles obtained for four different values of Nm when the DPD 

fluid is confined by smooth walls. As the coarse graining degree is increased, the amplitude of 

the layers closest to the wall is reduced, as should be expected since in the continuum limit the 

layers disappear. Notice also that the amplitude of the oscillations decays abruptly away from the 

wall, while the periodicity of those oscillations remains constant and approximately equal to the 

size of the DPD particles, rc. This feature is in agreement with the Fisher – Widom conjecture 

[68] for the decay of correlations in systems under the influence of repulsive, short – range 

potentials, such as the DPD interaction.   
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Figure A1. (Color online) Influence of the coarse – graining degree (Nm) on density profiles of the fluid confined by 
flat surfaces. The degree of coarse-graining is analyzed in the z – direction of the simulation cell, namely 
perpendicularly to the walls. The main panel in the figure shows the structure induced on the fluid by the wall when 
varying the magnitude of the parameter Nm on the left side of the simulation cell. These profiles correspond to Nm=1 
(black line), Nm=2 (red line), Nm=3 (green line), and Nm=4 (blue line). The full density profiles are presented in the 
inset. The axes are shown in reduced DPD units.   

The influence of the coarse – graining degree on the structure induced in the tangential pressure 

of the confined fluid is shown in Fig. A2. The amplitude of the layers with respect to the bulk 

value decreases with Nm, in agreement with the trends seen in Fig. A1, although the extent of 

these perturbations into the fluid is almost the same in all cases (except for Nm=1), i.e., about five 

layers before reaching the bulk value.    
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Figure A2.  (Color online) Effect of coarse-graining on tangential pressure profiles of the fluid confined by flat 
surfaces. The degree of coarse-graining is analyzed in the z – direction of the simulation cell, namely 
perpendicularly to the walls. The main panel in the figure shows the effect of tangential pressure varying the 
magnitude of the parameter Nm on the left of the simulation cell. The different profiles correspond to Nm=1 (black 
line), Nm=2 (red line), Nm=3 (green line), and Nm=4 (blue line). The total tangential profiles are presented in the 
inset. The axes are shown in reduced DPD units.  
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Figure A3.  (Color online) Effect of the coarse – graining degree on the two – dimensional (xy – plane) radial 
distribution function of a confined fluid by flat surfaces. The different profiles correspond to Nm=1 (black line), 
Nm=2 (red line), Nm=3 (green line), and Nm=4 (blue line). These functions were calculated at a distance z* = 1 from 
the wall.   

In Fig. A3 we show the radial distribution function of the DPD fluid confined by smooth walls in 

the xy – plane, where the fluid is not confined, for increasing coarse – graining degrees. 

Although the amplitude of the oscillations is somewhat increased as Nm increases, the extent of 

structure of the fluid into the bulk is essentially the same in all cases. It should be stressed that 

the curves shown in Fig. A3 show the same structure as that of a fluid which is not confined by 

walls, as shown in ref. [66].   
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Figure A4. (Color online) Density profiles showing structural changes induced in a fluid confined by surfaces with 
roughness whose size is smaller than the size of the DPD particles, in the z – direction of the simulation cell, namely 
perpendicularly to the walls. These profiles were obtained for walls whose roughness parameters are aR=1.0, λ1=π/4 
(blue line), and λ1=π/8 (red line), see eq. 3. For both cases shown in this figure we used Nm=3 and the volume of the 
simulation box was 10×10×10. The axes are shown in reduced DPD units.  

Lastly, in Fig. A4 we illustrate how the structuring of the density of the fluid along the direction 

perpendicular to the walls is modified if the roughness of the walls that confine it is smaller than 

the size of the fluid’s particles. The solid (blue) line in Fig. A4 is taken from the inset in Fig. 3. If 

the periodicity of the structure on the walls is reduced, the amplitude of the layers in the density 

profiles grows, until it reaches the limit where the walls are smooth; see for example the green 

line in Fig. A1. Nevertheless, the period of the oscillations and their extent into the bulk of the 

fluid are the same for both cases shown in Fig. A4, since those are intrinsic properties of the 

unbound fluid [68].  
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GRAPHICAL ABSTRACT 

 

 

Simulations show that the ordering of particles confined by rough surfaces induces a structural 

phase transition while the interfacial tension is insensitive to it. 
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