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Abstract.

We perform molecular dynamics simulations of an anomalous fluid confined between parallel
plates. The effects of the confinement on the structural behavior of the fluid when the plates are
hydrophobic, hydrophilic and amphiphilic were investigate. The anomalous fluid was modeled
using a two length scales potential, that exhibits density, diffusion and structural anomalies like
observed in liquid water. We show that this fluid at the contact layer exhibits the formation of
a solid/amorphous phase for temperatures at which the bulk system is liquid.

1. Introduction

Anomalous fluids, like water [1] and silica [2], exhibit a region in the pressure-temperature
phase diagram at which thermodynamic, dynamic and structural properties behave differently
when compared with other fluids. One example is the density of water that has a maximum
value at T = 4°C at room pressure. Another example is its diffusion increases as the density
decreases in a certain range of temperatures. But not only bulk water shows anomalies. The
behavior of confined water is also very intriguing. In principle, under confinement, the disordered
imposed by the confined walls should simply shift to lower temperatures all the bulk properties.
Such a simple picture is not valid for water. At the nano scale for instance the fluid-wall
hydrophobic/hydrophilic interactions that in the bulk are irrelevant compete with the fluid-fluid
interactions [3, 4, 5] and lead to layering [6], large increase in the diffusion coefficient [6] and
superflow [7, 8]. At the confining surface the water forms new ordered phases not observed in
the bulk [9, 10, 11, 12].

Experiments of confined fluids show additional properties not observed in bulk systems.
NMR and X-ray diffraction studies show that the pore size affects the freezing and the melting
temperatures [13, 14]. But these results depend on the type of interaction between fluid and
confining media. For the hydrophobic confinement the fluid remains at the liquid state for
temperatures lower than in the bulk or for the hydrophilic confinement [3, 4, 5]. The freezing
in both cases is not uniform. The contact layer and the middle layer do not melt at the same
temperatures [15]. Therefore, a simple picture of the mechanism for the behavior of anomalous
liquids under confinement is still lacking.
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In addition to the atomistic models, core-softened potentials have been employed to describe
the anomalous behavior of water-like systems [16, 17, 18, 19] in the bulk and in planar
surfaces [20, 21, 22, 23]. These models represent the van der Waals and the hydrogen bonds
interactions of water by means of a two length scales potential. The competition between
the two scales generates in the bulk the density, diffusion and structural anomalies present in
water. Even thought the effective potentials can not produce quantitative agreement with the
experiments they provide a picture of the mechanism behind the anomalies.

In this work we study the behavior of an anomalous liquid under confinement in the
framework of effective interaction potentials. The fluid is modeled by a two length scales
potential [17, 24, 23, 25]. The plates are immersed in the fluid. Three systems are analyzed:
hydrophobic, hydrophilic and heterogeneous plate-fluid interactions. These three cases are
analyzed for the presence of freezing and melting.

The paper is organized as follow: in the section 2 the model is introduced, in the section 3
the methods and simulations details are described, in the section 4 the results are shown and in
the section 5 conclusions are presented.

2. The Model

The system is composed of two parallel plates immersed in a fluid of N spherical particles of
diameter o. The plates are made of particles of diameter o organized in a square lattice of area
L?. The distance between the parallel plates is given by d. A schematic representation of the
system is depicted in the figure 1.
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Figure 1. Schematic representation of the system formed by plates immersed in the fluid of
spherical particles.

The particles of the fluid interact through a two length scales potential given by

T o () (2) | o[- (2227 )

where r;; = |75 — 7| is the distance between two particles, ¢ and j. The first term is a standard
Lennard-Jones (LJ) 12-6 potential where ¢ is the depth, plus a gaussian centered on radius 7
and width c. The chosen parameters are a = 5, 79/0 = 0.7 and ¢ = 1. Oliveira et. al [17, 24]
studied the pressure versus temperature phase diagram of the bulk system interacting through
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this potential and they found that the system exhibits a region in the pressure-temperature phase
diagram where the density and the diffusion anomalous behavior are present. The presence of
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Figure 2. Effective potential of interaction between the water-like particles (Eq. 1). The
potential parameters are a = 5, 79/o = 0.7 and ¢ = 1. The inset shows a zoom of the small
attractive part of the potential.

the anomalies is related with the two length scales: a repulsive shoulder at r;;/0 ~ 1 and a very
small attractive well at r;j /o =~ 3.8, as it can be seen in the figure 1. The same set of parameters
is employed in this paper.

In order to check the effect of the particle-plates interaction potential in the behavior of
the confined fluid three different types of walls are studied: hydrophobic, hydrophilic and
heterogeneous fluid-wall interactions.

The hydrophobic interaction was simulated by the Weeks-Chandler-Andersen Lennard-Jones
potential [26], given by

Uwca _ { ULy(rij) — Uny(Tew), Tij < Tew 2)
g O, Tij > Tew )

where Up,j(ri;) is a standard 12-6 Lennard-Jones potential and re,, = 21/64 is the cutoff distance.
The hydrophilic interaction of the plates was simulated by a strong attractive potential -
SAT [25], given by

Usar _ { D, [(0’/7“@']')12 — (O'/’I“ij)G] + Do (1i/0) — €5, Tij < Tes 3)

5 0, Tij > Tes

where res = 2,0 e €5 = D1[(0/res)'? — (0/7¢5)%] + Da(res /o). The parameters Dy e Do are 1.2
and 0.545, respectively.

In the case of heterogeneous plates, around 20% random particles of the plates have
hydrophobic wall-fluid interaction and the others, hydrophilic behavior.

The figure 3 illustrates the WCA and the SAT particle-plate interaction potentials.
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Figure 3. Particle-plate interaction potentials: hydrophobic, WCA (solid line), and hydrophilic,
SAT (dashed-line).

3. The Methods and Simulation Details

The plates are composed by N = 450 spherical particles and they are immersed in the water-
like fluid that is made by N = 1700 particles. The effective distance between the plates is fixed.
Here the studied distances are d = 30, d = 6.00 and d = 100. The density of the systems was
calculated considering just the water-like particles, excluding the particles of the wall. Due to
the empty space near to each plate, the density needs to be corrected to an effective density,
given by p = N/(L?L.), where L. = L — 2 and L is the size of simulation box.

Molecular dynamics (MD) simulations at NVT-constant ensemble were performed to study
the different systems. In order to keep fixed the temperature, the Nosé-Hoover thermostat [27,
28] with coupling parameter ) = 2 was used. The particle-particle interaction potential has a
cutoff radius of r. = 3.5 and it was shifted in order to have U = 0 at r..

Several densities and temperatures were simulated. Initial configuration in the solid and the
liquid phases were selected and in both cases the equilibrium states were reached after 2 x 10°
steps of simulation, followed by 4 x 10% simulation run. The time step was 0.001 in reduced unit.
The average of all physical quantities were obtained every 50 time step just after the systems
to be equilibrated. The metastability was avoided analyzing the pressure versus density phases
diagram and the energy after the equilibrium state.

The structure of the systems was analyzed by the lateral radial distribution function, g (r),
for each layer between the plates. An usual definition for g (r) is

1
g (r)) = 27 ;5&” —1ij) [0 (|zi — zj]) — 0 (|2 — 25| — §2)]. (4)

where 7| is the parallel distance between the particles, considering just the z and y directions.
The 6(z) is the Heaviside function and it restricts the sum of particle pairs in the same slab of
thickness 6z = o.

The physical quantities in this paper are depict in LJ units [29],
1/2 koT
. pt=pod, t*Et(E) and T = -2

D 5
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for distance, density of particles, time and temperature, respectively.
Since we will use only reduced units in this paper, the * will be omitted in the results
discussion.

4. Results

The effects of the temperature and density on the fluid structure around the immersed parallel
plates were investigated for the three types of plates. The following temperatures were analyzed:
T = 0.100, 0.200 and 0.300. The densities studied correspond to sizes of simulation box in
dimensionless units given by L = 24, 26 and 28, what correspond to the densities p = 0.134,
0.105 and 0.083, respectively also in dimensionless units.

4.1. Hydrophilic plates

In this subsection the distribution of the liquid under confinement with the hydrophilic plates
is presented. The three densities analyzed show a very similar result and, for simplicity, we will
show only results for p = 0.134. For this density, the transversal density profile is shown in the
figure 4 for plates separated by (a) d = 3, (b) d = 6.0 and (c) d = 10.0. In all the cases layers
are formed. We observed two, three and five layers for plates separated by (a) d = 3, (b) 6 and
(c) 10, respectively.
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Figure 4. Tranversal density profiles for p = 0.134 and three different distances of plates: (a)
d = 3.0, (b) d = 6.0 and (c) d = 10.0. Solid, dashed and dotted lines represent 7' = 0.100,
T = 0.200 and T" = 0.300, respectively.

In order to analyze the different structures of the layers the radial distribution functions,
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g|(r)|), for the contact layers were computed. The structure of the contact layers inside and
outside the plates for d = 3, shown in the figure 5 (a) and (b), respectively, are very similar.
Both layers are in a liquid-like phase. As the temperature is decreased, the liquid is more
structured, what can be seen by the increasing of the first peak of g (r)).
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Figure 5. g|(r)|) for contact layers (a) inside and (b) outside the hydrophilic plates separated
by d = 3 for the indicated temperatures.

For the distance between the plates d = 6, the transversal density profile is shown in the
figure 4 (b). In addition to the contact layers, there is the formation of a middle layer between
the plates. As the temperature decreases, the density near the plates increases, what suggest
that the fluid is more structured.

In figure 6 the radial distribution function g)(r|) for the contact and middle layers were
computed. The middle layer for all the temperatures is liquid-like. The contact layer in region
outside the plates is also liquid-like while the internal contact layer for low temperatures forms
an amorphous phase, in agreement with previous results [23].

For plates separated by d = 10, the transversal density profiles are presented in figure 4 (c).
The increases of density near the plates is similar to already observed for the other cases, d = 3
and d = 6. For these systems, all the layers present a liquid-like behavior and no amorphous
phases was observed.

The presence of the amorphous phase at the contact layer for d = 6 and not for d = 3 and
d = 10 is a consequence of the layering. The system with three layers exhibits a larger density
at the contact layer leading to the formation of a solid-like phase.
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Figure 6. g (1) for a system with hydrophilic plates separated by d = 6 for (a) the contact
layer outside of the plates, (b) the contact layer inside the plates and (c) the middle layer.

4.2. Hydrophobic plates

In this subsection the density profile of the liquid under confinement by the hydrophobic
plates is shown. For simplicity, the analysis will be presented only for the density p = 0.134
and the distance between the plates d = 6. Figure 7 shows the layering structure observed for
these systems, similar to observed for the hydrophilic confinement. It is possible to observe
that for these systems, as the temperature decreases, the density of water-like particles increases
near to each plate. These results are in agreement with observed for atomistic models of water
confined in parallel plates [30] and hydrophobic surface of protein [31]. In order to investigate the
structures of the particles of the layers, the radial distribution function, g (r|), was computed
for the contact and middle layers, as illustrated in the figure 8. The comparison between
figure 8 and figure 6 shows differences between the fluid in the hydrophilic and hydrophobic
confinement. While the hydrophilic confinement induces the formation of amorphous-like phases
for low temperatures at d = 6, the hydrophobic system remain the fluid at low temperatures,
what is in agreement with experimental results of Deschamps et al. [3] and Jelassi et al. [4].

4.3. Heterogeneous Parallel Plates

In the previous subsections, we studied the effects of the decrease in temperature in a
homogeneous system of the fluid confined in hydrophobic or hydrophilic plates. However, in
practical cases, immersed surfaces are expected to be chemically heterogeneous, that is, with
hydrophilic and hydrophobic regions. First, we found a similar behavior to observed in the
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Figure 7. Density profiles for three different distances of hydrophobic plates. (a) d = 3.0, (b)
d = 6.0 and (c) d = 10.0. Solid, dashed and dotted lines represent 7" = 0.100, 0.200 and 0.300,
respectively.

homogeneous plates, that is, the density increases upon cooling also near to heterogeneous
surface. We also studied the structural properties of the confined and not confined water-like
particles.

The transversal density profile presents a similar behavior to other cases and we will not
present for simplicity. The structure was analyzed using the g|(7|), shown in the figure 9, for d =
6 and p = 0.134. The other cases were not shown for simplicity. As the temperature decreases,
the density of particles near to plates increases and the systems becomes more structured.
Again, as observed in the hydrophilic homogeneous system, the contact layer inside the plates
presents an amorphous-like behavior, while the other layers present a liquid-like behavior. It
happens because the heterogeneous plates have hydrophilic interaction predominating over the
hydrophobic one.

5. Conclusions

In this work we studied the effect of temperatures on the interfacial properties of water
immersed in a parallel plates using molecular dynamics simulations. Hydrophilic, hydrophobic
and heterogeneous surfaces were studied. The formation of four layers, two in confined part and
two in the not confined part of the system are observed for small values of d. As we increase
the distance between the plates we observe other layers besides of the contact layers. These
layers we call middle layers. Our results suggest that layers are formed in order to minimize the
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Figure 8. g|/(r) for water-like fluid in hydrophobic plates separated by d = 6, at p = 0.134,
for (a) the contact layer outside of the plates, (b) the contact layer inside of the plates and (c)
the middle layer.

particle-particle and the particle-plates interaction.

We also studied the structural properties of confined and not confined fluid. We calculate
the lateral radial distribution function for each layer of the different regions of the system. The
effects on the structure of water-like particles is better observed as the temperature decreases.
The water-like particles in unconfined region has fluid characteristics in all cases analyzed.
To the confined region we can observe that the contact layer to the hydrophilic plate has a
liquid-like characteristic at 7' = 0.300 and T" = 0.200, while at T" = 0.100 the system presents an
amorphous-like behavior. As the temperature is decreased the particles become more structured
at the confined region. However, water-like particles confined by hydrophobic plates present a
liquid-type characteristics.

In order to investigate the effects of plates type interaction with the fluid, we created a system
with heterogeneous parallel plates, that is, plates with hydrophilic and hydrophobic interaction
with fluid particles. These heterogeneous systems, that have around 80% of hydrophilic
interaction, present results very similar to that observed for purely hydrophilic system. As
the temperature decreases the system becomes more structured and at 7" = 0.100 the system
presents an amorphous-type characteristic.

References
[1] Waller R 1964 Essays of naturals experiments (Nova Iorque)
[2] van Beest B, Kramer G and van Santen R 1990 Phs. Rev. Lett. 64 1955



VIII Brazilian Meeting on Simulational Physics IOP Publishing

Journal of Physics: Conference Series 686 (2016) 012004 doi:10.1088/1742-6596/686/1/012004

4 — T T T 44— T T 4 - T T T

_(a) T=0.100——| _{b) T=0.100 —— L (C) T=0.100 -

T=0200——=——~- T=0.200— — — — - T=0.200— — — — -

35 T=0300-------- =~ 35 T=0300-.-..-. — 35 T=0300........ |

3 - 3 — 3k —

- 25— —1 25— — 25— —

J_'_',= L il L il L il

w0 g - 2 | — 2 | -

T
o

Figure 9. g|(r) for water-like fluid in heterogeneous plates for d = 6 and p = 0.134. (a) is the
contact layer outside of the plates, (b) is the contact layer inside the plates and (c) the middle
layer.

3]

Deschamps J, Audonnet F, Brodie-Linder N, Schoeffel M and Alba-Simionesco C 2010 Phys. Chem. Chem.
Phys. 12 1440

Jelassi J, Grosz T, Bako I, Belissent-Funel M C, Dore J C, Castricum H L and Sridi-Dorbez R 2011 J. Chem.
Phys. 134 064509

Sliwinska-Bartkowiak M, Jazdzewska M, Huang L L and Gubbins K E 2008 Phys. Chem. Chem. Phys. 10
4909

Farimani A B and Aluru N R 2011 J. Phys. Chem. B 115 12145

Koga K, Gao G T, Tanaka H and Zeng X C 2001 Nature (London) 412 802

Bordin J R, Diehl A and Barbosa M C 2013 J. Phys. Chem. B 117 7047-7056

Giovambattista N, Rossky P J and Debenedetti P G 2009 Phys. Rev. Lett. 102 050603

Bordin J R, Krott L B and Barbosa M C 2014 J. Phys. Chem. C' 118 9497

Bordin J R, Krott L. B and Barbosa M C 2014 J. Chem. Phys. 141 144502

Strekalova E G, Mazza M G, Stanley H E and Franzese G 2012 Journal of Physics: Condensed Matter 24
064111 URL http://stacks.iop.org/0953-8984/24/i=6/a=064111

Morishige K and Iwasaki H 2003 Langmuir 19 2808

Morishige K and Kawano K 1999 J. Chem. Phys. 110 4867

Erko M, Findenegg G H, Cade N, Michette A G and Paris O 2011 Phys. Rev. B 84 104205

Xu L, Giovambattista N, Buldyrev S V, Debenedetti P G and Stanley H E 2011 J. Chem. Phys. 134 064507

de Oliveira A B, Netz P A, Colla T and Barbosa M C 2006 J. Chem. Phys. 124 084505

Buldyrev S V, Franzese G, Giovambattista N, Malescio G, Sadr-Lahijany M R, Scala A, Skibinsky A and
Stanley H E 2002 Physica A 304 23

Barraz Jr N, Salcedo E and Barbosa M 2009 J. Chem. Phys. 131 094504

Leoni F and Franzese G 2014 J. Chem. Phys. 141 174501



VIII Brazilian Meeting on Simulational Physics IOP Publishing

Journal of Physics: Conference Series 686 (2016) 012004 doi:10.1088/1742-6596/686/1/012004
[21] Dudalov D E, Fomin Y D, Tsiok E N and Ryzhov V N 2014 Phys. Rev. Lett. 112 157803

[22] Dudalov D E, Fomin Y D, Tsiok E N and Ryzhov V N 2014 Soft Matter 10 4966

[23] Krott L B and Barbosa M C 2013 J. Chem. Phys. 138 084505

[24] de Oliveira A B, Netz P A, Colla T and Barbosa M C 2006 J. Chem. Phys. 125 124503

[25] Krott L B and Barbosa M C 2014 Phys. Rev. E 89 012110

[26] Weeks J D, Chandler D and Andersen H C 1971 J. Chem. Phys. 54 5237

[27] Hoover W G 1985 Phys. Rev. A 31 1695

[28] Hoover W G 1986 Phys. Rev. A 34 2499

[29] Allen M P and Tildesley D J 1987 Computer Simulations of Liquids 1st ed (Oxford: Claredon Press)
[30] N Giovambattista P J R and Debenedetti P G 2006 Phys. Rev. E 73 041604

[31] Barbosa R and Barbosa M 2015 Physica A 439 48





