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Abstract

This study investigates the impact of crystal surface orientation on aqueous solutions confined in charged nanopores by
using molecular dynamics simulations. Pore walls have been modeled as (100) and (110) silicon layers with the
positively charged inner-most layer, while the aqueous solutions consist of only counter-ions and water. It has been
shown that the crystal surface orientation has a noticeable influence on the properties of the aqueous solutions in the
region close to the surface. The counter-ions and water molecules are more absorbed on the (110) surface than the (100)
surface. The molecular diffusion coefficient of water molecules is greater in the vicinity of the (100) surface. In
addition, the velocity of the aqueous solution induced by an external electric field is larger in the (100) nanopores.
These behaviors are attributed to the greater surface density of the (110) surface. Furthermore, a comparison between
simulation results with those computed from classical continuum theories has revealed that these theories provide
quantitative predictions only in regions distant from the pore surfaces.

Keywords: Molecular dynamics simulations; electrical double layers; crystal surface orientations; nanopores; aqueous
solutions.

Tém tit

Nghién ctru nay kham pha anh huong cua huong bé mat tinh thé dbi voi dung dich nudc & trong dng nano tich dién
bang phuong phap mé phong dong hoc phan tu. Thanh ong dugc mo hinh hoéa la cac 16p silic (100) va (110) véi 16p
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trong cung mang dién tich duong, trong khi dung dich nudc chi gdm cac ion d6i khang va nude. Nghién ciru chi ra rang
hudng bé mat tinh thé c6 mot anh huong dang ké ddi vai cac tinh chat cta dung dich nudc trong ving gan bé mat tinh
thé. Ton ddi khang va phén tir nude duge hap thy nhiéu hon trén bé mat (110) so v6i bé mit tinh thé (100). Hé s khuéch
tan phan tir nudc ¢ ving sat bé mat (100) 14 16n hon. Thém nira, van toc ctia dung dich nuéc do dién trudng bén ngoai
gdy ra 16n hon trong 6ng nano (100). Nhiing dic tinh nay c6 thé dugc quy cho mat do bé mit cia tinh thé silic theo
huong (110) 16n hon. Hon nira, viéc so sanh két qua mo phong véi cac 1y thuyet moi truong lién tuc co ban da chi ra
rang nhitng 1y thuyét nay chi dy doan cac thudc tinh véi d6 chinh xac déang ké trong viing xa bé mit 6ng nano.

Tir khéa: M6 phong dong hoc phan tir; Lop kép dién; Huéng bé mit tinh thé; Ong nano; Dung dich nudc.

1. Introduction

The investigation of thermophysical
properties of aqueous solutions confined in
micro- and nano-pores has gained much interest
in  diverse scientific  disciplines  from
fundamental  sciences  to  engineering
applications such as drug delivery and lab-on-a-
chip systems [1-3]. In such systems, since the
surface-to-volume ratio is high and the
characteristic dimensions are comparable to the
molecular size, surface characteristics, such as
the geometric surface, and the sign of surface
charge, etc, have strong effects on the
thermophysical properties of the confinement
aqueous solution [1-2]. As a consequence, these
properties exhibit significantly different from
those in the bulk state, particularly in a region
close to the surfaces [1-2, 4]. Classical
continuum theories (CCT) are unable to
adequately describe or predict these effects [5-
8], while experimental approaches are
incapable of providing molecular insights into
these phenomena [1-2, 4].

With advancements in computer science,
molecular simulation has emerged as a
powerful tool for investigating properties of
systems at the micro- and nano-scales [9-11].
This tool relies on a molecular representation of
systems and can yield reliable results for well-
defined ones. Many surface effects on aqueous
solutions  within  nanopores have been
elucidated thanks to molecular simulations [5-
8, 12-15]. Boek et al. [12] performed molecular
simulations to investigate the effect of surface
orientation on the structural properties of water
on the surface of crystalline ureas. Lee et al.
[13] conducted a simulation investigation into

the structure and dynamic properties of liquid
water on hydrophobic and hydrophilic surfaces.
The effects of surface charge, including
intensity, distribution, and sign [5-6, 14-15],
have been also investigated through molecular
simulations. These simulation studies have
found that the structure and dynamic properties
of aqueous solutions within the region adjacent
to the surface are strongly influenced by surface
characteristics.

While many studies have already reported
on surface effects in the literature [1-2, 4, 5-8,
12-15], a plethora of surface characteristics
remain unexplored due to their diversity [1-2,
4]. In addition, silicon has been widely used in
lab-on-a-chip systems [1-3, 16]. Therefore, the
primary objective of this work is to investigate
the influence of charged silicon surface
orientation at an ambient  condition.
Furthermore, it evaluates the capacity of CCT
to predict the static and dynamic properties of
aqueous solutions on these surfaces.

The rest of paper is structured as follow.
Molecular simulation is detailed in Section II.
Then, in section Il the simulation results are
presented and discussed. Finally, main findings
are summarized in Section IV.

2. Molecular simulations
2.1. Molecular model

The solid walls are composed of silicon
layers where the atoms are fixed in their
original lattice positions. These two walls are
separated by 26 A° forming a nanopore. The
silicon atoms on the inner-most layers are
positively, partially and uniformly charged with
the magnitude of surface density of 0.181 C/m?.
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To investigate the effect of crystal surface
orientation, we have considered two kinds of
orientation walls, i. e. (100) and (110) directions,
as illustrated in Fig. 1. For simplicity, the
aqueous solutions studied were assumed to be
composed of negatively charged Chloride ions
and water molecules [5-7, 15]. A schematic of
the simulation box is provided in Fig. 1.

The water is modeled by using the SPC/E
model [17], which comprises two sites for
hydrogen atoms and one site for oxygen atom,
as shown in Fig. 1. In this model, both of
charge and mass are positioned at each site,
constituting a three-site model. The O-H bond
length and the H-O-H angle are held rigid at 0.1
nm and 109.47° respectively. The charge of
oxygen atom is of -0.8476e, while the hydrogen
atom carries a charge of +0.4328e. For the
Cl ions and Si atoms, the charged Lennard-

Jones (LJ) atom model has been employed to
represent them [5-6]. Thus, the interaction
potential between atoms is computed by:
[ Fij 12 & ¢ qid;
u;; = 4g;; (;-_'L) — (f—) ]-I— E?—l (1)
1 L L
where &; and o;; are the LJ parameters
respectively representing the potential well depth
and the collision diameter, ;; is the distance
between the atoms, € is the Coulomb’s constant,
q; is the charge of atom. The LJ parameters of
atoms (&;;, ;) are detailed in Table 1.

the standard
rules were

ijr
For unlike fluid atoms,
Lorentz—Berthelot  combining

employed to determine the LJ parameters as
[18-19]:

£ = &y (2a)
o, = Laii+e;;) E“:LE“:I (2b)
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Figure 1: (a) Schematic representation of a nanopore containing water molecules and Cl counter-ions: Oxygen atoms
(in red), Hydrogen atoms (in white), Cl counter-ions (in cyan), Charged Si atoms (in pink), and Non-charged Si atoms
(in yellow). (b) A unit cell of the diamond cubic crystal structure for silicon and the orientations of the surface
structures: (100) plane (highlighted in a dark color plane) and (110) plane (highlighted in a green color plane).

(c) The SPC/E model for the water molecule.
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Table 1: Lennard-Jones potential parameters
of atomic species in the simulation system.

Species & (kJ/mol) c (AY)
O 0.645 3.17
H 0.000 0.00
Cl 0.445 4.45
Si 2.44 3.37

2.2. Simulation details

Molecular dynamics (MD) simulations were
conducted to determine the static and dynamic
properties of the aqueous solution confined in
the charged Si nanopore, which consists of four
steps. First, the system was equilibrated during
0.5 ns. Then, the sampling was executed over a
period of 1.5 ns to compute the static and
diffusion properties. In the third step, an
electric field strength was applied to the system
along the x direction and the MD simulation
continued for 1.5 ns to reach a steady state.
Finally, a run of 2.0 ns was performed to
calculate the velocity of aqueous solution.

To describe the motion of water molecules,
we have decomposed it into two entirely
independent components: translational motion
and rotation about the center of mass [9].
Otherwise, the motion of ions was solely
characterized by translation [9]. In addition, a
combination of quaternion coordinates with
Euler angles was employed to -efficiently
describe the rotational motion of water
molecules [9]. The equations of motion were
integrated by using the leap-frog Verlet
algorithm with the time step of 1.0 fs [9-10]. To
keep the temperature of the aqueous solution at
an ambient condition of T=300K, the
Berendsen thermostat was employed to adjust
three velocity components for the MD
simulations without the application of the
external electric field, whereas it was applied to
only two components perpendicular to the field

when it is present in the systems [20]. Classical
periodic boundary conditions were applied in
the x and y directions. The LJ potential
interactions were calculated by truncation at a
cutoff radius of 10.0 A° [9-10]. For the
calculation of Coulomb potential interactions,
the EW3DC (three-dimensional Ewald
summation with the correction term) proposed
by Yeh and Berkowitz was employed, in which
the vacuum space added is of 72 A° [21]. In
addition, an FFT grid spacing of 0.1nm and a
TSC (triangular-shaped cloud, 2" order) for the
charge distribution and the force interpolation
were chosen to compute the reciprocal-space
interaction [22-23]. To compute density and
velocity profile across the nanopore, the
simulation box was uniformly divided into the
x-y plane bins having the width of Az & 0.34°,

The MD simulations were carried out by
using an in-house FORTRAN code, which was
validated and utilized to investigate the static
and dynamic properties of various fluids
confined in nanopores [7, 15, 24].

3. Results and discussions
3.1. Structure properties

Figure 2 shows the density profiles of water
and Cl ion across the nanopore. Interestingly,
results indicate that the crystal surface
orientation has non-negligible effect on the
density distribution of water and Cl ion in the
vicinity of the surface. More precisely, the water
and CI ion are more strongly absorbed on the
(110) surface than the (100) surface, as
evidenced by the larger magnitude of the first
peak. This behavior is probably attributed to the
Si surface density. The (110) surface possesses a
surface density of 0.0959 Atom/A? while it is
of 0.0678 Atom/A” for the (100) surface [25].

In addition, the capability of a classical
continuum theory to predict the counter-ion
distribution has been evaluated. The theory
considered in this study is a combination of the
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Poisson equation and the Boltzmann
distribution, which is detailed in Appendix.
Figure 3 presents a comparison between the
counter-ion concentration profiles obtained
from the MD simulations and the CCT for the
(100) surface. The results clearly indicate that
the CCT can provide quantitative results only in
regions distant from the surface, while it yields

a noticeable deviation in the region near the
surface. This behavior is similar to results
reported in the literature [5-8], which was
already explained due to the limitations of this
equation in accounting for factors such as the
finite size of molecules and the polarization of
water molecules, etc. [6, 8].
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Figure 2: (a) Water density and (b) Counter-ion concentration profiles across the nanopores obtained from the MD
simulations. (Red color) Dashed-Dotted lines correspond to the (100) nanopore. (Green color) Solid lines correspond
to the (110) nanopore.
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Figure 3: Counter-ion concentration profiles across the (100) nanopore obtained from the MD simulations (Dashed-
Dotted line with Red color) and the CCT (Dashed-Dotted line with Blue color)

3.2. Dynamic properties
3.2.1. Diffusion coefficients

As presented in the previous section, the
crystal surface orientation has non-negligible
effects on the structural properties of the
aqueous solution in the region close to the

surface. Therefore, this section focuses
exclusively on the effect of crystal surface
orientation on molecular diffusion in this
region. The molecular diffusion coefficient was
computed by using the Green-Kubo relation as
[9-10]:
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D==["c,(t)dt 3)

where, d is the dimensionality, t is the time, and
c, the velocity autocorrelation function
(VACEF) that is given as:

c,(8) = (w(v(0)) = (I, v,()v,(0)) (4)

where v is the translational velocity, and N is
the number of molecules. The molecular
diffusion coefficients of the water molecules in
the z direction and on the x-y plane for the two
crystal surfaces computed from the MD
simulations are given in Table 2.

Results clearly indicate that the molecular
diffusion coefficient in the z direction is smaller
than that on the x-y plane in both the crystal
surface orientations. This behavior is consistent
with the findings reported in the literature [7,

15, 26]. It was explained as the strong
constraint imposed by the pore walls on the
motion of water molecules in the z-direction [7,
15, 26].

Regarding the effect of crystal surface

orientation, the simulation results clearly
demonstrate its significant effect on the
molecular diffusion coefficient of water

molecules. To be more specific, the diffusion
coefficient is smaller on the (110) surface
compared to the (100) surface, particularly the
molecular diffusion on the x-y plane. This
difference can be attributed to the effect of
water density [27]. As presented in the previous
section, the water density on the (110) surface
is higher than that on the (100) surface.

Table 2: Self-diffusion coefficient of water molecules in the region of the first peak.

Dyy (10°m?/s) | D, (10°m?/s)
In the (100) nanopore 1.50+0.15 1.17+0.11
In the (110) nanopore 1.35+0.12 1.14+0.10

3.2.2. Velocity profile

The velocity profiles of aqueous solution
confined in the pores induced by the external
electric field, obtained from the MD
simulations, are illustrated in Fig. 4. Results
show that the velocity is greater in the (100)
surface pore than in the (110) surface pore. This
implies that the crystal surface orientation has
an impact on the velocity. This behavior can be
explained as follows. As presented above, the
density is smaller in the (100) surface pore,
resulting in reduced viscosity compared to the
(110) surface pore.

Finally, the capability of a CCT to predict
the velocity has been investigated. To do so, we

have considered a CCT that combines the
Poisson equation, the Boltzmann distribution,
and the Stokes equation. A comprehensive
description of this CCT is available in the
Appendix. A comparison between the velocity
profiles computed from the MD simulation and
the CCT for the (100) surface pore is presented
in Fig. 5. Results show that the CCT exhibits
noticeable deviations in the region proximate to
the surface but yields reasonale results in
regions distant from the surface. This
observation underscores the limitations inherent
to the CCT, as discussed previously [6-8], due
to the effects of the finite size of molecules and
polarisation of water molecules, etc.
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Figure 4: Velocity profiles across the nanopores obtained from the MD simulations. The legend is the same as that in
Fig. 2.
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Figure 5: Velocity profiles across the (100) nanopore obtained from the MD simulations (Dashed-Dotted line with Red
color) and the CCT (Dashed-Dotted line with Blue color)

4. Conclusions

In this study, we have investigated the
influence of crystal surface orientation on the
structural and dynamic properties of aqueous
solutions confined within nanopores. In
addition, the capability of classical continuum
theories to predict these properties has been
also evaluated. To achieve these, molecular
dynamics simulations have been performed.
For simplicity, the pore walls were modeled as
the Silicon layers with the positively charged
inner-most layers, in which the two types of
crystal surface orientations, (100) and (110),
have been considered. And, the aqueous

solutions are composed of only the Chloride
counter-ions and water.

First, the density profiles of water and
counter-ions were explored. The simulation
results have indicated that both water and
counter-ion are more absorbed on the (110)
surface compared to the (100) surface, which
can be attributed to the Si surface density. In
addition, the CCT has been shown to vyield
quantitative results for the counter-ion
distribution only in the region distant from the
pore surface but exhibits significant deviations
in the vicinity of the pore surface.
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Then, we have exclusively focused on the
effect on the molecular diffusion of water
molecules in the proximity of the pore surface.
It has been shown that the diffusion coefficient
is higher on the (100) surface than on the (110)
surface. This is probably the consequence of
stronger density on the latter surface.

Finally, the velocity of the aqueous solutions
induced by an external electric field was
studied. The simulation results have shown that
the velocity is greater in the (100) surface
nanopore compared to the (110) surface
nanopore, which is consistent with the observed
density differences. In addition, the simulation
velocity has been compared to that computed
from the CCT. It has been found that the CCT
yields reasonable results in the region far from
the surface but exhibits noticeable deviations in
the region close to the surface.

Appendix

In this appendix, classical continuum
theories on electrical double layer (EDL) are
presented. Under the assumption of the
continuum model, the EDL can be described by
solving the PB equation [28]. The PB equation
IS a combination of the Poisson equation and
the Boltzmann distribution. A Boltzmann
distribution for ion density and the PB equation
for the electric-static potential are:

E 1'{’ - _ = (Al)
=
kE—rj (A2)

where, n is the number density of the counter-
ion, 1, is the number density of the counter-
ions at the nanopore center, e is the electron
charge, ¥ is the electrostatic potential, kg is the
Boltzmann constant, T is the fluid temperature,
and £ is the permittivity of the solvent.
Substituting Eq. (A1) into Eqg. (A2), one has:

n = 1, exp (—

Vip=—2 >( n,exp (— ﬂ) (A3)

kgT

Integrating this equation with the boundary
conditions of electric potential as — ‘b =0 and
y=0 at z = z_, where z, is the z coordlnate of
the pore center, it gives:

- L

ﬂ _ |2kgTng | . _ s —1]*

dz 'Nl s [Sm( kBI') 1] (A4)
kBT a | m _E:

;{;:Tln cos” w|:;:{?(z—zc) (A5)

Then, the number density of the counter-ion
is written as:

= : (A6)

n(z) =n_

In these equations, there is only one
unknown value which is n_,. To determine this
quantity, the following boundary condition at

the surface z,,, can be used as [5-6, 26]:
(A7)

_ b, _
U-E_Edz (E ij

Substituting Egs. (A4) and (A5) into Eq.

(A7), it can lead to an equation of n. as
follows:
Hl'-"ﬂj”* = -—1| =2 (A8)

7 M F" :I
I:'DB '\I QD{BT E'“ E'l-

The quantity n., has been determined by
numerically solving this equation thanks to the
Newton-Raphson method [29].

The governing equation for the flow in
nanopore under the electric field Eg,. without
the pressure gradient is the one-dimensional
Stokes equation as follows:

[_u ) +enEg, =0

Where  is the viscosity of aqueous solution,
and v is the velocity of aqueous solution. The
boundary conditions for the flow are:

z,.) =0 (A10)

(A9)

dur _
—(z=z,)=0and ve(z=
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Substituting 1(z) in Eq. (A6) into Eg. (A9) and solving it, one has the analytical general solution

as:

& ni, K | Mge 2
vp = —2E=|n | cos |—( —z_)
ZuskpT A ZEkgT

where C; and C, are constants, which can be
determined from the boundary conditions in Eq.
(A10).
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