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Molecular dynamics (MD) simulation was used to investigate the behavior of water and
ethanol molecules, which were mixed with five water—ethanol weight fractions (100:0, 0: 100,
25:75, 50:50, and 75:25) inside the Au nanotube. To investigate the nano-confinement effect
on water and ethanol molecules, the data of both molecules were analyzed by the probability
of the number H-bonds per water and ethanol molecule and radial density distribution.

Our results reveal that the radial density distributions and the number of H-bonds are

significantly influenced by the Au nanotube, and the molecules also display different behavior
from those in the bulk environment. In addition, the interaction between water molecules and
the Au nanotube is stronger than that between ethanol molecules and the Au nanotube,

from the profile of radial density distribution. Finally, both the number of H-bonds per water
and per ethanol will be affected by the weight fraction, because the H-bond not only forms

between the same material, but also between different materials.

1. Introduction

New applications of ethanol have attracted significant attention
in recent years, especially as an alternative fuel to replace
gasoline and diesel fuel, which are very difficult to reproduce.
Bioethanol can be obtained by sugar fermentation, from a
renewable source. To be used as fuel which can added to
gasoline, the percentage water content should be less than
1.3 wt%.! However, obtaining the high purity ethanol that is
low in cost is difficult to achieve. Therefore, many research has
been directed towards this.> Pervaporation separation has
been proven to be a successful method to achieve the required
level of water content at lower cost; A direct ethanol fuel cell
(DEFC) is another important application for the conversation
of chemical energy to electricity, which has a lot of advantages
compared to other materials, such as methanol and hydrogen.
The reason is that the ethanol is easy to transport, handle and
store.>*

One-dimensional nanotubes have attracted great interest
with their many potential applications in gas storage,>®
nanofluidic devices,” sensors,® sieving and filtering and
separation of different molecules.>® Au nanotubes have been
demonstrated that have much potential for use in biological
applications.” Moreover, the confinement effect of Au nanotubes
has been a subject of study. Jirage and co-workers investigate
the transport properties inside membranes containing Au
nanotubes.!” They show that membranes can be applied to
molecular size-based selectivity sieves such as the inside
diameter of an Au nanotube in the range of 2-5.5 A.
Wirtz et al. found that the interactions between the
Au nanotube and the molecules within it are crucially important,
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since collisions between the molecules and the nanotube wall
are known to increase the frictional drag on the molecules, and
hence to increase the molecular frictional coefficient to a value
beyond that associated with a free solution.'' Clearly, the
properties of confined molecules are different from those of
bulk surfaces. Hence, as mentioned above, developing a full
understanding of the interactions which occur between the Au
nanotube wall and the molecules within the nanotube is
essential if the applications of Au nanotube at the atomistic
scale are to be advanced. The different effects of a hydrophobic
or hydrophilic surface on the structural and dynamical properties
of water are obvious. Additionally, the chemistry and transport
properties of Au nanotubes are different from that of other
material nanotubes due to the differing nature of the inter-
action between the water molecule and nanotube. Hartnig
et al. investigated the transport properties of water in cylindrical
pores.'? Their results reveal that the water molecule trans-
ported inside the non-polar material pores did so faster than
that inside the polar material pores. Several studies have found
that the different effects of a hydrophobic or hydrophilic
surface on the structural and dynamical properties of water
are obvious, such as single-walled carbon nanotubes.'>'#
Experimentally, Yu et al. investigated the selectivity for the
transportation of protein inside Au nanotubes.” They found
that the Au nanotube is useful for sensor applications because
the nanotube can be used to cleanly separate protein
molecules. Therefore, this separation behavior for protein
suggests that the interaction of the Au nanotube has a much
potential. However, it is still difficult to observe the behavior
of molecules inside nanotubes by experiment due to the fact
that the size of nanotube is too small.

The behavior of confined molecules inside nanotubes has
been investigated by MD simulation methods. Zang et al.
presented that self-diffusivities of water, methanol, ethanol
and their mixture inside aluminosilicate and aluminogermante
NTs, which describes that water molecules prefer to locate
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near the wall of NTs.!> Zheng et al. found from their MD
simulation that in the transport of water and methanol,
H-bonds plays a critical role for fluid transport across the
pore in hydrophobic single-walled nanotubes with various
diameters.'® In our previous study,17 MD simulations were
applied to investigate the behavior of water molecules inside
Au nanotubes of various diameters. We found that the inter-
action energy between the water molecule and the Au nano-
tube increases as the size of the nanotube diameter decreases.
From the discussions above, it is clear that MD simulation
provides a powerful technique for investigating fundamental
molecular behavior at an atomic level. Since, the separation of
ethanol and water is an important procedure to get higher
ethanol fractions for fuels, and Au nanotube has been proven
to be a good filter to separate different molecules, Au nano-
tubes could be used to separate ethanol molecules from the
water—ethanol mixture, and it is worth investigating the
behaviors of water and ethanol molecules within Au nanotubes.
In this paper, three different weight fractions of water—ethanol
blends inside the Au nanotube are simulated by MD method.
Specifically, this study investigates the radial density distribution
as well as the percentage distribution profiles of the number of
H-bonds per water and per ethanol molecule at three weight
fractions inside the Au nanotube.

2. Simulation model

Molecular dynamics simulations were carried out to investigate
the distribution of 100% water, 100% ethanol and mixtures of
water—ethanol of 25:75, 50:50, and 75:25 weight fractions
inside the Au nanotube. Fig. 1 presents a schematic diagram of
the simulation model for water and ethanol molecules inside
the Au nanotube. The blue, red, and gold balls indicate water
molecules, ethanol molecules, and gold atoms, respectively.
The inner diameter of the Au nanotube is cut from an FCC
Au crystalline, such that the longitudinal direction of the
Au nanotube is parallel to the [100] direction of the Au crystalline.
The outer diameters and wall thicknesses of the Au nanotubes
are29 A and 7 A, respectively. The length of the Au nanotube
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Fig. 1 Simulation model of water and ethanol molecules at 25:75
weight fraction inside the Au nanotube.

Table 1 The density and the number of water and ethanol molecules
inside the Au nanotube at five weight fractions

Weight fraction water—ethanol 0:100 25:70 50:50 75:25 100:0

Density 0.789 0.8415 0.889 0.9345 0.993
Water, 0 345 735 1173 1656
Ethanol, 512 405 288 153 0

is 32.632 A, and the periodic boundary condition was used in
the z direction to represent an infinite Au nanotube. Three
weight fractions of water—ethanol inside the Au nanotube are
considered, with the number of molecules and the densities of
water—ethanol mixtures are listed in Table 1 for 25:75, 50: 50,
and 75:25 fractions inside the Au nanotube. Water, and
ethanol, indicate the number of the water molecules and the
ethanol molecules, respectively. In order to reach the
experimental density in this confined space at these fractions,
the number of water molecules and ethanol molecules are
calculated and placed in the Au nanotube. The Au nanotube is
constructed by 2128 Au atoms.

In order to simulate this study accurately, there are four force
fields which are utilized in our simulation system. The ENCAD
force field is used to simulate the interaction between the ethanol
and water molecule. This model not only accurately reflects the
water structure detected by X-ray and neutron diffraction, but also
yields values of the structural and dynamic properties which are in
good agreement with those determined from experimental data.
The ENCAD model is expressed as follows:

Utol = Ubond + Ubend + Utorsion + Uels + Uvdw (1)

where Upond> Utorsion, and Upeng are the bond strength, torsion,
and bending energy in a water or ethanol molecule,
respectively. These three potential functions are given by

bonds
1. . .
Usond = Y 5 kb(bi = )’ )

bending angles 1

Upena = Eké(ei - 96)2 (3)

i

torsion angles

Utorsion = E

1

ki {1 — cos[n'(¢; — @f)} (4)

where K}, Ki) and Kfp are force constants representing the bond
stretching, bond bending and rotational barrier of the ith
bond, respectively, and b, 6; ¢, b), 05 and @) are the ith
bond length, the ith bending angle, the ith torsion angle, the
equilibrium length of the bond, the equilibrium angle of the
bending angle and the equilibrium angle of the torsion angle,
respectively.

The van der Waals potential, U,qy, is used to model
intermolecular energy of the water molecules. For nonbonding
pairs i and j in the water nanocluster with an interatomic
distance rj;, the van der Waals potential is expressed as

Uvaw = Z [Ascgﬁ(rg/ri/’)lz_28”("3/’!'/')6_ vaw (737)] (5)

pairs i,j
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where the parameter Ay is used to compensate for the
interaction lost for small cutoff distances and has a value
determined by the cutoff distance specified in F3C model.
In this study, this cutoff distance is specified as 11 A and the
value of A is assumed to be 1. The term S,qw(r;) in eqn (5)
represents the truncation shift function of the van der Waals
potential. The general truncation shift function S/(r) has the
following form ref. 18:

{ [f(re) + (r = re)(df (re) /dr)] r<re

0 >

Sy(r) = (6)

where f(r.) and r. represent the potential function and its
truncation distance, respectively. Accordingly, the complete
form of Syqw(ry) can be derived from eqn (6) and is
expressed as

Svawlry) = Asce’(r§jro)'? — 2eij(r§/ro)°
— 12(ry—ro)| Asce”(rfro)* =27 ro) | (D)

The electrostatic potential, U, for atoms i and j in the water
molecule with an interatomic distance r; is expressed as

qq
Uss= Y 332L—U— Cls(r!-,-)} (8)

pairs i,j

99 [4¢ qq
Vs = 3 332{ e { : —(r,.j_rc)r_z” )

pairs i,j ¢

where ¢ and ¢ represent the partial charges of the oxygen or
hydrogen atoms of two water molecules within the truncation
distance. The completed form of electrostatic potential also
can be found from eqn (9). The parameters of ENCAD
potential used in the current study for water and ethonal
molecules can be found in ref. 18.

The tight-binding potential method is adopted to calculate the
atomic interactions between the Au atoms of the Au nano-
particles. This model sums the band energy, which is characterized
by the second moment of the d-band density of state, and a
pairwise potential energy of the Born—Mayer-type, i.e.,

cex{geala(io )
el o)

where j is the effective hopping integral, r; is the distance
between atoms i and j, and rq is the first-neighbor distance.
The parameters A, p, ¢, and ¢ are determined from the
experimental data relating to the cohesive energy, the lattice
parameter, the bulk modulus, and the shear elastic constants,
respectively. The tight-binding potential accurately describes
the properties of transition metals such as Cu, Co, Ag, and
Au.?* The parameters of the Au-Au interactions adopted in
the present study are listed in Table 2.

This study adopts the modified Spohr potential developed
previously by Dou e al.'®** to model the interactions between

Table 2 Parameters used in the tight-binding potential for Au

Parameters and units ~ A4/eV eV p q ro/;\

Au-Au 0.2061  1.790 10.229 4.036  2.8843

the water molecules and the Au atoms. This potential function
has the following form:
UAu—water = UAu—O(rAu—O) + UAu—Hl(rAu—Hl)
+ Unuwn2(rauv-n2) (11)
The first term of this expression represents the interaction
between an Au atom and an oxygen atom, while the second
and third terms relate to the interactions between an Au atom

and the two hydrogen atoms of a water molecule. These
potential functions are expressed as

Uauw-o(r) = Dolexp(—=2Bo(r—re1)) — 2exp(—Bo(r — re1))]-Ss(r)
(12)
Uauwn(r) = 7Doexp(=2Bu(r — res)) (13)

where Dg and r.; are adjusted to reflect the adsorption energy
and the distance of the water molecules from the metal surface
obtained from the experimental results, respectively.

1 r<ron
Ss(r) = § (2 — (e +2r2 = 32)

(r(%ff - rgn)

Fon <r < Toff
(14)

where ro,, and r.y represent the start and end distances
employed in the shift function and are specified in the present
study as 7 A and 11 A, respectively. The parameters used in
this potential in the current study are presented in Table 3.
The Dreiding potential method is used to calculate the
interaction between Au and ethanol molecule. It was developed
by Mayo and Goddard at 1990.?! This potential function has

the following form:
-6
AN AL
2(1-3)- (o) () )

E; = D{ (ZL—6) exp
(13)

where D is the energy barrier, R, is the distance between the
gold atom and the atom in the ethanol molecule in an energy-
minimum state, r;; is the distance between the gold atom and
the atom in the ethanol molecule, and Z is a dimensionless
constant whose value is dependent on the curvature or stiffness
of the inner repulsive wall. The values of the D, Ry, and Z

Table 3 Parameters used in the modified Spohr potential

Parameters and units Au-H,0
Dy/eV 0.0668
Bo/A™" 1.3000
Bu/A™! 1.3000
ret/A™! 3.7000
reo A7 —1.0000
2 0.2
rcﬂ‘/é 11.0
Ton/A 7.0
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Table 4 Parameters used in the modified Dreiding potential

Parameters and units Au-C Au-H Au-O
D/kcal mol ™! 0.064 0.041 0.048
Ro/A 3.561 3.082 3.395
zZ 12.0 12.0 12.0

parameters are taken from Jang er al.>? as shown in Table 4.
These parameters were fitted from the quantum mechanical
geometry and binding energy.

During the simulation process, the Nose-Hoover method is
adopted to ensure a constant system temperature during the
simulation process.'® The Verlet algorithm is also employed to
calculate the trajectories of the atoms and a time step of 1 fs is
set for the time integration. The outer diameter and wall
thickness of Au nanotube are 29 A and 7 A, respectively.
Au atoms within the outer region with a 5 A thickness from
the outer wall were fixed to prevent the disorderly motion of
Au nanotubes during the simulation process. Other Au atoms
within the region close to the inner wall, which interact with
ethanol and water molecules during the course of simulation,
were not fixed. All water and ethanol molecules are placed
inside the Au nanotube. Micro canonical ensemble (NVT) was
applied to the current system with initial temperature set at
300 K, so the averaged pressure calculated over a time internal
will be a constant value. The annealing method is used in our
simulation to obtain a stable structure; therefore, the temperature
in the system is increased from 300 K to 600 K with a rate of
increase of 1 K per 100 fs, and then the temperature is
maintained at 600 K for 8000 ps. Afterward, the temperature
is decreased from 600 K to 300 K at 1 K per 200 fs. Finally, the
MD simulation of 100 ps was performed to equilibrate the
simulation system. To assay the water and ethanol molecules
in detail, the data was analyzed by radial density distribution
and the number of H-bonds from the equilibrium state. In
addition, since the information of hydrogen bond was
averaged over 50 ps, the calculated results were obtained at
a constant pressure.

3. Results and discussion

Fig. 2(a)—(e) demonstrate the density distributions inside the
Au nanotube for three different water—ethanol weight fractions
as well as for pure water and pure ethanol. The origin of
horizontal axis in Fig. 2(a—e) is the cross-section center of Au
nanotube and the mass centers of both water and ethanol
molecules were used to calculate the distance from the nano-
tube center to the mass centers of water and ethanol molecules.
According to the density distributions for all molecules in
Fig. 2(a)—(e), the space within the Au nanotube can be divided
into three different regions, as shown by two dashed lines in
Fig. 2. Regions 2 and 3 indicate the places at which two
distinct density peaks are located, and Region 1 indicates the
area where the density distributions display relatively slight
variations. To investigate the interaction strengths of both
water molecules and ethanol molecules with the Au nanotube
wall, Fig. 2(a) and 2(b) displays the density distributions for
100% weight fractions of water molecules and ethanol
molecules inside the Au nanotube, respectively. The origin of

the horizontal axis is located at the cross section center of the
Au nanotube and the values of local densities are obtained
from the time average over 100 ps. In Fig. 2(a), the water
density profile shows two prominent density peaks in the
vicinity of the Au nanotube wall, with the values of these
peaks are higher than the bulk water density. The higher peak
in Region 3 corresponds to a first shell-like arrangement of
water molecules, within which the water molecules are directly
adsorbed by the Au nanotube wall. The lower peak represents
the second shell-like arrangement of water molecules in
Region 2 and can mainly be attributed to the hydrogen
bonding between water molecules of second shell-like arrangement
and those of the first shell-like arrangement in Region 1.
Because the density peak in Region 3 is higher than that in
Region 2, this reveals that the interaction strength between
water molecules and Au wall affects water molecules more
significantly in Region 3 than in Region 2. We analyzed this
phenomena in detail by hydrogen bonding. In Fig. 2(b), the
ethanol density profile displays only one peak, which is smaller
relative to the water density peaks. The reasons are the
properties and size of the ethanol molecule. The OH group
of ethanol is hydrophilic, but the C,Hs (ethyl) group is
hydrophobic. The nature of Au is hydrophilic. Hence, the
OH group has attractive interaction but ethyl group has weak
repulsive interaction which is compared to the attractive
interaction. Therefore, the interaction between Au and ethanol
molecules is attractive but is not stronger than that between
water molecules and Au atoms. Moreover, the size of ethanol
molecules is larger than water molecules. It is difficult for
ethanol molecules aggregate closely. Fig. 2(c)—(e) shows the
radial density distributions of water, ethanol, and total
molecules at 50:50, 25:75, and 75:25 water—ethanol weight
fractions. The total density profiles of these Figures display
two distinct peaks with the higher peaks corresponding to the
shell-like arrangements and mainly constituted by water
molecules directly adsorbed by the Au walls because of their
stronger interaction. For the higher water weight fractions at
50:50 and 75:25, and the pure water molecule case, the
thicknesses and the densities of the shell-like arrangements
are almost the same, close to 3.5 A and 2.5 g cm 3. This result
also demonstrates that if the water molecules inside an Au
nanotube are more than the required number to form the shell-
like arrangement, a water shell-like arrangement will definitely
form. For the case of the lower water fraction at 25:75, all
water molecules and some ethanol molecules will be adsorbed
by the Au nanotube wall, and the density of the first shell-like
arrangement will be lower. This reveals that if the number of
water molecules is fewer than that required to form a shell-like
formation by the Au wall, all water molecules will be adsorbed
by the Au nanotube wall.

According to the density profiles of water and ethanol
molecules in Fig. 2(c)-(e), the distributions of water and
ethanol molecules within Region 2 depend on the water—ethanol
weight fractions. At a water—ethanol weight fraction of 75: 25,
Region 2 is mainly occupied by water molecules, with the left
side of this region also occupied by some ethanol molecules.
On the left side of the density peak in Region 2, the ethanol
density profile displays a decrease in density distribution with
the distance, whereas the water density profile shows an
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Fig.2 Profile of density distribution of (a) 100% weight fraction of water, (b) 100% weight fraction of ethanol, (c) water and ethanol molecules at

75:25, (d) 50:50, and (e) 25: 75 weight fractions inside the Au nanotube.

increasing trend. Within Region 1, the water and ethanol
density profiles show relatively uniform distributions, indicating
that a complete water—ethanol mixture will occur in this
region. The water—ethanol weight fraction in Region 1 is about
55:45 while the bulk average weight fraction is 75: 25.

At the weight fraction of 50:50, the number of water
molecules is not enough to occupy the majority of Region 2,
so more ethanol molecules reside in Region 2. Water molecules
form a lower shoulder of the water density peak in Region 3,
denoted as Region 2-B in Fig. 2(d), where the ethanol density
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is much lower. On the left side of Region 2, denoted as Region
2-A, the water density approaches zero, indicating the mixture
of water and ethanol molecules only occurs at Region 2-B and
the water—ethanol weight fraction is 44:56, which is higher
than the average bulk density.

At a water—ethanol weight fraction of 25: 75, the number of
water molecules is too few to form a complete shell-like
arrangement in Region 3, so some ethanol molecules also
occupy Region 3, which can be seen in Fig. 2(e). The water
density in Region 2 is zero, and the mixture of water and
ethanol molecules only occurs on the left side of Region 3.

In order to understand different molecular arrangements in
each region for different weight fractions, the percentage
distributions of the numbers of H-bonds have been calculated.
Geometrical criteria were employed to confirm whether or not
an H-bond forms between two molecules. These criteria are
listed as following:'®

1. The distance between atoms O, and Oy, which belong to
different molecules, must be shorter than 3.5 A).

2. The distance between atoms O, and Hy, which belong to
different molecules, must be shorter than 2.4 A.

3. The O,—Oy—Hy, angle must be smaller than 30°, where O,,
O,, and Hy stand for two oxygen atoms from different
molecules, and the hydrogen atom that is bonded to the
Oy, atom.

In Fig. 3(a), the probability of 4 H-bonds for water molecules
in Region 3 is the lowest, and the highest is in Region 2.
However, the density of water molecules in Region 3 is the
highest and that in Region 1 is the lowest. This is because the
shape of the Au nanotube wall constrains the arrangement of
water molecules in Region 3 from forming 4 H-bonds with
their 4 nearest neighbor water molecules. A water molecule
within Region 1 has the same probability to form 4 H-bonds
with its four nearest neighbor water molecules as water in the
bulk environment, due to the presence of a three-dimensional
hydrogen network. Moreover, the water molecules near the
Au nanotube wall tend to form the hydrogen network along
the wall, leading to the highest probability of 3 H-bonds for
water molecule in Region 3. Hence, water molecules aggregate
more closely and form the highest density peak in Region 3.
This phenomenon can also be found for the cases of water
molecules adsorbed on the Au flat surface in previous
studies.!” For water molecules in Region 2, they do not only
form three dimensional hydrogen networks, but also display a
higher density than that in Region 1. Moreover, the inter-
action strength between Au atoms and water molecules is
weaker and cannot affect the water molecules significantly. As
a result, hydrogen bonds numbering 4 per water molecule is
the highest in Region 2. Because there are more 4 H-bonds in
Region 2, the arrangement of water molecules is more like the
bulk water system. The peak in Region 2 is shorter than that in
Region 3. For the case of 100% ethanol, the profiles of
hydrogen bond probabilities for different regions in Fig. 3(b)
also demonstrate a similar distribution; ethanol molecules in
Region 2 display the highest hydrogen number peak, whereas
the lowest value appears in Region 3.

Fig. 4(a), (b), and (c) show probabilities of average H-bond
number per water molecule in Regions 1-3 at 75:25, 50: 50,
25:75 weight fractions, respectively. In Fig. 4(a), the
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Fig. 3 (a) Probabilities of average H-bond (included water—water)
numbers per molecule for 100% water inside the Au nanotube.
(b) Probabilities of average H-bond (included ethanol-ethanol)
numbers per molecule for 100% ethanol inside the Au nanotube.

distributions of H-bond number for water molecules in
Regions 2 and 3 are very similar because in both these regions,
the shell-like formations are mainly formed by water molecules.
This is the reason for the similarity between the distribution of
H-bonds number of first and second shell-like formations and
why the distributions are similar to the distribution of 100%
water in region 3. In Region 1, because the number of water
molecules decreases, the probability of forming 4 H-bonds
decreases. Moreover, in Region 1, the number of ethanol
molecules is much higher than in Region 2 and 3, so the
probability of 2 and 3 H-bonds which is formed by water and
ethanol molecules increases. Fig. 4(b) shows the probabilities
of forming different H-bond numbers per water molecule in
different regions. In Region 1, it is apparent that the
probability to form 4 H-bonds decreases and while that of
forming 2 H-bonds increases compared to the case of 100%
water. The reason for this is that the fewer water molecules in
this region cause the decreasing of 4 H-bonds, which also
indicates the H-bonds are mainly formed by the water and
ethanol molecules and ethanol and ethanol molecules.
It means that the number of H-bonds will be affected by the
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Fig. 4 Probabilities of average H-bond (included water—water and
water—ethanol) numbers (a) per water molecule at 75: 25, (b) 50:50,
(c) 25:75 weight fractions inside the Au nanotube.

ratio of mixture of water and ethanol, and we find the
same tendency in the reference.”® The probability profile of
water at Region 3 is very similar to the corresponding profile
for the case of pure water molecule at the same region,
indicating the arrangement of water molecules in the shell-like
place will be the same. However, the probability of forming 3
H-bonds at Region 3 is higher than that of bulk water.

It can be attributed to the fact that the water molecules
which are in Region 3 form H-bonds with the ethanol
molecules in Region 2. Region 2 is divided into 2-A and 2-B
for investigating the probabilities of H-bonds per water,
because the water density displays a sharp intra-region
variation as shown in Fig. 2(c). For the profile of Region
2-B, higher water density causes a higher probability to form
4 H-bonds with water molecules in Region 2-B than that at
Region 2-A. Fig. 4(c) shows that the probabilities to form
different 4-bond numbers per water molecule at Region 3 is
lower than other fractions because almost all water
molecules are adsorbed on the Au nanotube; the number of
water molecules is not sufficient to form the shell-like formation
by themselves, so some ethanol molecules will comprise the
shell-like formation instead.

Fig. 5(a), (b) and (c) show the probabilities of forming
different H-bond numbers for an ethanol molecule at 75:25,
50:50, 25:75 weight fractions, respectively. Fig. 5(a) shows
that there is no distribution of H-bonds at Region 3 because
no ethanol molecules are directly adsorbed on the wall of the
Au nanotube. The most likely probability for ethanol is to
form 2 H-bonds, though the value of the probability is less
than for 100% ethanol. Moreover, the probability to form 3
H-bonds for ethanol molecules in Region 2 is higher than that
in Region 1. The reason for this is the number of water
molecules; as their number increases, the effect on the
probability of forming 3 and 4 H-bonds is higher. Fig. 5(b)
shows the probability of forming different H-bond numbers
for an ethanol molecule at different regions at the 50:50
weight fraction. Because there are no ethanol molecules at
Region 3, the probability distribution for region 3 cannot be
obtained. The distribution profile of Region 1 is very similar to
the case of 100% ethanol, which displays its highest peak at 2
H-bonds. The probabilities in Region 2-A and 2-B of ethanol
molecules forming 3 H-bonds increases as compared to
Region 1, and the probability of Region 2-B is higher than
that of Region 2-A; both are due to the lower number of
ethanol molecules in Regions 2-A and 2-B. Fig. 5(c) shows
that the probability of H-bonds per ethanol molecule at
Region 2 and Region 1 are similar to each other as well as
being similar to 100% ethanol. This can be attributed to the
fact that there are only ethanol molecules in the Au nanotube
at Region 1 and 2. At Region 3, the probability of forming 2
H-bonds is the lowest and that of forming 3 H-bonds is
highest; this is because more water molecules are present in
this region.

Because Region 2 of the 50:50 weight fraction has this
special phenomenon, we choose this weight fraction to investigate
the H-bonds in detail, as shown in Fig. 6(a) and (b), which
display the probabilities to form different H-bonds for an
ethanol molecule with another ethanol molecule or with a
water molecule, respectively. In Fig. 6(a), the probability
profiles for Region 1 and Region 2-A display the highest
probability of 2 H-bonds, because the number of ethanol
molecules is much more than water molecules in these regions.
The profile of Region 2-B in Fig. 6(a) shows that only 1
H-bond and 2 H-bonds are formed between ethanol molecules,
while the highest probability is of forming 0 H-bonds. However,
for Region 2-B in Fig. 6(b), the probability of 2 H-bonds is
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Fig. 5 Probabilities of average H-bond (included ethanol-ethanol
and ethanol-water) numbers (a) per ethanol molecule at 75:25,
(b) 50:50, (c) 25:75 weight fraction inside the Au nanotube.

highest because the density of water in this region is much
lower than that of bulk water, and the water molecules are
distributed sparsely. Moreover, the ethanol molecules prefer
to form the H-bond with water molecules over ethanol
molecules. Therefore, it is difficult to form an H-bond between
ethanol and ethanol.
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Fig. 6 (a) Probabilities to form different H-bonds (included
ethanol-ethanol) number. (b) Probabilities to form different H-bonds
(included ethanol-water) number.

4. Conclusion

In this study, the density distribution and probability of the
number of H-bonds for water and ethanol inside an Au
nanotube are investigated at different weight fractions by
molecular dynamics simulation. The adsorbed force of the
Au nanotube leads the water and ethanol to form shell-like
formations. Because the interaction between the Au nanotube
and water is stronger than the Au nanotube and ethanol, the
first shell-like formation is always formed by water molecules.
Moreover, in a mixture such as 25:75, 50:50, and 75:25
weight fractions, the number of H-bonds per water and that
per ethanol is different from pure 100% water and 100%
ethanol in the Au nanotube. Moreover, the distribution of
number of H-bonds in regions where there is only one material
will be similar to the distribution in the corresponding region
of the pure material, whether 100% water or ethanol. Finally,
in Regions 1 and 2 of the 50 : 50 weight fraction, the H-bond is
not only formed by the same material, but also by different
materials, so the probability of 4 H-bonds for water decreases
because the number of H-bonds between water and water is
fewer than between water and ethanol. The number of
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H-bonds formed by ethanol and ethanol is also less than water
and ethanol, so the number of 3 H-bonds increases in the 50 : 50
fraction. This indicates that the number of H-bonds is affected
both by the fraction and by material which forms the H-bonds.
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