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The effect of methanol mixing on a nanoscale water flow was examined by using nonequilibrium molecular
dynamics simulations of a Couette-type flow between nonpolarized smooth solid surfaces. Water and methanol
molecules were uniformly mixed in the bulk, whereas at the solid-liquid interface methanol molecules showed
a tendency to be adsorbed on the solid surface. Similar to a macroscale Couette flow, the shear stress exerted
on the solid surface was equal to the shear stress in the liquid, showing that the mechanical balance holds in
nanoscale. In addition, the shear stress in the liquid bulk was equal to the viscous stress which is a product of
viscosity and velocity gradient. When more methanol molecules were adsorbed on the solid surface, the friction
coefficient (FC) between solid and liquid was largely reduced with a small amount of methanol and that led to
a remarkable decrease of the shear stress. The cause of the FC reduction was investigated in terms of the local
rotational diffusion coefficient (RDC) near the solid surface, and it was shown that different from an existing
model, the FC and local RDC were not simply inversely proportional to each other in the mixture system because
the solid-liquid interfacial state was more complex.
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I. INTRODUCTION

The velocity slip between solid and liquid interfaces
becomes non-negligible as the characteristic length scale of the
flow decreases [1,2]. This velocity slip is commonly quantified
as the slip length ls in the Navier boundary condition,

vs = ls
∂vx

∂z
, (1)

where vs and ∂vx/∂z denote the slip velocity between solid
and liquid and gradient of lateral liquid velocity vx along the z

direction normal to the surface, respectively. As the slip length
is typically at nanometer scale, the slip greatly affects the flow
feature in nanoscale channels, and from an engineering point
of view, the mass transport can be enhanced by controlling the
velocity slip in nanoscale flow systems, e.g., desalination and
separation through membranes, liquid transport inside carbon
nanotubes, and biological flows [1–3].

Regarding water, the most common liquid in our life, it
is reported that the slip length at hydrophobic solid surfaces
is in the range of tens of nanometers, while it is largely
affected by solid-liquid interfacial conditions such as surface
roughness, diffusion coefficient of liquid, and dissolved gas
[4]. As an empirical and practical way to change the flow
feature of water, various additives are widely used, e.g., water-
alcohol mixtures are used in the processes of semiconductor
fabrication and printing industry [5,6]. Such liquid mixtures
are also common in biological flows. Although there have been
several studies on the velocity slip of miscible multicomponent
liquids through molecular dynamics analysis using mixtures
of monoatomic model fluids [7,8], the effects of mixing of real
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liquids with multiatomic and polar molecules have not been
fully examined yet.

In this paper, we have performed nonequilibrium molecular
dynamics simulations of a Couette-type flow of water and
methanol mixture liquid between nonpolarized smooth solid
surfaces and examined the force balance between shear
stress and viscous stress and the friction coefficient for
various methanol concentrations. We have also investigated
the change of liquid mobility in the vicinity of the solid
surface due to mixing in terms of the rotational diffusion
coefficient.

II. SIMULATION METHOD

A. Potential model

As the constituent liquid molecules, water (H2O) and
methanol (CH3OH, denoted by MeOH hereafter) molecules
are expressed by the SPC/E [9] and the OPLS-UA [10,11]
potential models, respectively. Both molecules are treated as a
rigid body without intra-atomic degrees of freedom consisting
of fixed interaction sites and masses, where O, H, and CH3

are treated as single interaction sites. In these models, the
12-6 Lennard-Jones (L-J) and Coulomb potentials are applied
as the intermolecular potentials between these interaction
sites. These interactions are truncated at a cutoff distance
of rc = 1.5 nm, and quadric functions are added so that
the potentials and interaction forces smoothly become zero
at rc [12]. There is no L-J interaction for single hydrogen
sites.

An FCC crystal exposing the (111) face is used as the solid
wall. The interaction potential between wall atoms is expressed
by the harmonic potential for nearest neighbors with a distance
of rij as

�H(rij ) = k

2
(rij − r0)2, (2)
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TABLE I. Potential and mass parameters for liquid molecules.

σ (nm) ε (10−21 J) q (e) mass (10−26 kg)

H (water) - - 0.4238 0.1674
O (water) 0.3166 1.08 − 0.8476 2.657
H (MeOH) - - 0.435 0.1674
O (MeOH) 0.307 1.182 − 0.7 2.657
CH3 (MeOH) 0.3775 1.439 0.265 2.497

where r0 and k denote the equilibrium distance and spring
constant, respectively. The physical properties of platinum are
used for the atomic mass and lattice constant of the solid
surface [12]. The interactions between solid and liquid atoms
are assumed to be only with the L-J potential; i.e., we use a
nonpolar solid surface model without Coulomb interaction.

The L-J potential parameters between the molecules of
different components are set by the Lorentz-Berthelot mixing
rules [13], where the length and energy parameters of the L-J
potential σ and ε for particles i and j of different species are,
respectively, given by

σij = 1
2 (σii + σjj ) (3)

and

εij = √
εiiεjj . (4)

As described later in Fig. 5, the viscosity dependence of
the methanol aqueous solution on the molar concentration
qualitatively corresponds to experimental data, which do
not linearly change with the molar concentration but take a
maximum at a certain value. This correspondence indicates
that the basic liquid structure governing the viscosity of the
water-methanol mixture is fairly represented by the mixing
rules [14].

The L-J parameters of the solid atom σwall-wall and εwall-wall

are used only for the Lorentz-Berthelot mixing rules in the
simulation, where the van der Waals radius of a platinum
crystal is used for σwall-wall, and εwall-wall is numerically set
so that the contact angle of a single-component water droplet
becomes about 90◦ [12]. With these parameters, a single-
component methanol liquid shows complete wetting on this
solid surface, i.e., zero contact angle [12].

The potential and mass parameters of liquid and wall
molecules are summarized in Tables I and II, respectively.

B. Simulation system

Figure 1 exhibits an example of the Couette flow simulation
system consisting of water and methanol mixture liquid. The
FCC (111) crystal surfaces consisting of three layers are

TABLE II. Potential and mass parameters for wall atom.

σwall-wall (nm) εwall-wall (10−21 J)

0.35a 1.44a

k (N/m) r0 (nm) mass (10−26 kg)

46.8 0.277 32.39

aUsed only for Lorentz-Berthelot mixing rules.

FIG. 1. (Color online) Simulation system of Couette-type flow of
water and methanol mixture liquid.

located at the top and bottom of the calculation cell with the
periodic boundary conditions in the x and y directions. The
size of the calculation cell in the x and y directions is about
3.05 × 3.36 nm2. The system height is fixed in the range of 10.6
± 0.2 nm depending on the methanol concentration, where the
height is determined through the preliminary simulations in
which the pressure is controlled to approximately attain the
atmospheric pressure by imposing an external force on the top
wall [15].

Single-component water or methanol or a mixture of water
and methanol is confined between two walls consisting of 462
atoms for each. The numbers of liquid molecules for water
and methanol single-component systems are 3160 and 1336,
respectively, while the numbers for mixtures with different
water-methanol ratios are chosen to give approximately the
same volume under the atmospheric pressure. The relative
positions of the wall atoms in each outmost layer are fixed,
and the temperature is controlled at 300 K by applying the
Langevin method to the wall atoms in each middle layer so
that the heat generated by the solid-liquid friction and viscous
dissipation in the liquid is removed through the walls [16]. We
have checked that the y and z directional local temperatures of
liquid calculated in parallel bins along the z direction are kept
constant at the control temperature throughout the system.

The flow is driven by moving all the atoms of top and bottom
walls, respectively, to the x and −x directions at a constant
speed of vwall = 20 m/s. We have preliminary examined the
influence of the wall speed on the friction coefficient described
later in the range between 2.5 and 40 m/s for several methanol
fractions and confirmed that the friction coefficient remains at
the same order although the fluctuation increases as the wall
speed decreases [4].

The velocity Verlet method with the modified quaternion
constraint techniques [17,18] is applied for the integration of
the equation of motion with a time step of 1 fs. A steady Couette
flow is obtained through the relaxation run of over 5 ns, and
the time average of 40 ns is used for the data analysis. The
error bars in the following figures are plotted as the standard
error of 1 ns average data segments of the entire simulation
data, except the viscosity in Fig. 5 (see Appendix).
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FIG. 2. (Color online) Distributions of water and methanol densities ρwater (blue solid line) and ρMeOH (green dashed line), respectively,
and lateral velocity along the x direction vx (red dots) for different methanol molar fractions in the bulk region Xb of (a) 0 %,
(b) 4.1 %, (c) 37 %, (d) 69 %, and (e) 100 %. The dash-dot black lines correspond to the mean position of solid layers, and the origin of
the z axis is set as the mean position of the innermost layer of the solid surface. The dotted black line along the red dots is a fitting line of the
velocity in the bulk.

III. RESULTS AND DISCUSSION

A. Density and velocity distributions

The distributions of the water and methanol densities
ρwater and ρMeOH, respectively, and lateral velocity along
the x direction vx with different compositions are shown in
Fig. 2 as a function of the distance from the solid surface,
where the origin of the z axis is set at the mean position of
each innermost solid layer. The distributions are calculated
using the center of mass position and velocity of water and
methanol molecules and merged for the top and bottom by
taking the system symmetry into account.

The water and methanol densities are constant for about
z > 2.5 nm, and this means that water and methanol molecules
are uniformly mixed to form a bulk region away from the solid
surface. The methanol molar fraction in the bulk is denoted by
Xb as a parameter for the following discussion. Meanwhile, in
the vicinity of the solid surface, adsorption layers with a high
density are observed in all compositions. It is remarkable that,
even with a small methanol fraction in the bulk, the methanol
molecules form the first adsorption layer near the solid surface.

Regarding the lateral velocity distribution, it is approxi-
mately linear in the bulk region as seen with the dotted black
lines fitted for this region. This feature is basically the same as
in a macroscopic Couette flow while the distribution slightly
deviates from the linear one inside the adsorption layers. In
addition, the lateral liquid velocity at the bottom is smaller
than the wall velocity of 20 m/s in all cases, showing that a
distinct velocity slip exists at the solid-liquid interface.

Figure 3 shows the methanol molar fraction in the first
adsorption layer Xa and slip length ls plotted against the
methanol molar fraction in the bulk Xb, where the first
adsorption layer is defined as the region between the solid
surface and the height at which the density of the liquid mixture
takes the first local minimum. On the other hand, the slip length

is calculated by Eq. (1) using the slip velocity vs and velocity
gradient ∂vx/∂z in Fig. 2. Specifically, the latter is obtained as
the gradient of the linear fitting line to the bulk velocity in
Fig. 2, and the former is the difference between the wall
velocity and the velocity value on the fitting line at the solid
surface of z = 0. The velocity in the adsorption layers is not
used to determine the slip length because we intend to treat the
Navier boundary condition for macroscopic hydrodynamics in
Eq. (1) which includes all the effects of microscopic adsorption
layers [19].

As mentioned above, Xa is always higher than Xb in
the mixture systems, and this adsorption of methanol onto
the solid surface can be explained by the property that the
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FIG. 3. (Color online) Methanol molar fraction in the first ad-
sorption layer Xa and slip length ls for various methanol molar
fractions in the bulk Xb. The slip length is calculated by Eq. (1)
using the slip velocity and velocity gradient obtained in Fig. 2.
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hydrophobic methyl group CH3 of methanol tends to gather
onto the nonpolar surface rather than to diffuse into the bulk.
It is also observed that the increase of Xa is steep for a lower
bulk fraction Xb below 10 %, and it is relatively moderate
thereafter. Regarding the slip length ls, it steeply rises up as
the Xb increases up to about Xb = 10 %, and this steep increase
is similar to that of Xa. It should be mentioned that a relatively
large slip length is achieved by a small amount of methanol
molecules because they are adsorbed on the solid surface and
change the solid-liquid interfacial condition in the present case
of a nonpolarized solid surface. For a higher Xb value, the
slip length ls decreases with the increase of Xb in contrast to
the gradual increase of Xa there. This contrast indicates the
fact that the slip length dose not purely reflect the interfacial
property but is also affected by the viscosity of liquid bulk
[19–21].

B. Force balance between shear stress and viscous stress

As shown in the previous section, methanol mixing changes
both properties of the liquid bulk and solid-liquid interface, and
both simultaneously affect the slip. In order to independently
evaluate these contributions, we have carried out further
analysis on the bulk viscosity through the lateral force balance
between the shear stress and viscous stress in the bulk.
In addition we have examined the validity of the viscosity
calculated based on the Green-Kubo relation.

The shear stress τ in the system is plotted against Xb in
Fig. 4, where the τ values are independently calculated using
the following three methods: (1) τwall as the force exerted on
the wall divided by the surface area, (2) τbulk as the average
shear stress inside the bulk region, and (3) τvis as the viscous
stress in the bulk region evaluated based on the Newton’s law of
viscosity. In more detail, for the second method, the bulk shear
stress τbulk is obtained by averaging the xz and zx components
of the local stress tensor σ in the bulk region. The stress tensor
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FIG. 4. (Color online) Relations between methanol molar frac-
tion in the bulk Xb and lateral shear stress τ . The three τ values τwall,
τbulk, and τvis are independently calculated using the force exerted
on the wall, the average shear stress inside the bulk region, and
the viscous stress in the bulk region τvis evaluated using the present
velocity gradient in the bulk region and viscosity, respectively.

σ inside a local region with a volume V is calculated based on
the weighted virial theorem [22,23],

σ = − 1

V

〈∑
i∈V

mivi ⊗ vi

〉
− 1

V

〈
N∑
i

N∑
j (>i)

wij rij ⊗ fij

〉
, (5)

where mi and vi respectively are the mass and velocity of
molecule i, and rij and fij , respectively, denote the relative
position vector of the center of mass and the intermolecular
force vector between molecules i and j . The weighting
function wij is the length fraction of the line segment |rij |
contained in the local region. For the third method, the viscous
stress in the bulk is calculated by the product of the viscosity
μ and velocity gradient in the bulk region as

τvis = μ
∂vx

∂z
, (6)

where μ denotes the viscosity and ∂vx/∂z is the velocity
gradient in the bulk region of the present Couette flows. The
latter is obtained as the gradient of the dotted black fitting lines
in Fig. 2, while the former is calculated from the fluctuation
of the off-diagonal components of the pressure tensor based
on the Green-Kubo relation in each independent equilibrium
homogeneous bulk system whose methanol molar fraction is
set equal to the corresponding Xb value in the Couette flow
system. The calculation details of the viscosity are shown
in Appendix, and its dependence on the molar fraction is
described later.

As shown in Fig. 4, the three independently evaluated shear
stresses basically result in the same value within the range of
error bars. The correspondence between the first and second
shear stress values means that the two forces exerted on the
adsorption layer, i.e., one from the wall τwall and the other from
the bulk τbulk, are balanced in this steady Couette flow system.
In addition, the correspondence between the second and third
shear stresses, i.e., between τbulk and τvis, indicates that the
Newton’s law of viscosity holds in this system even at a high
shear rate of ∼109 s−1, in other words, the water-methanol
mixture behaves as a Newtonian liquid. In terms of the shear
rate, the Newton’s law of viscosity is only applicable at a lower
shear rate range according to the Green-Kubo relation, and the
range is roughly estimated by the inverse of the relaxation time
[25]. This relaxation time is evaluated from the autocorrelation
function of the pressure tensor. As shown in the Appendix,
the relaxation time in the equilibrium water-methanol mixture
systems is at the order of 10−14–10−13 s, and from this estimate,
the present shear rate of 109 s−1 is considered to be still in the
Newtonian range.

The two components of Newtonian viscous stress in Eq. (6)
is reevaluated here in order to clarify the effect of mixing on the
bulk viscosity μ, and also to check the validity of the potential
model adopted in this study. Figure 5 shows the viscosity μ and
velocity gradient ∂vx/∂z plotted against the methanol molar
fraction in the bulk Xb. As mentioned above, the viscosity
is calculated in independent equilibrium homogeneous bulk
systems described in Appendix, and the experimental viscosity
value at 303.15 K [24] is also shown for comparison. The
calculated viscosity gradually increases upon the increase of
the methanol molar fraction in the range around 0 � Xb �
30 % and decreases for Xb � 30 %. Although the calculated
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with a corresponding methanol molar fraction. Experimental data of
viscosity at 303.15 K are also plotted [24].

viscosity is lower than the experimental one especially in
the mixture, the characteristic curve taking the maximum
at a molar fraction Xb around 30 % is reproduced in the
simulation, and this implies that the characteristic feature of
water-methanol mixture is simulated by the present molecular
models.

In contrast to the gradual change of the viscosity, the
velocity gradient largely decreases as Xb increases up to about
10 %. These results indicate that the steep decrease of the shear
stress for about Xb < 10 % observed in Fig. 4 is not due to the
change in the viscosity but due to the decrease of the velocity
gradient, which results from the enhancement of the velocity
slip through the adsorption of methanol molecules on the solid
surface.

C. Friction coefficient

The slip length ls in the Navier boundary condition Eq. (1) is
affected by the viscosity μ and therefore does not purely reflect
the interfacial property [19–21]. By eliminating the velocity
gradient ∂vx/∂z from Eqs. (1) and (6), the Navier boundary
condition is rewritten

τ = λvs, (7)

as the relation between the shear stress and slip velocity. The
coefficient λ is related to the slip length ls as

ls = μ

λ
(8)

and is called the friction coefficient (FC). As simply shown in
Eq. (8), the FC characterizes the interfacial condition, e.g., a
larger FC basically means a strong interaction between solid
and liquid with a shorter slip length, and is usually considered
to be independent of the bulk property [19–21].

Figure 6 shows the friction coefficient λ for different
methanol fractions in the bulk Xb, where the FC is calculated
by Eq. (7) using the vs and τwall values. Two slip length values
obtained from Eqs. (8) and (1), of which the latter is identical
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by Eq. (1) shown in Fig. 3 is also plotted.

to that shown in Fig. 3, are also plotted. The FC decreases
by about one third when Xb increases from 0 to 10 %. This
change in the FC is the main cause of the steep decrease of
the shear stress in Fig. 4 induced by a slight increase in the
methanol fraction. Regarding the slip length, two differently
calculated ls values are consistent with each other though the
latter obtained from Eq. (1) fluctuates more than the former
obtained from Eq. (8) because the velocity gradient shown in
Fig. 5 includes relatively large error.

Here the relation between the FC and solid-liquid interfacial
energy γsl is discussed more in detail. Huang et al. [26]
evaluated the slip length of water on various solid surfaces
with different wettability using MD simulations and showed
that the slip length increased as the droplet contact angle
of the corresponding system increased. Considering that the
liquid-vapor interfacial energy γlv in Young’s equation [27]

γsl − γsv = −γlv cos θ (9)

is unchanged for their cases using only water as the liquid, and
also considering that the viscosity μ in Eq. (8) is unchanged
there as well, their result implies that the FC increases when
the solid-liquid affinity becomes higher with the decrease of
the solid-liquid interfacial energy relative to the solid-vapor
interfacial energy γsl − γsv. However, our results indicate that
it is not the case for the present water-methanol mixture system
on a nonpolarized surface; indeed the FC decreases with
the increase of the methanol fraction as shown in Fig. 6, but
the γsl of a water-methanol mixture decreases as shown in the
left graph of Fig. 9 of our previous study [12]. In addition,
while the FC in the present study is almost constant when
the molar fraction Xb is larger than about 10 %, it has been
shown that γsl gradually decreases at this range in Fig. 9 of
Ref. [12], corresponding to the mass fraction range f bulk

MeOH >

16 % there. This discrepancy implies that the correlation
between the FC and solid-liquid interfacial energy for a given
single-component liquid on various solid surfaces [26] cannot
simply be applied for mixture liquids of two given molecules
with different molar fractions on a given solid surface. In fact,
the negative correlation between the FC and γsl does not hold
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even for the comparison between pure, i.e., single-component
water and methanol on the same nonpolarized solid surface
used in the present study. It has been shown in the left graph of
Fig. 9 of Ref. [12] that the solid-liquid interfacial energy γsl of
water at f bulk

MeOH = 0 in this graph is higher than that of single
component methanol depicted by the red line there; however,
the friction coefficient λ of pure water at Xb = 0 % in Fig. 6 in
the present study is higher than that of pure methanol at Xb =
100 %.

Finally, we discuss here about the fast decrease and
plateauing of the friction coefficient λ with the increase of the
methanol fraction in bulk Xb. Considering that the methanol
molecules tend to be adsorbed onto the solid surface as shown
in Fig. 3, this change in λ could be explained by the fact
that methanol molecules form the first adsorption layer even
with a small methanol fraction in the bulk, so that locally
the solid-liquid interface is very similar to the one of pure
methanol. However, we have carefully observed the methanol
orientation in the adsorption layer and found that the methanol
orientation is strongly biased there due to the formation of a
hydrogen-bond network with the water molecules in the bulk
region and is largely different from the solid-liquid interface
structure of pure methanol at Xb = 100 %. Further analysis on
the relation between this microscopic molecular structure and
the FC is a future target of this study.

D. Rotational diffusion coefficient

Up to this point, it has been shown that the FC is largely
reduced by adding a small amount of methanol molecules
which are adsorbed on the solid surface. In order to examine the
microscopic mechanism of this FC reduction, the local motion
of the molecules at the solid-liquid interface is investigated
more in detail in terms of the molecular rotational motion
here.

According to Bocquet and Barrat [28,29] and Sendner et al.
[4], the FC is estimated from an approximation based on the
Green-Kubo relation

λ = 1

AkBT

∫ ∞

0
〈Fw(t)Fw(0)〉eq dt ≈

τr
〈
F 2

w

〉
eq

AkBT
, (10)

where A, Fw, and τr are the surface area, total lateral force
exerted on the wall by the liquid, and relaxation time, respec-
tively, and 〈〉eq denotes the equilibrium ensemble average. The
relaxation time τr is generally given by

τr ∼ σ 2

Dt
, (11)

where σ is the characteristic length scale and Dt is the
translational diffusion coefficient (TDC) of liquid near the
solid surface [4]. Thus, from Eqs. (10) and (11), the FC is
roughly estimated to be

λ ∼
σ 2

〈
F 2

w

〉
eq

AkBT Dt
. (12)

Equation (12) implies that the FC is inversely proportional to
the TDC of the molecules at the solid surface; i.e., the liquid
easily slips when the liquid molecules near the surface move
easily.

In order to investigate the local liquid mobility near the
solid surface, we have calculated the rotational diffusion
coefficient (RDC) of liquid molecules in the first adsorption
layer instead of the TDC. In our previous study on pure water,
we have shown that the RDC of water basically has the same
information as the TDC in homogeneous systems as well as
in heterogeneous systems with solid surface, and we also
have shown that for calculating the spatial distribution with
a higher resolution, the RDC is advantageous over the TDC
because the relaxation time of the rotational motion of water
molecules evaluated by the autocorrelation function of the
angular velocity is much shorter than that of the translational
motion [30]. This feature is owing to the fact that water
molecules have a small inertia moment. This can also be
applied to methanol molecules with a small inertia moment,
and we make use of this property to the present study.

According to the Einstein’s diffusion equation, the mean
square of angular displacement s under Brownian motion is
proportional to the elapsed time t as

〈s2〉 = 4Drt, (13)

where Dr is the RDC [30,31].
In order to relate Dr to Dt, we assumed that both the Stokes-

Einstein relation

Dt = kBT

6πμσ
(14)

and Stokes-Einstein-Debye relation [30,32]

Dr = kBT

8πμσ 3
(15)

hold around the solid surface and that they have the same
characteristic length scale σ . We have shown that the latter
relation of Eq. (15) holds at a nonpolarized surface for water
[30]. Using Eqs. (14) and (15), Eq. (12) can be rewritten in
terms of the local RDC as

λ ∼
3
〈
F 2

w

〉
eq

4AkBT Dr
. (16)

This means that the FC is inversely proportional to the local
RDC as well if the Green-Kubo relation for the FC in Eq. (10)
is applicable.

In order to examine the relation between the FC and local
RDC, the RDCs of the water and methanol molecules in the
first adsorption layer as well as those in the bulk region are
shown in Fig. 7, where the RDCs are plotted as a function of the
methanol molar fraction (a) in the bulk Xb and (b) in the first
adsorption layer Xa. The superscripts “a” and “b” on Dr denote
the values in the first adsorption layer and bulk, respectively,
and only Da

r is shown with the friction coefficient λ in
Fig. 7(b). The average RDCs of water and methanol molecules
indicated by the superscripts “ave” in the bulk and in the first
adsorption layer are also plotted in Fig. 7 as a rough measure,
which are respectively defined by

Db,ave
r = (1 − Xb)Db,water

r + XbDb,MeOH
r , (17)

and

Da,ave
r = (1 − Xa)Da,water

r + XaDa,MeOH
r . (18)
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FIG. 7. (Color online) Rotational diffusion coefficient (RDC) Dr as a function of methanol molar fraction X in the bulk and in the first
adsorption layer. Superscripts “b” and “a,” respectively, denote the local regions of bulk and the first adsorption layer, and “water,” and “MeOH,”
and “ave” for Dr mean the corresponding molecules and their average. Each RDC is plotted against (a) Xb and (b) Xa, where the friction
coefficient λ is also displayed in (b).

Over the whole bulk methanol molar fraction Xb in
Fig. 7(a), the RDC of water molecules Da,water

r in the adsorption
layer is higher than that in the bulk Db,water

r , while the RDC of
methanol molecules is on the contrary, i.e., Da,MeOH

r is lower
than Db,MeOH

r . In other words, the rotational motion of water
molecules is enhanced near the solid surface while that of
methanol molecules is reduced there. Another point to be noted
is that the Db

r –Xb relation in Fig. 7(a) and Da
r –Xa relation

in Fig. 7(b) are clearly different. These two differences, i.e.,
between the Dwater

r enhancement and DMeOH
r reduction near

the solid surface, and between Db
r –Xb and Da

r –Xa relations in
the bulk and near the solid surface, imply that the RDC in the
adsorption layer is highly affected by the mixing components
as well as by the surface properties and cannot be estimated
simply from the RDC dependence on the molar fraction in the
bulk.

Regarding the relation between Dr and λ in Fig. 7(b),
they are not inversely correlated as mentioned above in
Eq. (16). We have to further investigate carefully the reason of
the discrepancy including the applicability of the G-K relation
in Eq. (10) to our mixture system, however; it is still unclear.
A possible reason is that the total lateral force 〈F 2

w〉eq in
Eq. (16) is largely affected by the interfacial state including
the density, molecular size and orientation, and resulting
solid-liquid interfacial energy, which is more complex in
water-methanol mixture systems [12], and this may hinder the
effect of the molecular mobility on the FC. This complexity is
also indicated in the change of the local RDC near the solid
surface mentioned above with Fig. 7, and in order to further
model the effects of mixing on the FC, microscopic structures
of liquid molecules around the interfaces need to be considered
[1,4,20,21].

IV. CONCLUSION

In order to investigate the effect of mixing on velocity
slip, nonequilibrium steady molecular dynamics simulations
of a nanoscale Couette flow of water-methanol liquid mixture
were performed. Methanol molecules showed a tendency to

be adsorbed on the solid surface rather than to diffuse into
the bulk liquid, although methanol and water molecules were
uniformly mixed in the bulk. Similar to a macroscale Couette
flow, the shear stress exerted on the solid surface was equal
to the shear stress in the liquid, showing that the mechanical
balance holds in nanoscale. In addition, the shear stress in
the liquid bulk was equal to the viscous stress, which is a
product of the viscosity and velocity gradient. When more
methanol molecules were adsorbed on the solid surface, the
FC between solid and liquid was largely decreased, and that
led to a remarkable decrease of the shear stress. The cause of
this FC reduction was investigated in terms of the local RDC
near the solid surface, and it was shown that differently from
an existing model, the FC and local RDC was not inversely
proportional to each other in the mixture system because the
solid-liquid interfacial state was more complex.
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APPENDIX: VISCOSITY OF WATER AND METHANOL
MIXTURE

The shear viscosity of water and methanol mixture shown
in Fig. 5 is obtained in an equilibrium bulk mixture system
in which water and methanol molecules are confined in a
cubic calculation cell with the periodic boundary conditions
imposed in all directions. The viscosity μ is calculated from
the off-diagonal components of the pressure tensor Pξζ using
the Einstein form [33,34]

μ = V

2kBT
lim
t→∞

1

t

〈(∫ t

0
Pξζ (τ )dτ

)2
〉

eq

[ξ,ζ ( �=ξ ) = x,y,z],

(A1)
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where V , kB, and T denote the volume, Boltzmann constant
and temperature, respectively. The pressure tensor P is calcu-
lated by the virial theorem,

P = 1

V

⎛
⎝∑

i

mivi ⊗ vi +
∑

i,j (>i)

rij ⊗ fij

⎞
⎠, (A2)

where mi and vi denote the mass and velocity of molecule i,
respectively, and rij and fij are the relative position and force
vectors from i to j , respectively. Temporal average of 36 ns is
performed in a system under constant NV E condition, which
is achieved after a preliminary equilibration under constant
NPT condition [35] at a control temperature of 300 K with
the atmospheric pressure. The system contains 1200 molecules
for a single-component water system and 500 molecules for
a single-component methanol system, while the numbers for
mixtures with different water-methanol ratios are chosen to
give approximately the same volume as the single-component

systems. The error bars in Fig. 5 are plotted as the standard
error of the mean values from 3 ns segments of the entire
simulation data.

The relaxation time is evaluated by rewriting Green-Kubo
form of the viscosity as

μ = V

kBT

∫ ∞

0
〈Pξζ (0)Pξζ (t)〉eqdt ≡

V τv
〈
P 2

ξζ

〉
eq

kBT
, (A3)

where τv is the relaxation time defined by

τv =
∫ ∞

0 〈Pξζ (0)Pξζ (t)〉eqdt〈
P 2

ξζ

〉
eq

. (A4)

The calculated τv value takes the maximum for a mixture
system at a methanol molar fraction around 50 mol% of about
105 fs and those for single water and methanol systems are 58
and 71 fs, respectively.
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