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ABSTRACT The properties of the confined liquid are dramatically different from those of the
bulk state, which were reviewed in the present work. We performed large-scale molecular dynamics
simulations and full-atom nonequilibrium molecular dynamics simulations to investigate the shear
response of the confined simple liquid as well as the n-hexadecane ultrathin films. The shear
viscosity of the confined simple liquid increases with the decrease of the film thickness. Apart
from the well-known ordered structure, the confined n-hexadecane exhibited a transition from 7
layers to 6 in our simulations while undergoing an increasing shear velocity. Various slip regimes of
the confined n-hexadecane were obtained. Viscosity coefficients of individual layers were examined
and the results revealed that the local viscosity coefficient varies with the distance from the wall.
The individual n-hexadecane layers showed the shear-thinning behaviors which can be correlated
with the occurrence of the slip. This study aimed at elucidating the detailed shear response of
the confined liquid and may be used in the design and application of micro- and nano-devices.

KEY WORDS confined liquid, solid-like, shear-thinning, slip, large scale molecular dynamics sim-
ulation

I. INTRODUCTION

As is known to us all, a liquid is a kind of fluid that can flow and take the shape of a container. In
contrast to the solid, the liquid can only be subjected to normal, compressive stresses, i.e., it can resist
compression and it would continually deform under an applied shear stress, which can be found in any
textbook of fluid mechanics!*). When the liquid is confined in a narrow gap at the nanometer scale, referred
to as the confined liquid[?!, the motion of the liquid molecules will be strongly restricted by the potential
resulting from solid wall. As a consequence, the properties of the confined liquid become dramatically
different from those of the bulk state. The new dynamic behaviors of the confined liquid include: the
density oscillations near the solid walls®>4!, the enhanced effective shear viscosity® 6!, the prolonged
relaxation timel, the transition to solidification!” 8!, the reduced diffusion coefficient¥!, etc. These
solid-like properties cannot be simply understood according to the classical theory of the bulk liquid.
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Indeed, understanding of the properties of the confined liquid has been arousing extensive interest from
many research fields such as the fabrication of microelectromechanical systems (MEMS) and biochemical
lab-on-a-chip systems!'%, chemistry['" 2| polymer industry!*3!, tribology and lubrication!(”).

Since 1990s, experiments using the surface force apparatus (SFA)[5’8] and atomic force microscope
(AFM)[14’15] have led to many detailed studies and interesting results about the confined liquid. The
liquid film usually contains only 6-10 molecule layers or even less, thence there is so little material to
study!?/. Many researchers also turned to molecular dynamics (MD) simulations[!% 17! as an alternative
approach since MD simulations can provide clear insights into the liquid configuration as well as the
fluid transport and are capable of revealing the properties of the confined liquids on the nanometer
scale.

There have been numerous studies of the strong density oscillations of confined liquid at the liquid-
solid interface based on SFA experiments?3 and MD simulations(!”), which revealed the ordered struc-
tures of the liquid films. The density oscillations at the interface are resulted from the short-distance
interactions between surfaces, which are called the solvation forces or structural forces!'®. When water
is considered, these interactions are referred to as hydration forces!'?20], More recently, a number of
researchers moved forward to investigate the influence of the layering structures on the shear properties
of the confined films. Yamada studied the behavior of confined polydimethylsiloxane (PDMS) under
shear and found that the friction of the confined PDMS film abruptly increases when the film is com-
pressed to a thickness of two molecule layers from four. This layering transition was attributed to the
shear induced orientation of polymer molecules!). Using nonequilibrium molecular dynamics (NEMD)
simulations, Jabbarzadeh et al. demonstrated the existence of a very low friction state of a six-layer
dodecane film confined between mica surfaces under a constant pressure, accompanied with a sudden
decrease of the film thickness!??). The high viscosity state of the confined liquid was ascribed to the
crystal bridge formations of the dodecane molecules!?3l. Experimentally, the confinement rate effects
were also examined[®24. Rapid quench resulted in less ordered layering, hence slip between layers of
fluid molecules was impeded, manifesting a viscosity enhancement; and vice versall. Bureau found that
the confinement rate influenced the structure and the shear behavior of the liquid film with a thickness
below 10 nm. Besides, the results indicated that this disordered film formed by the rapid quench is in
a metastable statel?4].

Viscosity is one of the fundamental properties of liquid, which indicates resistance to flow. Since the
local viscosity coefficients could not be measured using the current experimental apparatus, an effective
viscosity, which was achieved by the average over the width of the film, was used when examining the
viscosity of the confined liquid. It was found that the effective shear viscosity of the confined liquid are
much higher than that of the bulk liquid[® ¢!, which was interpreted as the collective motion of the liquid
molecules due to the confinement. The confined liquid exhibited shear-thinning behavior, in which the
viscosity decreases with increasing shear rate, both in SFA experiments!?! and MD simulations!*¢-25,
However, behaviors of individual liquid layers under shear, including structural orientation, sliding
motion and the corresponding viscosity are relatively rare in recent literatures.

The fluidity of the confined liquid can be described with the Deborah number[?. The Deborah number
is a dimensionless number defined as De = tyclaxation/tobservation, Which is the ratio of the relaxation
time and the characteristic time scale of an observation (experiment or computer simulation). If De
>> 1, the material behaves as solid; If De << 1, the material is an ordinary viscous fluid; If De ~ 1,
the material is of the intermediate state. Another similar dimensionless number is the Weissenberg
number, We = 47, which is the shear rate times the relaxation timel?”. The longer the relaxation time,
the larger the Deborah number is, thus the confined liquid would appear to be more solid-like. For the
bulk dodecane, the longest relaxation time is shorter than 10719 s. However, the relaxation time of the
confined dodecane is observed to be approximately 5x 1072 s, which is 10® times longer than in the bulk
statel?]. The existence of the constrained molecular motions in the confined liquid is commonly invoked
as the likely explanation for the dramatic increase of the relaxation timel*®!. Since the relaxation time of
the confined liquid is orders of magnitude longer than that of the bulk liquid, the corresponding De could
show a transition from the fluid regime (De << 1) to the intermediate regime (De ~ 1), or even the solid
regime (De >> 1), thus the solid-like behaviors emerge. There has been controversy about the origin
of solidification of the confined liquid. Some experimental data proved that it is a first-order transition
from liquid-like to solid-like behavior, which means that solidification represents crystallization induced
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by confinement!”28]. However, others suggested it is a continuous glasslike transition instead!8). Recent

AFM and SFA experiments reported the results which are inconsistent with the abrupt first-order
transition[?%3%, These findings added the new evidence to support the viewpoint that the confinement
leads towards to a glasslike transition[®!.

As mentioned previously, the density profiles of the confined liquid oscillate with distance perpendic-
ular to the solid walls, extending several molecular diameters into the liquid™®!. The dynamic structure
of the confined liquid parallel to the solid walls is still controversial. It has been suggested that the
collective motion of the liquid molecules is characterized by the activation volume, which is defined as
AVuet = AE/AP, , where AFE is the energy difference and AP, is the net differential normal pressurel?.
It was demonstrated that the activation volume of the confined dodecane is about 20~80 nm?, varied
with the shear rate, while in the bulk the value is smaller than 0.03 nm3. The Fluorescence Correlation
Spectroscopy (FCS) within an SFA was used to investigate the diffusion properties of the confined liquid
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Fig. 1. Possible influencing factors of the boundary slip: the wettability of the solid surface[32] , surface roughness[gg] , the
nanoscale vapor bubbles generated at the liquid-solid interface[34], shear 1ratc[35]7 the electric double laycr[%]7 the shape

and the arrangement of the liquid molecules[37], variation of viscosity near the solid walls[38].
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films[®!. The activation volume for diffusion exceeds that of the bulk liquid by 3 orders of magnitude.
The confinement of the solid walls also has influence on the diffusion of the confined liquid. The diffusion
coeflicient decreases exponentially from the edges towards the center of the contact area. These results
associated with the collective motion of the liquid molecules indicate the lateral ordering of the confined
liquid!®!.

The mechanism of the slip at the liquid-solid interface and between the layers of the confined liquid
is of particular importance for the understanding of the shear response of the confined ultrathin films.
The boundary slip is dependent on various factors, such as the wettability of the solid surfacel3? surface
roughness3, the nanoscale vapor bubbles generated at the liquid-solid interfacel®¥, shear ratel®!, the
electric double layer[®S, the shape and the arrangement of the liquid moleculesl®”) | variation of viscosity
near the solid wallsl®8!, as summarized in Fig.1. For the slip of the confined liquid, Jabbarzadeh et al.
used a united atoms model in MD simulations to study the influence of wall properties on the slip
between hexadecane film and the wallsl349). Pit et al. probed the velocity of hexadecane within 80 nm
from the solid wall and gave the direct experimental evidence of slip/*!). Zhu and Granick found that
the amount of slip depended strongly on shear velocity. They proposed that the fluid viscosity might
depend on distance from the walll*2).

In the present study, the dramatically different properties of the confined liquid were reviewed. As the
film thickness comes to the nanometer scale, the confinement of the solid walls and the unique structures
at the liquid-solid interface have a significant influence on the dynamic properties of the confined ultrathin
liquid film. The enhanced effective shear viscosity and the reduced diffusion coefficient are owing to the
slow relaxation process of the confined liquid. In contrast to the bulk liquid, the confined liquid behaves
as the solid-like material due to the solidification. Brief comparisons of the confined liquid and the bulk
liquid were summarized in Table 1. To explain more details about the dynamical process of the confined
liquid under shear, two kinds of representative liquid were investigated with large-scale MD and NEMD
approach. One is the simple liquid and the other is the n-hexadecane. The rest of the paper is organized
as follows. In §II, simulation methodology and the necessary theoretical background were described

Table 1. Brief comparisons of the confined liquid and the bulk liquid

Confined liquid Bulk liquid
Molecular density oscillations short-range order. The package of the
orientation (perpendicular to the walls); liquid molecules is much smaller
the lateral ordering than the crystal grain of the solid.

(parallel to the walls).

Effective roughly several orders of 0.997x 1073 Pa-s (water, 293 K)
shear magnitude larger than that of the 1.34x10™%Pa-s (dodecane, 298 K)
viscosity bulk liquid, and increases with the

decrease of the film thickness.

Shear-rate shear-thinning: the reduced viscosity independent of the shear rate up to
dependence  can be observed when the shear rate shear rate > 10" s7' (dodecane)
of viscosity exceeds certain critical value.
Relaxation larger than 5x 1072 s, which exceeds less than 10710 s

time that of the bulk liquid by 8 orders

of magnitude.

Activation 3 orders of magnitude larger than smaller than 0.03 nm® (dodecane)
volume that of the bulk liquid.
Diffusion inhomogeneous (parallel to the walls)

coefficient

State of the solid-like, fluid-like, and the transition liquid

substance between the two states. solidification.
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briefly; in §III, we presented our MD results related to the shear response of the confined simple liquid
as well as the n-hexadecane ultrathin films, mainly focused on the confinement induced structures, the
film thickness dependent of the shear viscosity, the sliding motion between individual liquid layers and
the corresponding shear-thinning behaviors; in §IV, we summarized the main conclusions and discussed
the future work.

II. COMPUTATIONAL DETAILS

The MD simulations presented in this manuscript consist of two parts. The first one is the Couette
flow of the confined simple liquid. Besides, the n-hexadecane confined between two Au walls was also
studied. All the simulations in this study were performed using the parallelized MD code LAMMPSI43],

The confined simple liquid was represented by Lennard-Jones (LJ) particles which were confined
between two Silicon walls containing 11 layers of atoms based on the diamond crystal structures. The
solid walls were set to be parallel to the XY plane. The liquid was filled in a cubic geometry with
edge length of Ly which was equal to the length of the simulation box. To investigate the effect of
the thickness effect of the confined liquid, a series of MD simulations with different film thickness were
carried out. The thickness of the liquid ranges from several angstroms to more than 140 nm and the
total number of the atoms used in our simulations ranges from several thousands to 102 millions. To the
best of our knowledge, we have performed the largest MD simulation of the in China in the community
of fluid mechanics.

The interactions between the liquid and solid were modeled with the LJ potential

pur = [(2)* - ()] »

in which o is the value of » where the potential is zero and e1,5 determines the energetic scale of the pair
interaction. The parameters for the liquid-liquid interaction were the same as that for the oxygen-oxygen
interactions in the simple point charge water modell**. The cutoff for these LJ interactions was set to
be 10.0 A.

After an energy minimization, each system was thermally equilibrated at 300.0 K for 0.2 ns using
a Nose-Hoover thermostat!*’l while the solid walls were treated to be rigid. Then the planar Couette
flow was induced by moving the solid walls at equal velocity (1.0 A/ ps) in opposite directions along
X axis so that the shear was applied in the X Z plane. The equations of motion were solved using a
velocity-Verlet algorithm with a time step of 2.0 fs. To obtain the density profile, as shown in Fig.2, the
simulation box was divided into N slices along Z direction and the density of each slice was calculated
and averaged over a time duration of 1.0 ns. The velocity profile was acquired in a similar way.

In our full-atom NEMD simulations, a total number of 100 molecules of n-hexadecane were confined
between two Au walls which were parallel to the XY plane. Each wall was composed of 800 Au atoms
forming four (100) layers based on its known face center cubic crystal structures. The dimensions of
the simulation box were Ly = Ly = 40.80 A and L, = 46.47 A. Periodic boundary conditions were
imposed in X and Y directions to minimize the edge effects.

The adaptive intermolecular reactive empirical bond order (AIREBO) potentiall*®l, which is based
on the widely used second-generation Brenner potential, was used to model the atomic interactions in
the confined n-hexadecane system. The potential can be expressed by the following form:

F— %ZZ EZ};EBO +Ez'LjJ + Z Z E}};JQlRSION (2)
i g k#i,j 1,5,k

where 4, j,k and [ are the atom indices. The three terms in the square brackets represent covalent
bonding interactions, LJ term, and torsion interactions, respectively. The REBO term describes the
short-ranged interactions and the cutoff parameter was set to be 2.0 A. The LJ term adds longer-ranged
(2.0 A< r <10.2 A) interactions using a form similar to the standard LJ potential and has a cutoff
of 10.2 A. The TORSION term is an explicit 4-body potential that describes various dihedral angle
preferences in hydrocarbon configurations.
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Fig. 2. Density profiles of the confined simple liquid at various film thickness: (a) 144.4 nm, (b) 6.24 nm, (c¢) 3.11 nm and
(d) 1.86 nm.

The interactions between the n-hexadecane molecules and the Au walls were described by the classical
12-6 LJ potential. We used the Lorentz-Berthelot mixing rules to estimate the intermolecular potential
parameters between the heteroatomic pairs of C-Au and H-Au, which were listed in Table 2, as well as
the Au-Au LJ parameters!*”). The original LJ parameters for C and H came from the consistent-valence
forcefield*8!. A cutoff distance of 10.0 A was used for these LJ interactions.

Table 2. LJ parameters for interactions between the n-hexadecane molecules and the Au walls

e(Kcal/mol)  o(A)
C-Au 0.630 3.256
H-Au 0.621 2.543
Au-Au 10.180 2.637

The initial configuration of n-hexadecane was obtained from an energy minimization. After that,
simulations were carried out in the NVT ensemble to thermally equilibrate the system at 300.0 K for
2.0 ns with a time step of 1.0 fs while keeping the Au atoms fixed, namely, the film thickness was kept
constant. Then the Couette flow simulations were performed using a procedure similar to what we used
for the confined simple liquid. To study the shear response of the confined n-hexadecane film, a series
of shear velocity between 0.01 and 50.0 A/ ps were imposed. In each case, NEMD simulations were
performed for another 2.0 ns from the equilibrium state for data production. To exclude the thermal
noise effect and induce an appreciable flow velocity profile, these shear velocities are high compared to
that imposed in experiments. As a consequence, the confined liquid was heated up during the shear, so
significant kinetic-energy rescaling is required to remove the generated heat. In our simulations, only
the Y and Z velocity components were taken into account when calculating the temperature of the
n-hexadecane system.
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III. RESULTS AND DISCUSSIONS
3.1. Density Oscillations Near the Confining Solid Walls

In Fig.2, we plotted the density profiles of the confined liquid at different thickness according to the
MD simulations. These results can illustrate several important points. First, the density oscillations
concentrate near the liquid-solid interface, in the range of 4-8 molecular diameters, higher near solid
walls and lower at the middle part of the film. For large thickness of the confined liquid, the trends of
the oscillation are not as clear in the middle. The density of this region is uniform and approximately
equals to that of the bulk liquid. While for small thickness, the ordered liquid layers seem to occupy the
whole channel. Second, as the film thickness decreases, the confinement induces more strong ordered
structures at the interface. It can be observed in Fig.2 that the density of the first three layers adjacent to
solid walls increases along with the reduced film thickness. Finally, the period of the oscillation roughly
equals to the dimension of a liquid molecule. The density oscillations were resulted from the attractive
interfacial interactions and the geometric constraining effect!*®!. Particularly, the normal force along
Z direction is an oscillatory function of distance, varying between attraction and repulsion(®. And
the force profiles were also observed to oscillate with a repeat spacing corresponding to the molecular
dimensions in our MD simulations.

Some characteristic lengths can be introduced when considering the structure of the confined lig-
uid and its dynamic properties. There are two relevant dimensionless numbers for such problem: the
Hamaker number and the Ohnesorge number. The Hamaker number, Ha = A/ (7‘(")/@2) , is a dimensionless
number defined as a measure of the ratio of van der Waals forces to surface tension*?!. The molecular
length®® can be derived from the Hamaker number as follows:

| A
a= % (3)

where A is the Hamaker constant and ~ is the surface tension. Typically, a is of the order of several
angstroms, which roughly equals to the period of the density oscillations. The critical film thickness!®!]

0?2
=" (4)
below which the viscous dissipation becomes dominant, can be derived from the Ohnesorge number(52,
Oh = n/v/pyL, which is a dimensionless number that relates the viscous forces to inertial and surface
tension forces. If Oh > 1, the viscous dissipation is dominant, then we obtain L < eg.

Having presented some results about the liquid structures, we now discuss the influence of the den-
sity oscillation on the theoretical modeling of the confined liquid. The density should be a continuous
function of the distance in the continuum fluid mechanics treatment. As the density oscillations were
observed at the liquid-solid interface, the density is no longer a differentiable function of the distance,
thus the validity of continuum theory becomes questionable. Although the linear velocity profile can
be obtained in the MD simulations of the planar Couette flow, as the prediction of the Navier-Stokes
equations, the first layer adjacent to solid walls behave very differently from the bulk liquid!®3!. Based on
our MD simulation results, if the thickness of the confined liquid is larger than 20 molecular diameters,
the confined liquid can be divided into the bulk region and the interfacial region. The continuum me-
chanics treatment is still valid in the bulk region, and a connection should be founded between the two
regions. If the thickness is less than 10 molecular diameters, the ordered structures near the interfaces
would be strongly overlapped, which implies the inhomogeneous molecular mobility and the layering
order in the whole film. Thus a new theoretical approach is required to give a better understanding of
the unique dynamic properties of the confined liquid.

3.2. Viscosity of the Simple Liquid Dependent on the Thickness

The shear viscosity, as defined in Newton’s law of viscosity, describes the resistance of a fluid to
shear forces, which can also be related to momentum transport under the influence of velocity gradients.
In our simulations, the shear viscosity was estimated from the steady-state average of the shear stress
according to
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(5)

where 7xz is the XZ component of the stress tensor and 4 = vy /JZ is the shear rate. For steady
shear flows such as the planar Couette flow, the velocity profile can be obtained in MD simulations and
used to analyze the shear rate. Stress tensor components of the confined liquid films were calculated
from the virial theorem by the Irving-Kirkwood method, which took the form of

Taf = _% Z MiViaVig + % Z Z Fijarijs (6)

i jF£u

in which the subscripts o and 3 denote the Cartesian components which can be simply substituted by
X, Y or Z. The summation of 7 is over all the atoms occupying the volume of the liquid film indicated by
£2. The contribution of each atom to the stress tensor is in two parts, a kinetic part and a configuration
part. The first term in the square brackets is a kinetic energy contribution, where m; is the mass of atom
1, Vi and v;3 are the velocity components of atom 7 in the a and 3 directions, respectively. The second
term represents a potential energy contribution. Fjj, is the a component of the force between atoms ¢
and j along a axis, and 7;;3 is the projection of the inter-atomic distance vector along coordinate [.

To test the accuracy of Eq.(6), we calculated 7xz of the confined liquid with another approach.
The force exerted on the wall by the liquid in the X direction was time averaged during the last 0.5
ns of the shear simulations. Then 7x 7 was obtained by dividing the force by the area of the wall. The
relative error is less than 5.0% for all the cases. Therefore we also employed the method derived from
Eqgs.(5) and (6) to calculate the viscosity of individual layers of the confined n-hexadecane which will
be discussed later.

We evaluated the shear viscosity of the confined liquid at different thickness, which was plotted in
Fig.3. It can be found that the effect of decreasing thickness on the shear viscosity was not obvious until
the thickness was reduced to 30 A, then the shear viscosity increased rapidly. This critical value of the
thickness of the confined liquid film is approximately two times of the range of the density oscillation
extension at the liquid-solid interface. This enhanced shear viscosity indicated that the overlap of the
layering structures at the liquid-solid interface has a significant influence on the dynamic properties of
the confined liquid.

I éoucttc flow I
? 3t n} +v ]
& Shear
£ velocity
S — ]
= 0 e
2 n= izz%zl
A 1
=
5 Hm|
& o
{751 OO0 o o
D1 10 100 1000
Thickness (A)

Fig. 3. Shear viscosity of the confined simple liquid versus the film thickness. Sketch of the MD simulations for the planar
Couette flow was illustrated. The shear velocity is set to be 1 A/ps.

3.3. Shear Induced Ordered Structure of the Confined n-hexadecane

The n-hexadecane is a straight chain alkane consisting of 16 carbon atoms and has a length of ~ 24
A and width of ~ 4 A. The bulk n-hexadecane appears as a colorless liquid under the usual condition
and the melting temperature is 291 K. The n-hexadecane used in this study has an average density of
0.769 g/cm?3. In our simulations, the oscillatory density profile of the confined n-hexadecane under the
equilibrium state is illustrated as the blue solid line in Fig.4, reflecting that there were 7 layers between
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the two Au walls. For the convenience of the following indication, these layers were numbered from 1
to 7. The two Au walls were also marked as 0 and 8. The thickness of each layer approximately equals
to the width of the n-hexadecane molecule, indicating that the confined n-hexadecane molecules were
aligned to parallel to the Au walls. In contrast, simulation with periodic boundary conditions applied
to Z direction was performed to mimic the bulk n-hexadecane liquid and the density profile was also
calculated, as the red dash line shown in Fig.4. The large density fluctuation near the solid walls can
be explained by the strong liquid-solid interactions.

201 1
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—_ 5
b ok 4 ]
N 3
2
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—20} |
5

Density (103 kg/m?)

Fig. 4. Snapshot of the equilibrated configuration of the n-hexadecane films confined between two Au walls, processed by
Atomeye[54]. The density profile of the system along the Z axis is given (blue solid line). The points which represent the
density of the Au layers are removed for clarity. In contrast, periodic boundary conditions were applied to Z direction to
mimic the bulk n-hexadecane liquid and the density profile was calculated (red dash line). The horizontal lines indicate
the division of different liquid layers, which were numbered from 1 to 7 for the convenience of the following indication,
and the two Au walls were also marked as 0 and 8.

In Fig.5, we presented the density and velocity profiles of the n-hexadecane liquid under shear.
Four representative profiles are shown for the shear velocities of 0.1, 0.5, 5, and 50 A /ps, respectively.
Comparing the density profiles of the confined n-hexadecane liquid under different shear velocities, we
can obtain two discernible results. First, the peak density of the liquid layers adjacent the confining walls
is lowered as increasing the shear velocity. Besides, a transition of the number of n-hexadecane layers
was observed in our simulations as the shear velocity increases. At relatively low shear velocity, there
are 7 layers, while at high shear velocity there are only 6. This layering transition indicated that the
ordered alignment of confined liquid molecules has been enhanced by the shear. The analogous result
was obtained in a simulation of confined n-dodecane film between mica surfaces®¥. However, in that
work, the separation between the mica walls was allowed to change under a fixed normal load, while
the separation was fixed in our cases. Our results showed that the shearing action plays a dominant
role in this alignment enhancement.

To investigate more details about the layering structure of the confined films, the order parameter
was introduced, which were calculated using the equation

=3 0?0y — L
So = 5 (cos® ) 5 (7)

where the subscript a denotes the Cartesian component which can be X, Y or Z. 0, is the angle between
the « axis of the simulation box and the chord vector which connects every other pair of carbon atoms
in a same molecule®!, shown in the upper inset of Fig.6. The order parameter can range from —0.5
(full order perpendicular to « axis) to 1.0 (full order parallel to « axis), with a value of 0 in the case
of isotropic orientation (see the lower inset in Fig.6).

The order parameter Sz was calculated during the simulations to examine the average orientation
of the confined n-hexadecane. The results are presented in the lower panel of Fig.6. It can be clearly
seen that tendency of the n-hexadecane molecules to align parallel to the Au walls becomes stronger
as the shear velocity increases from 0.01 A/ ps to 5.0 A/ ps. These results are consistent with the first
direct experimental measurement of shear-induced ordering of nano-confined films[®®!. We can also see
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Fig. 5. Local density profile (open squares and blue lines) and velocity profile (open circles and red lines) of four repre-
sentative shear velocities: (a) 0.1 A/ps, (b) 0.5 A/ps, (c) 5 A/ps and (d) 50 A/ps. The four points at either end of the
velocity curve indicate the velocity of the four layers of Au atoms while the points which represent the density of the Au
layers are removed for clarity.

an increment of Sz when the shear velocity is even higher. As mentioned previously, shear induces
the enhancement of the alignment of confined liquid molecules, so a layering transition takes place. As
a result, the average occupying volume of each layer increases with the shear velocity, therefore, Sz
increases slightly with the decrease of the constraining effect of the solid wall. Sx, which quantifies
how the n-hexadecane molecules prefer to parallel to the direction of flow, exhibits similar variation
tendency as Sz, implying the layering transition discussed above.



Vol. 24, No. 2 Fengchao Wang et al.: The Unique Properties of the Solid-like Confined Liquid Films - 111 -

0.50 . . . .
|
- [ [ |
040 .
[ |
N " on
o 030Ff u u :
=
[ |
020 b i
owrF .
—(.15 frat PR | Al PR |
1.0
g
—020 - A £ 05] .
g
= 00
=]
—0.25 S —o0s5t .
A 0 30 60 90 120 150 180

Sz
[

/]
—0.30 | “ :
| AL 4 A,
&y A
—0.35 A o
A
—0.40 L

0.01 0.10 1.00 10.00 100.00
Shear velocity (A/ps)

Fig. 6. Order parameter of the confined n-hexadecane molecules vs. different shear velocities. The arrow in the upper inset
represents the chord vector which connects every other pair of carbon atoms in an n-hexadecane molecule. The lower inset
describes the order parameter varies with the angle between the coordinate axes and the chord vectors.

3.4. Various Slip Regimes under Different Shear Velocities

It is now well-established that the liquid adjacent to a solid can slip. Martini et al. presented two
mechanisms of slip, which were called defect slip and global slip, respectively®”). In our simulations, a
series of shear velocities were implied on the confined liquid, indicating different shear forces acting onto
the liquid molecules. We found that slip first starts within the confined n-hexadecane liquid, since the
liquid-liquid interactions are weaker than the liquid-solid interactions. As the shear velocity increases,
slip also takes place at the liquid-solid interface. According to the velocity profiles shown in Fig.5
and other data not presented in the form of figures, we can divide the shear response of the confined
n-hexadecane film into four stages:

(1) When the shear velocity is less than 0.25 A/ ps, the two layers of the n-hexadecane molecules
stick to the adjacent Au walls. This is due to the strong adsorption interactions between the solid wall
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and the confined liquid. The velocity profile of the middle layers is almost linear which can be predicted
by the Navier-Stokes equations, as shown in Fig.5(a).

(2) When the shear velocity is between 0.25 A /ps and 2.5 A /ps, an intermediate state can be obtained.
Slip starts between the two liquid layers (layers 1 and 2) near the lower wall while the layers 6 and 7
still stick to the upper wall, see Fig.5(b). The reason for the asymmetry of the velocity profile can be
ascribed to that the initial configuration of the n-hexadecane is not extremely symmetrical in a strict
sense.

(3) As the Au walls are sheared at velocities ranging from 2.5 A /ps to 7.5 A /ps, the stepwise velocity
profiles show that obvious slip occurs within the confined liquid, between layers 1 and 2, as well as layers
6 and 7. Small velocity steps can also been observed at the middle of the film, illustrated in Fig.5(c).

(4) And afterwards, when the shear velocity is even higher than 7.5 A/ps, slip occurs both at the
liquid-wall interface and within the liquid, as shown in Fig.5(d).

Notably, the above results were summarized and schematically shown in Fig.7. It is clearly seen
that slip first takes place at the middle of the confined liquid film and then expand to the liquid-solid
interface as increasing the shear velocity. These various slip regimes proposed in our present work may
lead to a new understanding of the slip boundary conditions for nanofluidics.
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Fig. 7. Diagram of various slip regimes for the confined n-hexadecane liquid. The horizontal dash lines denote the dividing
lines between liquid layers or the liquid/solid interface. The vertical ordinate denotes different layers of the confined
n-hexadecane and the Au walls, which were illustrated in Fig.4. When a layer transition took place, layer 4 vanished.

3.5. Shear-thinning of the Individual Liquid Layer

Relaxation time is one of the key parameters to predict the dynamic properties of polymers and
it has been discussed in many literatures!®® %9, It was suggested that the longest relaxation time of
the confined n-hexadecane system is roughly the inverse of the transitional shear rate when the shear-
thinning takes placel®l. When the shear rate exceeds certain critical value, the liquid molecules can not
respond fast enough adjusting to the deformation due to shear, hence the confined liquid forms ordered
structures which promotes the sliding motion between different layers, resulting in reduced viscosity,
i.e., shear-thinning. Using the Rouse model®®, the relaxation time of n-hexadecane can be expressed
as

S 62770M (8)
mépRT

in which M is the molecular weight, p is the density of n-hexadecane at temperature T', R is the gas
constant, the relaxation time of n-hexadecane was estimated to be 320 ps!%?). Additionally, the relaxation
time of n-hexadecane at 300 K with the density of 0.770 g/cm® was determined to be 296 ps in MD
simulations!'%l. Consequently, our simulations on the timescale of several nanoseconds are long enough

to probe the dynamics properties of n-hexadecane ultrathin films.
Shear-thinning occurs when the shear velocity exceeds the rate at which the confined liquid can relax
the stress through rotational and translational molecular motions. The shear-thinning behavior has been
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widely studied in the existing literatures!*®25), In this work, we mainly focus on the shear-thinning of
the individual layers. The first and second layers adjacent to the Au walls were extracted as layers 1,
2, 6 and 7, while the left n-hexadecane liquid (layers 3-5) was incorporated into the middle layer. The
viscosities of these five layers varying with different shear velocities are calculated according to Egs.(5)
and (6) and illustrated in Fig.8.

It can be concluded from Fig.8 that the viscosity of the confined n-hexadecane liquid varies with the
distance from the solid wall, which is consistent with the interpretation of the experiments(*?. Viscosity
of the liquid layers adjacent to the wall is much larger than that of the middle layers. All the liquid layers
exhibit shear-thinning behavior when the shear velocity exceeds certain critical value, indicating that
the relaxation time of the individual layer is different. As mentioned in the Introduction, the smaller
the Weissenberg number, the more fluid the material appears. We can infer that the relaxation time
of the middle liquid layers is shorter than that of the layers near the walls, namely, the middle liquid
layers more mobile than the interfacial layers.

Shear-thinning behavior is normally accompanied by structural changes that reflect the fact that the
confined liquid no longer has enough time to relax back to the equilibrium statel%). The main structural
change in our NEMD simulations has been presented in Figs.5 and 6. In constant load simulations,
variation of the film thickness with shear rate has also been observed!?2.

Comparing the viscosity curves in Fig.8 with the slip regimes in Fig.7, we can correlate the shear-
thinning behavior of the individual layer with the sliding motion between liquid layers. There exists a
competitive relationship between the shear force acting onto the confined liquid and its resistance to
the deformation. When the shear velocity exceeds some certain value, sliding motion occurs and the
viscosity of the respective layer decreases. The decreasing transition from the plateau region associated
with the shear velocity at which the slip occurs. Moreover, as shown in Fig.8, the viscosity coefficients
of layers 1 and 7 match approximately, while the viscosity of layers 2 and 6 exhibit deviation when
the shear velocity is between 0.25 A /ps and 2.5 A /ps, which indicates the asymmetry development of
slip illustrated in Fig.7. These results imply some kind of energy dissipation mechanism for confined
ultrathin films under shear, which needs further investigations.
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Fig. 8. Viscosity coefficients of different layers versus the shear velocities. The dash lines are guides to the eye. The Error
bars are also shown. The layers 3-5 of n-hexadecane liquid were incorporated into the middle layer. The solid line which
indicates the viscosity of the bulk n-hexadecane (~ 3.0 mPa-s at 300 K)[62] is displayed for comparison.

IV. CONCLUSIONS

In summary, the unique properties of the solid-like confined liquid films were reviewed in this presented
work. Two kinds of the confined liquid, one is the simple liquid and the other one is n-hexadecane,
were investigated using MD simulations. For the confined simple liquid, the thickness dependent of the
liquid structure and the shear viscosity was discussed. A series of MD simulations were performed and
the total number of the atoms reaches up to 102 million. As far as we are aware, this is the largest scale
MD simulation performed in China. Shear velocity dependent of the dynamic response of the confined
n-hexadecane ultrathin films were studied using full-atom NEMD simulations. When the shear velocity
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increases, the confined n-hexadecane trend to be more ordered, and the layering structures have a drastic
influence on the shear response. Slip occurs first within the confined liquid film and then expanded to
the liquid-solid interface as the shear velocity increases. Our results also revealed that the viscosity of
the liquid layer adjacent to the solid walls is much larger than that of the intermediate liquid.

As the film thickness comes to the nanometer scale, the validity of the continuum theory becomes
questionable. Although the large-scale MD simulation can be performed, it is still time consuming
for engineering applications. Future direction for this work is to develop a theoretical framework for
the confined liquid, which should be suitable for the simple liquid, polar liquid such as water, and
complicated liquid such as alkcane. Moreover, a multi-scale simulation investigation is undergoing.
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