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ABSTRACT

We report that the atomic-scale vibrational coupling at the solid-fluid interface can substantially
alter the interfacial properties such as wettability and fluid slip. The wettability of water droplets
on substrates subjected to various vibrational frequencies is studied using Molecular Dynamics
(MD) simulation. The contact angle increases (i.e., becomes more hydrophobic) when the
oscillation frequency of the substrate matches the intermolecular bending frequency of liquid
water. We investigate the underlying mechanism by examining the dynamics of water molecules
at the interface and found that the temporal contact between the solid and fluid is shorter when the
frequencies match, resulting in weak solid-fluid adsorption. We further report that the vibrational
match at the interface reduces wall-fluid friction and enhances water transport through the
nanopore. Our findings demonstrate the importance of the atomic-scale vibrational coupling at the

solid-fluid interface on the physicochemical behavior of nanodevices and biological nanochannels.



INTRODUCTION

Thermal vibrations at a solid-fluid interface involve coupling between two fundamentally
different mechanisms. The thermal fluctuations in a solid transfer energy without mass transport
while the thermal motion of a fluid transfers both energy and mass. The vibrational coupling
between them, referred to as interfacial vibrational coupling, creates a unique physical behavior
and plays an important role in nanoscale transport phenomena. For example, Bernéche et al. [1]
reported that the thermal fluctuations in biological channels considerably affect the ion
selectivity by altering the free energy profile of the channel. Allen ef al. [2] reported that the
transport barriers of narrow pores are highly dependent on the instantaneous pore structure and
emphasized the importance of thermal fluctuations of nanopores in ion permeation. A
computational study performed by Ma et al. [3] reported that coupling between the water
molecules and phonons of a carbon nanotube (CNT) causes oscillatory friction and enhanced
water diffusion in the CNT. Marbach et al. [4] theoretically showed that a fluctuating surface
changes the dispersion of nearby fluids, depending on the vibrational spectrum of a surface.
While these prior studies emphasize the importance of fluctuations, there is, however, currently a
lack of detailed understanding on how the solid-fluid vibrational coupling affects interfacial
phenomena such as wetting, fluid slip and transport.

Wetting is an interfacial phenomenon related to numerous physicochemical problems.
Surfaces with weak wetting (a hydrophobic surface for water) find applications in self-
cleaning [5], anti-icing [6], and drag reduction [7]. Surfaces with strong wetting (a hydrophilic
surface for water) are desirable for applications that require strong solid-fluid adhesion such as
super-durable coating [8] and additive manufacturing [9]. The wettability of a surface can be
characterized by the contact angle 8, which is determined by the balance between the liquid
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cohesion forces and solid-liquid adhesion forces. Numerous methods have been investigated to
engineer the wettability of a surface including nanostructuring [10], creating heterogeneous
surfaces [11], graphene-coating [12], electric field [13], temperature [14], and vibration of a
surface [15]. Li et al. [15] performed MD simulation of an aluminum droplet on a vibrating
substrate. They observed that the wetting state changes from wetting to de-wetting at around

w = 6.7 cm™ !, demonstrating the modulation of wetting using surface vibrations. However, the

1 is narrow compared to the typical frequency range

tested frequency range, w = 3.3 ~ 33 cm™
of thermal fluctuations (w < 1000 cm™1). Werder et al. [16] presented that the flexibility of
graphite has a negligible effect on the contact angle. On the contrary, Barisik and Beskok [17]
reported that the thermal fluctuations of a silicon surface can change the contact angle of a water
droplet and emphasized that thermal fluctuations should be properly considered for accurate
estimation of the wetting behavior of silicon. Considering these studies, it is important to
understand how the fluctuations of a surface affect the wetting behavior in a broad range of
vibrational frequencies.

The fluid slip (non-zero fluid velocity) at a solid surface is one of the most distinctive
phenomena in nanoscale fluidic transport. Due to the slip, the water flow in a small diameter
CNT is several orders of magnitude faster compared to the prediction of classical fluid dynamics
with no-slip assumption [18,19]. As the fluid slip can dominate fluid transport at molecular scale,
slip must be properly considered in nanoscale fluidic phenomena [18—23]. There have been
extensive studies on the physical parameters affecting slip such as surface roughness [24-27],
curvature [21], surface charge [20], nanopore thickness [28], oxidation of surface [22], shear
rate [29], solid-fluid interatomic force [29], and wettability [25,30,31]. There have also been
reports on slip on a vibrating surface. Huang et al. [32] investigated fluid slip under imposed
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shear-wave for a frequency range of 0.1 cm™! < w < 2.2 cm™! and found that slip is a
frequency-dependent phenomenon. Computational studies reported slip enhancements in flexible
CNT [33] and graphene nanochannels [34] compared to their rigid counterparts. Cao et al. [35]
studied how phonon-modes of CNT affect the transport of water in a CNT membrane and
reported highly enhanced water flux around the frequency of 33 cm™1. Despite these early
works, the molecular mechanisms at play in the interfacial vibrational coupling over a wide
range of frequencies remains unclear.

In this study, we investigate the effect of interfacial vibrational coupling on wetting, fluid
slip (wall-fluid friction), and fluid flow over a wide range of oscillation frequencies, 1 cm™1 <
w < 1000 cm™t. We discuss the frequency range where the vibrational coupling affects the
properties of the solid-fluid interface (i.e., wettability and friction coefficient) and the molecular-
level mechanisms. Then, we discuss the effect of interfacial vibrational coupling on the fluid slip

in nanochannel and water transport through a nanopore.



RESULTS AND DISCUSSION

To study the effect of interfacial vibrational coupling on wetting behavior, we first
considered a water droplet on the substrate (see Fig. 1(b)) that is oscillating in the out-of-plane
direction where the vibrational energy corresponds to the thermal energy (see the Methods section
for details). We then investigated how the frequency of the substrate affects the contact angle of
the water droplet. Fig. 1(a) shows the various shapes of water droplets (visualized by the density)
for different oscillation frequencies of the substrate, wg. In the rigid graphene, where the substrate
does not oscillate (no interfacial vibrational coupling), the contact angle is obtained to be 43°,
which is in good agreement with 42.4° reported in an earlier study by using the same
forcefield [36]. The contact angle of a nanodroplet is subjected to size effect and the computed
contact angle with 2 000 water molecules is slightly larger than the macroscopic contact angle of
38° obtained from extrapolation [16,36]. As our main objective is to study the interfacial
vibrational coupling effect on wetting, we will use around this number of water molecules, which
is most widely studied in previous contact angle calculations using MD simulations [11,16,36,37]
for computational affordability. For all the vibrating substrates tested, we obtained higher contact
angles (i.e., hydrophobicity increases) compared to the contact angle on the rigid substrate. Fig.
1(c) shows the contact angle of a droplet as a function of the frequency of substrate. The maximum
contact angle (6 = 117°) is observed when the frequency of the substrate is close to the natural
frequency of water w,, (i.e., when vibrational coupling is strong). We note that this frequency is
related to the first zero-crossing time of velocity (momentum) autocorrelation of water, which is

the boundary between the forward-scattering and the back-scattering (see supplementary Fig. 1

and 2 [38]). The natural frequency of water can be estimated as w,, = ﬁ, where w,, is the natural
1

frequency of water and 7, is the first zero-crossing time of the velocity autocorrelation time. The
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estimated natural frequency of bulk and interfacial water (i.e., water in the contact layer) are
47 cm~! and 52 cm ™!, respectively. As shown in the inset of Fig. 1(c), this frequency is the most
dominant frequency of water, which corresponds to the intermolecular bending mode of
water [39,40]. Fig. 1(d) shows the relation between contact angle and the total substrate-fluid
adhesion energy, Egr. The adhesion energy is considerably reduced (up to 76%) when wg = wy,.
The reduced adhesion energy results in an increased contact angle of water droplet. We will further
discuss the mechanism of reduced adhesion energy in the later part of the manuscript. The results
here imply that the wettability of a nanoscale system can be affected by the oscillation frequency
of wall, which can be modified by experimental conditions and external means such as
strain [41,42] and doping [41,43]. Also, the fact that interfacial vibrational coupling affects
adsorption energy suggests that a solid-fluid interatomic force field considering interfacial

vibrational coupling is necessary to study the interfacial phenomena more accurately.

To further understand how interfacial vibrational coupling reduces the wettability, we
investigated the molecular structure and dynamics of the water droplet. Fig. 2(a) shows the
interfacial structure of the water droplet for different frequencies of the substrate. The interfacial
water layering is observed at the water-substrate interface, which is the result of the interplay
between the solid-fluid interaction and the dynamics of water molecules. Noticeably, the
interfacial water layering is substantially altered by interfacial vibrational coupling. The first peak
of interfacial water structure is one of the factors that determines how strongly water and substrate
interact. The stronger the liquid-solid adhesion, the higher the first peak. The strongest first peak
is observed for the rigid membrane and the magnitude of the first peak decreases as wg approaches
wy,- This is in line with the computed contact angle as a lower first peak indicates a weaker water-

substrate adhesion and thus a higher contact angle. Next, we investigated the dynamics of water
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molecules in the contact layer. The contact layer is defined as the region between the substrate and
the first valley of interfacial water layering (see Fig. 2(a)). We first calculated the residence time

autocorrelation for the water molecules in the contact layer. The residence time autocorrelation

(B(t+ty)B(to))

, Where t is the reference time, t is the time elapsed from
BB > et P

function is given by {(t) =

to, B(t + ty) = 1 if the water molecule is continuously present in the contact layer between t, and
t + ty; otherwise S(t + ty) = 0, and (--- ) denotes the ensemble average. Physically, {(t) denotes
the probability of residence of a water molecule in the contact layer over time. The decay of water-
substrate correlation for different wy is plotted in Fig. 2(b). It shows that the interfacial vibrational
coupling enhances the decay of residence time correlation, and this effect becomes more

significant when wg approaches w,,. The degree of residence time correlation decay can be
quantified by the correlation time, 7, = fooo( (t)dt . Physically, ¢, is an indicator of the

residence time of a water molecule in the contact layer. The residence time exhibits a minimum at
a frequency around w,, (see Supplementary Fig.3 [38]). To further understand how residence time
is related to the contact angle, we visualized water molecules in the contact layer. Supplementary
Fig.4 [38] shows that there are molecular-level void regions for both rigid and oscillating
substrates that are created when water molecules leave the contact layer and are only occupied by
other water molecules after a considerable amount of time. The presence of these void regions
reduces the actual contact area. Furthermore, it is observed that these void regions appear more
frequently for the oscillating case with a shorter residence time. Thus, a short residence time
exhibits a smaller actual contact area and, as a result, has a smaller adhesion energy. The relation
between substrate-fluid adhesion energy and the average time of contact is plotted in Fig. 2(c). It

shows that a shorter contact time results in a smaller interaction energy between substrate and



water. Thus, a stronger interfacial vibrational coupling reduces the wettability. This mechanism of
wetting reduction by reducing temporal contact resembles the well-explored mechanism of wetting
reduction by reducing the spatial contact [10,44] in that the actual contact is reduced either
temporally or spatially. Supplementary Fig. 2 [38] shows the strong (ws = w,,) and weak
vibrational coupling (wg > wy, or wg K w,,). When the frequency of the substrate matches with
the natural frequency of water, the momentum transfer is in-phase and reduces the temporal contact.
One the other hand, the weak vibrational coupling results in a significant out-of-phase momentum
transfer. To check any effects of temperature, we calculated the temperature of water droplet.
Overall, the temperature of the droplet is maintained around the room temperature and only a slight
rise of temperature (less than 4 K) is observed. As the contact angle is known to slightly decrease
with increased temperature [45,46], temperature cannot be the reason for the dramatic increase of

contact angle.

Next, we investigate how interfacial vibrational coupling effects water transport through a
nanochannel constituting two graphene walls. We considered 4 nm thick water confined between
two graphene walls oscillating with a certain frequency (see Fig. 3(a)). A constant force F is
applied to the fluid molecules to generate flow (see the methods section for details). Fig. 3(b)
shows the velocity profile and the density layering of water for different oscillation frequencies.
Overall, the density layering, and the velocity of water are significantly affected by interfacial
vibrational coupling. We observed plug-like velocity profiles for all the tested cases, which is
observed in slip-dominant flow regime (e.g., a low friction surface). Note that the slip velocity
increases in the oscillating channels compared to that in the rigid channel. In the rigid channel, the
water density near the channel wall is higher and the magnitude is reduced when the channel

frequency matches with the natural frequency of water. This is consistent with the fact that solid-
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fluid vibrational coupling weakens the solid-fluid interaction energy. The friction coefficient is

given by the ratio between the frictional force per unit area and the slip velocity, A = Z—S, where T
S

is the shear stress exerted on the wall and vy is the slip velocity [21]. It is confirmed that the applied
forces are in the linear regime (the slip velocity and the driving forces) as shown in Fig. 3(c)
regardless of the presence of interfacial vibrational coupling. Overall, the solid-fluid friction is
reduced in the oscillating channel as shown in Fig. 3(d). The friction coefficient in the rigid
graphene is 8.6 + 1.7 kNsm™3, which is close to the value 7.1 kNsm~3 we calculated using the
Green-Kubo method [47]. The friction coefficient reduced up to 4.9 + 0.8 kNsm™3 when wy is
close to the natural frequency of confined water. This can also be understood as the reduced contact
time at the strong vibrational coupling regime (ws = w,,). Our finding shows that the fluid slip
and wall-fluid friction coefficient can be modulated by the vibrational coupling at the solid-fluid

interface.

We further investigated the interfacial vibrational coupling effect in water permeation
through a nanoporous 2D membrane. In our previous study on water desalination using a 2D
flexible membrane [48] we observed an enhanced water permeation in a flexible membrane
compared to the rigid membrane. It was shown that the vibrational match between the membrane
and water molecules increases the water permeation. In the present study, we considered pressure-
driven water permeation through graphene nanopores of different diameters for various oscillating
frequencies (see Fig. 4(a) and the Methods section for details). We note that the water permeation
Q 1s in the linear regime for the various driving pressures considered regardless of the interfacial
vibrational coupling (see Supplementary Fig. 5 [38]). Fig. 4(b) shows the velocity profiles of water

in the nanopore. Similar to the flow in a nanochannel, interfacial vibrational coupling increases
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slip velocity at the pore-water interface; however, the velocity profiles are not plug-like anymore.
Fig. 4(c) highlights the interfacial vibrational coupling effects on the water permeation through the
graphene nanopore. The enhancement in permeance is quantified by an enhancement factor, €, =

Q(ws)

Ot where Q (ws) is the water permeance through an oscillating membrane with the frequency
Rigid

ws and QRrigiq 1s the water permeance through the rigid membrane. The water permeation is

enhanced near the most dominant frequency of water w,, for all the tested pore sizes and the
permeance when the frequency of membrane is higher or lower than the natural frequency of water
(see the comparison of velocity profiles in high and low frequency regime in Supplementary Fig.
6 [38]). Note that the effect of interfacial vibrational coupling on the permeance is stronger in a
smaller pore. Fig. 4(c) shows the permeation enhancement for various pore diameters. The
maximum increase in permeation is 484% in the smallest nanopore, D = 0.75 nm. This implies
that in this pore, the vibrational coupling can have a dominant role in transport phenomenon. Fig.
4(d) shows the enhancement factor for various pore diameters. This demonstrates that the
interfacial vibrational coupling effect is increasingly important in a small pore and is negligible in
a larger diameter pore (€, < 1.01 when D > 40 nm from data extrapolation shown in Fig. 4(d)).
A similar trend was reported in water flow in mechanically actuated CNT [35] where the flow
enhancement in small diameter CNT is higher compared to large diameter CNT. We observed two
regimes of scaling between €, and D. The nanopores smaller than 2.5 nm in diameter follow €,
1

7 and the nanopores larger than 2.5 nm in diameter follow €, % as shown in the inset in Fig.

4(d). We attribute this to the overlap of the interfacial regions in smaller diameter pores. Based on

the scaling and extrapolating the data for larger diameter pores, a less than 1% permeation
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enhancement is expected for pores larger than 40 nm in diameter. On the other hand, up to 500%

enhancement is expected in sub-1nm pores.

CONCLUSION

The vibrational coupling at the solid-fluid interface plays an important role on wetting, fluid
slip, wall-fluid friction, and water transport. We observed that the contact angle changes with the
oscillation frequency of the substrate. The highest contact angle is observed when the vibrational
frequency of the substrate is close to the natural frequency of water corresponding to
intermolecular bending mode. We also observed a considerable reduction in solid-fluid adhesion
energy due to the strong solid-fluid vibrational coupling. To understand the mechanism
governing these observations, we studied the structure and dynamics of water near the interface.
Our statistical analysis of water-substrate correlation indicates that the interfacial vibrational
coupling reduces the time of contact between water and substrate, weakening the water-substrate
adhesion energy. The water slip in vibrating nanochannels is studied. We observed a higher slip
velocity and smaller friction coefficient when the vibration frequency of channel matches with
the natural frequency of water. The water transport through vibrating 2D nanopores shows
enhanced water transport due to the interfacial vibrational coupling and the enhancement factor
increases as the pore diameter decreases. Our results indicate that interfacial vibrational coupling
can considerably alter the physicochemical behavior of nanodevices depending on the frequency
regime. Furthermore, the modulation of interfacial vibrational coupling in mechanically excited

biological/synthetic nanochannel can be a novel way to achieve new functionality.
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METHODS

Three different MD simulation setups were considered: 1) water droplet on graphene
substrate, 2) water flow through a graphene channel (i.e., water confined between two graphene
channels), and 3) water permeation through a single layer of graphene nanopore. We considered
atomically smooth graphene with rigid body motions prescribed by external vibrations for all the
systems studied (i.e., substrate, channel, and pore). The bond length between carbons of
graphene was chosen as 0.1418 nm. The entire graphene substrate is harmonically oscillating in

the out-of-plane direction with various frequencies wg keeping its average kinetic energy equal to
K : . :
the thermal energy g, where N is the number of atoms, kj is the Boltzmann constant and T is

the temperature. We considered a fixed temperature of 298.15 K (i.e., isothermal condition);
thus, the vibrational energy is constant, and the amplitude decreases with increasing frequency.
For all simulations, the SPC/E [49] water was used. The bond length and angle are kept constant
using the SHAKE algorithm [50]. The van der Waals interactions are modeled using the LJ
potential with a cut-off distance of 1.2 nm. The graphene-water potential parameters optimized
by Wu and Aluru [36] are utilized. The PPPM method [51] was used to calculate the long-range
Coulomb interactions with an accuracy of 10~°. The temperature of water was maintained at
298.15 K using the Nosé-Hoover thermostat with a time constant 0.1 ps. The atomic trajectories
were calculated in NVT ensemble with 1 fs time step. We utilized the Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS) [52] for MD simulation and Open
Visualization Tool (OVITO) [53] for visualization.

For the water contact angle simulation, 2014 water molecules, randomly generated in a 4.3
nm by 4.3 nm by 3.2 nm cubic box, were placed on top of a 10 nm by 10 nm single-layer graphene.

The z dimension of the system (the direction perpendicular to the graphene surface) was set to be
13



8 nm and periodic boundary conditions were applied in all directions. MD simulations were
performed for 5 ns for each case. The system was first equilibrated for 500 ps without oscillating
the substrate and then, further equilibrated for 500 ps with a harmonic oscillation of the substrate.
After the equilibration run, the data is obtained for 4 ns. During the post-processing of the density

of the droplet, the center position of the droplet was calibrated every 10 ps.

For water flow in graphene confinement (water confined between two graphene
channels), 2985 water molecules were placed between two graphene sheets spaced 4 nm apart in
the x-direction. The y and z dimensions of graphene sheets were 5 nm. The periodic boundary
condition was applied to the y and z coordinates and a fixed boundary condition was applied to
the x coordinate. The electrostatic potential beyond the fixed boundary condition was turned off
by putting an imaginary volume using slab option in PPPM solver. A constant force was applied
to the oxygen atom of water in the z-direction (the armchair direction of graphene). The two
graphene sheets oscillate in-phase in the x-direction with a frequency wsg. The thermostat only
controls the y-directional velocity component to minimize the disturbance to the water transport
and interfacial vibrational coupling. Forces ranging from F, = 0.02 ~ 0.08 cal - mol~*A~! were
considered and linear flow is confirmed within the tested force range. For each vibrational
frequency of graphene wg, 20 ns of simulations are performed. The first 2 ns data were
discarded, and the rest of data are used to compute the velocity profile and density profile. The
error in slip velocity was estimated as the standard deviation of slip velocities calculated every 2
ns.

For the water permeation through the graphene nanopore, three different sizes of pores were
considered D = 0.75,2.75,and 4.04 nm. The x, y, and z dimensions of the system are 3.9 nm,

3.8 nm, and 12.0 nm for D = 0.75 nm pore; 5.9 nm, 5.9 nm, and 12.0 nm for D = 2.75 nm pore;
14



9.8 nm, 9.8 nm, and 12.0 nm for D = 4.00 nm pore. The graphene membrane is placed in the
center of the z dimension of the system and solvated with water molecules. The graphene
membrane oscillates with a frequency ws in the z-direction. To generate the hydrodynamic
pressure, a constant z-directional force was applied to the oxygen atom in 1 nm thick box at each
side of the system. When the simulation begins, the applied pressure gradually increases to the
target pressure (25 ~ 200 Mpa) for 100 ps, and then maintained at the constant target pressure
during the rest of the simulation. The data acquisition time depends on the size of the pore; 20 ns
for D = 0.75 nm pore and 5 ns for D = 2.75 and 4.00 nm pores, and the first few hundred
picosecond data were discarded. For the radial distribution of velocity, 0.34 nm high cylindrical

bins were used.
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FIG. 1. Interfacial vibrational coupling induced wettability change. (a) Water droplets on
substrates with different oscillation frequencies visualized by the density. (b) MD snapshots for
water droplet on a rigid substrate (top) and on an oscillating substrate (bottom). (c) Contact angle
as a function of frequency of the substrate. The black dots are MD data, and the gray dashed line
is a fit to the MD data. The inset shows the VDOS of water molecule. The red shaded area
represents the natural frequency of water w,,. The gray solid line is the contact angle on a rigid
substrate. (d) The relation between the contact angle and the total adhesion energy between the

substrate and fluid, Eg. The gray dashed line is a linear fitting.
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FIG. 2. Mechanism governing wettability change due to interfacial vibrational coupling. (a)
Interfacial structures of water droplet on a graphene substrate for various vibrational frequencies.
The contact layer is defined as the region between graphene and the first valley of the interfacial
layering of water molecules. (b) Decay of residence time autocorrelation of water in the contact
layer for various frequencies of the substrate (see the legend in Fig 2(a)). (c) Total attraction energy
between water and substrate and the average time of contact. The dots are MD simulations and the

dashed line is a fit to the data.
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FIG. 3. Effects of interfacial vibrational coupling on slip and friction. (a) Schematic of MD
simulation for water transport in graphene confinement. (b) Velocity profile (left) and the
interfacial structure of water (right) for different frequencies of channel wall for F, = 0.04 cal -
mol~'A~1. (c) Linear relation between the slip velocity and shear stress exerted on the wall by the
fluid. The dashed lines are linear fits. (d) Reduced friction due to the interfacial vibrational
coupling. The black dots are MD data, and the gray dashed line is a fit to the data. The error bars
are the standard deviation of friction coefficients for several sets of 2 ns trajectories. The gray solid
line represents the friction coefficient of rigid channel. The red shaded area indicates the natural

frequency of water.
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FIG. 4. Interfacial vibrational coupling enhanced water permeation through graphene
nanopores. (a) Schematic of MD simulation for water permeation driven by a pressure gradient.
(b) Enhanced water velocity in the nanopore due to interfacial vibrational coupling (see the legend
in Fig 4(c)) for D = 2.75 nm and Ap = 100 Mpa. (c¢) Enhancement of permeance as a function of
oscillation frequency for three different diameter pores. The red shaded area indicates the natural
frequency of water. The dashed lines are fits to the data. (d) The enhancement in permeance for

various size nanopores at wg = 50 cm™! and Ap = 100 Mpa. The inset shows the log scale plot.
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The dashed line and dotted line are the fitted curve with €, « % and €y X —=, respectively.
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