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ABSTRACT: We show by molecular dynamics simulations that water nanodroplets
can be transported along and around the surfaces of vibrated carbon nanotubes. In
our simulations, a nanodroplet with a diameter of ∼4 nm is adsorbed on a (10,0)
single-wall carbon nanotube, which is vibrated at one end with a frequency of
208 GHz and an amplitude of 1.2 nm. The generated linearly polarized transverse
acoustic waves pass linear momentum to the nanodroplet, which becomes
transported along the nanotube with a velocity of ∼30 nm/ns. When circularly
polarized waves are passed along the nanotubes, the nanodroplets rotate around them
and eventually become ejected from their surfaces when their angular velocity is
∼50 rad/ns.

SECTION: Dynamics, Clusters, Excited States

Carbon nanotubes1 (CNTs) can serve as nanoscale
railroads for transport of materials, due to their linear

structure, mechanical strength, slippery surfaces, and chemical
stability.2 For example, electric currents passing through CNTs
can drag atoms/molecules intercalated/adsorbed on CNTs.3−5

Polar molecules and ions adsorbed on CNT surfaces can also
be dragged by ionic solutions passing through the tubes.6−8

Recently, nanoparticles9,10 and nanodroplets11,12 have been
dragged along CNTs by hot phonons in thermal gradients.
Analogously, breathing13 and torsional14 coherent phonons can
pump fluids inside CNTs.
Materials adsorbed on macroscopic solid-state surfaces can

be transported by surface acoustic waves (SAWs).15 This method
has many practical applications, such as conveyor belt techno-
logies,16 ultrasonic levitation of fragile materials,17 slipping of
materials on tilted surfaces,18,19 threading of cables inside tubes,20

and droplet delivery in microfluidics.21−25

In this work, we examine the possibility of using SAW at the
nanoscale. We use classical molecular dynamics (MD)
simulations to model transport (drag) of water nanodroplets
on the surface of CNTs by coherent acoustic waves. Such
coherent vibrations might be generated by piezo-electric
generators.26,27 Analogous to coherent control of molecules
by light,28 specialized pulses of coherent phonons might also be
used in precise manipulation of materials.
Model System. Our model systems are formed by nanodroplets

consisting of a number, Nw, of water molecules adsorbed at T =
300 K on the (10,0) CNT, and transported along/around its
surface by coupling to coherent transversal acoustic (TA) phonon
waves, as shown in Figure 1. We simulate the systems with
classical MD simulations, using NAMD,29 with the CHARMM27
force field30 with the TIP3P model for water molecules in the

nanodroplet, and VMD31 for visualization and analysis. The nano-
droplets couple to the CNT by van der Waals (vdW) forces,
described in CHARMM with the Lennard-Jones potential energy32
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Figure 1. Nanodroplets of (a) Nw = 10 000 and (b) Nw = 1000 waters
adsorbed on the (10,0) CNT and transported along its surface by the
linearly polarized TA vibrational wave with an amplitude of A = 1.2
(T = 300 K). (c) A nanodroplet of Nw = 1000 adsorbed on the same
CNT rotated (and translated) around its surface by a circularly
polarized vibrational wave of A = 0.75 nm (see Movies 1 and 2).
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Here, εij = (εiεj)
1/2 is the depth of the potential well, Rmin,ij = 1/2

(Rmin,i + Rmin,j) is the equilibrium vdW distance, and rij is the
distance between a CNT atom and a water atom.
The edge atoms at one of the ends of the 450 nm long CNT are

fixed. At this end the tube is also oscillated. To prevent the CNT
translation, four dummy atoms are placed in its interior at both
ends. Otherwise, the tube is left free. A small Langevin damping33

of 0.01 ps−1 is applied to the system to continuously thermalize it,
while minimizing the unphysical loss of momenta;6 the time step is
2 fs. At the two CNT ends, two regions with high damping of 10
ps−1 are established to absorb the vibrational waves. One region
(35 nm long) is close to the generation point, and the other (180
nm long) is at the other CNT end. We model the systems in a
NVT ensemble (periodic cell of 15 × 15 × 470 nm3).
Nanodroplet Transport by Linearly Polarized Waves. The

vibrational waves are generated at one CNT end by applying a
periodic force (orthogonal to its axis), F = F0 sin(ωt), on the
carbon atoms separated 43−48 nm from the CNT end. This
generates a linearly polarized TA vibration wave, Ay(t) = A sin
(ωt), where ω ≈ 208 GHz, k = 2π/λ ≈ 0.157 nm−1, and A ≈
0.3−2.1 nm for F0 = 0.6948−5.558 pN/atom. The TA waves
propagate along the nanotube with a velocity of vvib = ω/k ≈
1,324 nm/ns, scatter with the nanodroplet, and become
absorbed at the tube ends. In our simulations, we let the
wave pass around the droplet for a while and then evaluate its
average steady-state translational, v, and angular, ωd, velocities.
In Figure 2, we show the (linear) velocities of nanodroplets with

Nw = 1000 and 10 000 water molecules as a function of the

vibrational amplitude, A. The data are obtained by averaging the
droplet motion over trajectories of the length of t ≈ 7.2 ns. We can
see that the 10-times smaller droplet moves about 15-times faster for
the same driving conditions. At small amplitudes (A < 1.2 nm) the
velocities roughly depend quadratically on the driving amplitude. At
larger amplitudes (A > 1.2 nm) they gain a linear dependence.
The nanodroplet is transported by absorbing a momentum

from the vibrational wave. Its steady-state motion is stabilized
by frictional dissipation of the gained momentum with the
nanotube, which carries it away through the highly damped and
fixed atoms. In the first approximation, the droplet motion might

be described by the Boltzmann equation. In the steady state,
obtained when a wave of a constant amplitude is passed through
the CNT, the momentum of the droplet averaged over a short
time (50 ps) is constant. Then, the constant driving force acting
on the droplet, Ṗdrive, is equal the friction force, Ṗfriction, between the
droplet and the CNT32 (linear motion, vectors omitted):
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Here, f(r,p) is the position and momentum distribution func-
tion of the waters in the nanodroplet (normalized to Nw), and
F(r) is the force acting on each of the waters at r. The collision
term (∂f/∂t)coll describes scattering of waters with each other and
the CNT, where the last option causes the droplet to relax its
momentum.34 In the approximation of the momentum relaxation
time,35 τp, the damping term can be described as
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where Pdroplet is the steady-state average momentum of the
nanodroplet.6,7

As the acoustic wave propagates along the CNT, it carries the
momentum density,36

= μω + − ωg t x kA kx t( , ) [1 cos(2 2 )]2
(4)

where μ is the CNT mass per unit length and the other symbols
are the same as before. Assuming, for simplicity, that the
momentum density of the wave is fully passed to the droplet
(only approximately true, as seen in Figure 1), we obtain
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τ
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Equation 5 shows that the droplet velocity scales as
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Moreover, the momentum relaxation time, τp ≈ S−1, can be
assumed to scale inversely with the contact area, S, between the
droplet and the CNT, due to friction. The 15 times larger
velocity of the 10 times smaller droplet with a smaller contact
area matches our expectations from eq 6. The quadratic
dependence of the droplet velocities on the driving amplitude,
A, shown in Figure 2, also roughly agrees with eq 6.
Nanodroplet Transport by Circularly Polarized Waves. Next, we

simulate transport of nanodroplets with Nw = 1000 and 2000 waters,
adsorbed on the (10,0) CNT, by circularly polarized TA waves.
Application of the force of F(t) = (Fx,Fy) = F0(sin(ωt),
cos(ωt)), F0 = 0.4864 − 2.084 pn/atom, on the same C atoms
as before generates a circularly polarized wave, A(t) = (Ax,Ay) =
A(sin(ωt), cos(ωt)), where A ≈ 0.21 − 0.75 nm, ω ≈ 208 GHz,
and k ≈ 0.157 nm−1. The circularly polarized TA waves carry both
linear and angular momenta and pass them to the nanodroplets,
which are transported along the CNT and rotated around it.
In Figure 3, we plot the translational, v, and the angular, ωd,

velocities of the nanodroplets as a function of the wave
amplitude, A. For Nw = 1000, ωd rapidly grows with A until

Figure 2. The velocity of nanodroplets with Nw = 1000 and 10 000
waters shown as a function of the amplitude, A, of the linearly
polarized wave with the frequency of ω = 208 GHz. (Inset) The
adsorbed nanodroplets viewed in the CNT axis.
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ωd,max ≈ 50.5 rad/ns, where the droplet is ejected from the
CNT surface, due to large centrifugal forces. The larger droplet
rotates with ∼30−40% smaller angular velocity, in analogy to
the situation in a linear transport. At A = 0.4−0.6 nm, both the
linear and angular velocities show certain resonant features for
both droplets. At these amplitudes of the circular waves, the
coupling to the droplets can be dramatically altered, since the
wave amplitudes are similar to the droplet sizes. Interestingly,
the translational velocities, v, are very similar for both droplets.
This might be due to better transfer of linear momentum to the
larger droplet from circularly polarized waves.
We can perform similar analysis of the angular momentum

passage from the circular wave to the droplet and back to the
CNT, like we did for the linear momentum in eqs 2−6. In a
steady state, obtained when a circularly polarized wave of a
constant amplitude is passed through the CNT, the average
angular momentum of the droplet around the (equilibrium
position of) CNT axis is constant. The driving momentum of
force, L̇drive, acting on the droplet is equal to its friction
counterpart, L̇friction, acting between the droplet and the CNT.

37

Assuming that the whole angular momentum density of the
wave is passed to the droplet and using the approximation of
the angular momentum relaxation time, we find
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where f(μ,ω,A) is the angular momentum density (size) of the
circularly polarized wave, I is the droplet moment of inertia with
respect to the (equilibrium) CNT axis, and τL is the angular
momentum relaxation time. In the steady state, the average rates
of driving and damping are constant, as shown by C. The
moment of inertia is I = ∑i=1

n mwri
2 ∝ Nw, where mw is the mass

of a water molecule, and ri is the distance of each water molecule
from the (equilibrium) CNT axis. Using this I in eq 7, we find
that wd ∝ Nw

−1, in rough agreement with Figure 3.
We can also describe the droplet ejection. The angular motion

of the droplet around the (equilibrium) CNT axis generates a
radial centrifugal force, Fc = mωd

2/h, where m is the droplet mass
and h is its distance from the (equilibrium) CNT axis. When the
centrifugal force exceeds the vdW force that binds the droplet
to the CNT, the droplet is ejected.38 This happens for the
centrifugal force of Fc = 150.2 pN, obtained for A = 0.9 nm,

ωd = 50.5 rad/ns, and h = 19.7 Å. We can roughly estimate the
vdW binding forces for a relaxed water droplet coupled to a frozen
CNT by applying a fictitious force on the droplet in
the direction orthogonal to the CNT axis. This gives a force of
FvdW ≈ 229 pN. In the presence of droplet rotation around the
CNT, the vdW forces should be smaller, since the droplet has a
smaller contact with the CNT, i.e., Fc ≈ FvdW.
In order to better understand the droplet−CNT dynamics,

we present in Figure 4 the time-dependent motion of the

Figure 3. The average translational v and angular ωd velocities of water
nanodroplets with Nw = 1000 and 2000 as a function of the wave
amplitude, A, when driven by circularly polarized waves.

Figure 4. Time-dependent angle of rotation (top), position (middle),
and height (bottom) of the Nw = 1000 droplet center of mass above
the local CNT center of mass as the CNT is driven by circularly
polarized waves of ω = 208 GHZ at amplitudes ranging from A = 0.21 nm
to A = 0.75 nm. Tangents between vertical lines indicate regions of surfing
where the nanodroplet slides down the CNT surface.
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nanodroplet with Nw = 1000 transported by circularly polarized
waves. The droplet and CNT form a coupled system where the
CNT vibrates around its axis, and the droplet rotates around it
(see Movies 1 and 2). We describe the droplet rotation around
the actual position of the CNT by the angle θ of the vector
pointing from the center of mass of a CNT segment local to the
droplet to the actual droplet center of mass. The CNT segment
is defined as a 2 nm section of the CNT bisected by the
droplet. The time dependence of θ for different amplitudes A is
in Figure 4 (top), the accompanied translation of the droplet
along the CNT is in Figure 4 (middle), and the radial distance
of the droplet from the CNT axis is in Figure 4 (bottom).
The droplet motion on the circularly polarized waves resembles

surf ing, where the droplet is sometimes grabbed better by the
waves and for a while moves fast forward. At small waves, surfers
cannot ride waves and neither can the droplet. This happens at
A = 0.21 nm, where the vertical and longitudinal displacements of
the droplet on the CNT are very small, as shown in Figure 4
(bottom) and (middle), respectively. Therefore, a small
momentum is transferred to the water droplet which almost
“bobs” in place like a “buoy”, much like a surfer waiting for a
wave. At larger amplitudes, the droplet can catch some of the
waves and glide on them. We can see that at A > 0.45 nm, the
droplet sometimes (t ≈ 125 and 700 ps) starts to progress forward
quickly. The same is seen even better at the larger amplitudes, A =
0.54 nm and A = 0.75 nm, as denoted by the dotted tangential
lines. In real surfing, the gravitational force of fixed spatial
orientation accelerates the surfer on the traveling tilted wave. On
the CNT, the gravitational force is replaced by the inertia forces
acting on the nanodroplet surfing of the circularly polarized wave.
Temperature Ef fects. In Figure 5 (top), we also present

the temperature dependence of the translational velocity of

Nw = 1000 and 10 000 droplets, transported by linearly
polarized waves of ω ≈ 208 GHz and A = 1.2 nm. We can
see that v increases with temperature for the small droplet, but it
stays largely constant for the large droplet. In the region of T =
300−340 K, we can observe some anomaly, as in Figure 3. The
effect is much more apparent for the Nw = 1000 droplet, where
we can see a sharp slowing down of the droplet. By contrast,

the larger droplet is accelerated here. This anomaly may be
potentially linked with the reduced water densities in the
droplets at higher temperatures (inset). At lower densities, the
momentum transfer should be different, due to changed
viscoelastic properties of the droplets. Although the droplets
quickly evaporate molecules, sometimes also due to driving, they
operate in saturated conditions inside small boxes allowing them
to maintain a relatively stable number of molecules (5−10%).
In conclusion, we have demonstrated that TA vibrational

waves on CNTs can translate/rotate nanodroplets adsorbed on
their surfaces, as a function of the wave amplitude, polarization
and frequency, the droplet size, and the temperature of the
system. This material transport, which complements other
transport methods at the nanoscale, could also be applied on
planar surfaces, such as graphene. It has potential applications
in molecular delivery,39 fabrications of nanostructures,40,41 and
nanofluidics.42
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(6) Wang, B.; Kraĺ, P. Coulombic Dragging of Molecules on Surfaces
Induced by Separately Flowing Liquids. J. Am. Chem. Soc. 2006, 128,
15984.
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(28) Kraĺ, P.; Thanopulos, I.; Shapiro, M. Coherently Controlled
Adiabatic Passage. Rev. Mod. Phys. 2007, 79, 53−77.
(29) Phillips, J. C.; Braun, R.; Wang, W.; Gumbart, J.; Tajkhorshid, E.;
Villa, E.; Chipot, C.; Skeel, R. D.; Kale, L.; Schulten, K. Scalable Molecular
Dynamics with NAMD. J. Comput. Chem. 2005, 26, 1781−1802.
(30) MacKerell, A. D. jr.; Bashford, D.; Bellot, M.; Dunbrack, R. L.;
Evanseck, J. D.; Field, M. J.; Fischer, S.; Gao, J.; Guo, H.; Ha, S.;
Joseph-McCarthy, D.; Kuchnir, L.; Kuczera, K.; Lau, F. T. K.; Mattos, C.;
Michnick, S.; Ngo, T.; Nguyen, D. T.; Prodhom, B.; Reiher, W. E. III;
Roux, B.; Schlenkrich, M.; Smith, J. C.; Stote, R.; Straub, J.; Watanabe, M.;
Wiorkiewicz-Kuczera, J.; Yin, D.; Karplus, M. All-Atom Empirical
Potential for Molecular Modeling and Dynamics Studies of Proteins.
J. Phys. Chem. B 1998, 102, 3586−3617.
(31) Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual Molecular
Dynamics. J. Mol. Graph. 1996, 14, 33−38.
(32) Vukovic, L.; Kraĺ, P. Coulombically Driven Rolling of Nanorods
on Water. Phys. Rev. Lett. 2009, 103, 246103.

(33) Schneider, T.; Stoll, E. Molecular-Dynamics Study of Three-
Dimensions One-Component Model for Distortive Phase Transitions.
Phys. Rev. B 1978, 17, 1302−1322.
(34) Matsumoto, M.; Kunisawa, T.; Xiao, P. Relaxation of Phonons
in Classical MD Simulation. J. Therm. Sci. Technol. 2008, 3, 159−166.
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