Chapter 13
Water Nanodroplets: Molecular Drag
and Self-assembly

J. Russell, B. Wang, N. Patra, and P. Kral

Abstract Directed transport and self-assembly of nanomaterials can potentially be
facilitated by water nanodroplets, which could carry reactants or serve as a selective
catalyst. We show by molecular dynamics simulations that water nanodroplets
can be transported along and around the surfaces of vibrated carbon nanotubes.
We show a second transport method where ions intercalated in carbon and boron-
nitride nanotubes can be solvated at distance in polarizable nanodroplets adsorbed
on their surfaces. When the ions are driven in the nanotubes by electric fields,
the adsorbed droplets are dragged together with them. Finally, we demonstrate
that water nanodroplets can activate and guide the folding of planar graphene
nanostructures.
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13.1 Introduction

Molecular transport and self-assembly of nanomaterials have important applications
in medicine, nanofluidics, and molecular motors. Nanocarbons, such as carbon
nanotubes (CNTs) and graphene, have many useful properties which make them
attractive supports for directed molecular transport. CNTs [1] 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, nanoparticles [9, 10]
and nanodroplets [11, 12] have been dragged along CNTs by hot phonons in
thermal gradients. Analogously, breathing [13] and torsional [14] coherent phonons
can pump fluids inside CNTs. In this chapter, we explore drag phenomena of
nanodroplets on CNTs by vibrations [15] and by coupling to distantly solvated ions
[16]. We also investigate droplet-driven self-assembly where nanodroplets guide the
folding of planar graphene nanostructures [17].

13.2 Methods

We simulate water nanodroplets on graphene and CNT supports with classical
molecular dynamics simulations, using NAMD [18], with the CHARMM?27 force
field [19], and VMD [20] for visualization and analysis. We estimate parameters
of atoms in aliphatic groups and the graphitic support from similar atom types or
calculate them ab initio [21], and add them to the force field. The nanodroplets
couple to the CNT or graphene support by van der Waals (vdW) forces, described
in CHARMM with the Lennard-Jones potential energy [22]
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Here, &;; = |/€€; is the depth of the potential well, Ry ;j = %(Rmin,,- + Ruin, J-) is
the equilibrium vdW distance, and r;; is the distance between a CNT or graphene
atom and a water atom.

In order to make sure our CNT and graphene models can be quantitatively
matched to experiments, we calculate the flexural rigidity D of our graphene sheets
and compare it with theoretical results [23-25]. We simulate a graphene sheet with
the size of a x b = 3.7 x 4.0 nm2, which is rolled on to a cylinder with the radius of
R = a/2rt; we use the CHARMM27 force field parameters kpong = 322.55 kecal/a?,
kangle = 53.35 kcal/mol-rad? and kgipegral = 3.15 kcal/mol. From the simulations, we
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calculate the energy associated with the cylindrical deformation of the graphene
sheet, to obtain its strain energy density Oj,. This allows us to calculate the flexural
rigidity D, by using the formula o, = %D k%, where kK = 1/R is valid in the linear
elastic regime [26]. The obtained value of D = 0.194 nN nm (27.9 kcal/mol) is in
close agreement with ab initio results, D; = 0.238 nN nm [24], and other model
studies, giving D, = 0.11 nN nm [25] and D3 = 0.225 nN nm [26]. Therefore, our
simulations should be reasonably close to potential experiments.

13.3 Nanodroplet Transport on Vibrated Nanotubes

Materials adsorbed on macroscopic solid-state surfaces can be transported by
surface acoustic waves (SAW) [27]. This method has many practical applications,
such as conveyor belt technologies [28], ultrasonic levitation of fragile materials
[29], slipping of materials on tilted surfaces [30, 31], threading of cables inside
tubes [32], and droplet delivery in microfluidics [33-37].

In this section, we examine the possibility of using SAW at the nanoscale. We
use classical molecular dynamics (MD) simulations to model dragging of water
nanodroplets on the surface of CNTs by coherent acoustic waves. Such coherent
vibrations might be generated by piezo-electric generators [38, 39]. In analogy to
coherent control of molecules by light [40], specialized pulses of coherent phonons
might also be used in precise manipulation of materials.

13.3.1 Model System

Our model systems are formed by nanodroplets consisting of a number, Ny, 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 Fig. 13.1.

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
damping [41] of 0.01 ps~—! 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~! 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 x 15 x 470 nm?).
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Fig. 13.1 Nanodroplets of (a) Ny, = 10,000 and (b) Ny, = 1,000 waters adsorbed on the (10,0)
CNT and dragged by the linearly polarized TA vibrational wave with the amplitude of A = 1.2
(T =300K). (¢) A nanodroplet of Ny, = 1,000 adsorbed on the same CNT is dragged by a circularly
polarized vibrational wave of A = 0.75 nm

13.3.2 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 = Fysin(w?), on the carbon atoms separated 35-40 nm
from the CNT end. This generates a linearly polarized TA vibration wave, A,(t) =
Asin(wt), where @ ~ 208 GHz, k =2n/A ~ 0.157 nm~ !, and A ~ 0.3—2.1 nm for
Fy = 0.6948 —5.558 pN/atom. The TA waves propagate along the nanotube with
the velocity of v, = @/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,
my, velocities.

In Fig. 13.2, we show the (linear) velocities of nanodroplets with N,, = 1,000 and
10,000 water molecules in dependence on the vibrational amplitude, A. The data are
obtained by averaging the droplet motion over trajectories of the length of r = 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 < 1.2nm, 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 vibra-
tional 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, Pirive, 18 equal to the friction force, Priction, between the droplet and
the CNT [22] (linear motion—yvectors omitted),
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Fig. 13.2 The drag velocity of nanodroplets with Ny, = 1,000 and 10,000 waters in dependence
on the amplitude, A, of the linearly polarized wave, with the frequency of @ = 208 GHz. (inset)
The adsorbed nanodroplets viewed in the CNT axis

Parive = /PF(’”)gj:drdP

= /P <(?9f> d"dP = Pfricti0n~ (13.2)
! coll

Here, f(r, p) is the position and momentum distribution function of the waters in the
nanodroplet (normalized to Ny) and F(r) is the force acting on each of the waters
at r. The collision term (%)coll describes scattering of waters with each other and
the CNT, where the last option causes the droplet to relax its momentum [42]. In the
approximation of the momentum relaxation time [43], 7,, the damping term can be
described as,

/7 @J;) 2rer= [ Pdrap = e, (13.3)

T, T,

where Pyoplet 18 the steady-state average momentum of the nanodroplet [6, 7].
As the acoustic wave propagates along the CNT, it carries the momentum
density [44],

g(t,x) = L wkA*[1 +cos(2kx —2 w1)], (13.4)
where p 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 Fig. 13.1), we obtain
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P, droplet

. 1
Parive = 5 07 A = ., (13.5)
Equation 13.5 shows that the droplet velocity scales as
P AT,
p, = —droplet & Tp (13.6)

m m

Moreover, the momentum relaxation time, 7, ~ 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 (13.6). The quadratic dependence of the droplet
velocities on the driving amplitude, A, shown in Fig. 13.2, also roughly agrees
with (13.6).

13.3.3 Nanodroplet Transport by Circularly Polarized Waves

Next, we simulate transport of nanodroplets with Ny, = 1,000 and 2,000 waters,
adsorbed on the (10,0) CNT, by circularly polarized TA waves. Application of
the force of F(r) = (Fy,F,) = Fy (sin(wr),cos(wt)), Fo = 0.4864 —2.084 pn/atom,
on the same C atoms as before generates a circularly polarized wave, A(r) =
(Ay,Ay) = A(sin(wt),cos(wt)), where A ~ 0.21 —0.75nm, o ~ 208 GHz, and
k ~ 0.157nm~". 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 Fig. 13.3, we plot the translational, v, and the angular, wqy, velocities of
the nanodroplets in dependence on the wave amplitude, A. For Ny, = 1,000, aqg
rapidly grows with A till @y max = 50.5rad/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 (13.2)—-(13.6). 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, Lg;ive, acting on the droplet is equal to its friction
counterpart, Liicion, acting between the droplet and the CNT [45]. Assuming that
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Fig. 13.3 The average translational v and angular @y velocities of water nanodroplets with N,, =
1,000 and 2,000, in dependence on the wave amplitude, A, when driven by circularly polarized
waves

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

. Laropl o
Lasive = f(11, 0,A) = %Lpet - T—Ld =C, (13.7)

where f(u,®,A) is the angular momentum density (size) of the circularly polarized
wave, [ is the droplet moment of inertia with respect to the (equilibrium) CNT axis,
and 7y 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
isI=3",my rl-2 < Ny, where my, is the mass of a water molecule, and r; is the
distance of each water molecule from the (equilibrium) CNT axis. Using this  in
(13.7), we find that @g = N, !, in rough agreement with Fig. 13.3.

In order to better understand the droplet-CNT dynamics, we present in Fig. 13.4
the time-dependent motion of the nanodroplet with N,, = 1,000 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. We describe the
droplet rotation around the actual position of the CNT by the angle 6 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 6 for different amplitudes A is
in Fig. 13.4 (top), the accompanied translation of the droplet along the CNT is in
Fig. 13.4 (middle), and the radial distance of the droplet from the CNT axis is in
Fig. 13.4 (bottom).

The droplet motion on the circularly polarized waves resembles surfing, 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
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Fig. 13.4 Time-dependent angle of rotation (fop), position (middle), and height (bottom) of the
Ny = 1,000 droplet center of mass above the local CNT center of mass as the CNT is driven by
circularly polarized waves of @ = 208 GHZ at amplitudes ranging from A = 0.21 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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droplet on the CNT are very small, as shown in Fig. 13.4 (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 (r ~ 125 and 700 ps) starts to progress
forward quickly. The same is seen even better at the larger amplitudes, A = 0.54
and A = 0.75nm, 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.

13.3.4 Summary of Vibration-Driven Transport Simulations

We have demonstrated that TA vibrational waves on CNTs can drag nanodroplets
adsorbed on their surfaces. The droplets perform translational and rotational
motions, in dependence on the wave amplitude, polarization, and the droplet
size. This material dragging, which complements other transport methods at the
nanoscale, could be applied also on planar surfaces, such as graphene. It has
potential applications in molecular delivery [46], fabrications of nanostructures
[47,48], and nanofluidics [49].

13.4 Dragging of Polarizable Nanodroplets by Distantly
Solvated Ions

Recent studies have demonstrated efficient dragging of molecules adsorbed on
CNTs by their Coulombic scattering with electrons passing through the nanotubes
[3-5]. Detection of molecular flows around CNTs by related means has also been
proposed [50], tested [51-53], and applied in nanofluidic devices [54,55]. Itis of a
fundamental and practical interest to design techniques that could also manipulate
large molecules and molecular assemblies [56,57].

13.4.1 Ion Charge Screening in Nanotubes

To follow this goal, we investigate if ions intercalated inside carbon or boron-nitride
nanotubes (BNT) can be “solvated at distance” in polarizable molecular assemblies
adsorbed on their surfaces [58]. In highly polar solvents, such as water, the strength
and long-range order of the charge-dipole Coulombic coupling is significant even if
the ion and the solvent are separated by nanometer distances. If this space is filled
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Fig. 13.5 Nanodroplet with Ny, = 400 water molecules dragged on the surface of unpolarized
(10,0) CNT by a single intercalated Na™ cation. The ion is driven by the electric field of & =
0.1 V/nm applied along the tube z axis

by a dielectric material with a relatively small dielectric constant, such as the wall
of a nanotube with a large band gap, the coupling should be preserved at room
temperatures. Therefore, polarizable nanodroplets on the nanotube surfaces might
get locked to the intercalated ions and dragged by them.

We first calculate ab initio the electrostatic potential ¢ generated above a (4,3)
CNT (band gap of 1.28 eV) [59] by a Li* ion located in its center and ¢ generated
above a (5,5) BNT (band gap of 5.5eV) [60] by a Na™ ion. In the calculations,
the 5 nm long tubes are kept neutral and frozen, since their structure is rather rigid.
The potentials ¢ are obtained from NBO atomic charges, using the B3LYP density
functional and the 3-21g basis set in Gaussian03 [21]. The potential ¢ of Li™ is
decreased by ~25% due to screening, while that of Na™ is decreased by ~10%.
The same results are obtained in the presence of the electric field of & = 0.1 V/nm
applied along the tube axis. When the ions are shifted along the axis by a small
distance d, the total energy of both systems changes by ~ & d, as if the nanotubes
are absent. These results show that the screening of the ionic field is small in selected
CNTs and BNTs, where the ion can be also driven by electric fields. With this in
mind, we model for simplicity the ion-droplet dynamics in some typical nanotubes
and consider them to be non-polarizable.

13.4.2 Model System

In Fig. 13.5, we display a Na™ ion intercalated inside an unpolarized (10,0) CNT that
is distantly solvated in N,, = 400 water molecules adsorbed on the CNT surface. The
system is relaxed in the box of ~ 1000 nm?, fitting the coexistence of gas and liquid
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Fig. 13.6 Binding energy Ej, between the Na™ and CI~ ions and water nanodroplets containing
about Ny, molecules (molecules that left to the gas phase are neglected). (inset) Snapshots of the
electrostatic potential ¢, along the axis of the nanotube with the intercalated Na* ion

phases at the temperature of 7 = 300 K. The water droplet is spontaneously formed
on the CNT even in the absence of the ion, similarly like on other fibers [61].

We model this hybrid system by molecular dynamics with the NAMD software
package implementing the CHARMM?27 force field as previously described. In
this system we model electrostatics with the particle-mesh Ewald method [62].
We simulate the system with periodic boundary conditions in an NVT ensemble.
The time step is 1fs, and a small Langevin damping coefficient of 0.01ps~! is
chosen to minimize the unphysical loss of momenta to the reservoirs [6]. The tube
is aligned along the z axis, it is blocked from shifting and left free to vibrate.

13.4.3 Ion-Water Nanodroplet Coupling

We start by exploring the strength of the ion coupling to the distant solvent,
characterized by the ion-droplet binding energy Ep. In Fig.13.6, we show the
obtained Ey that is averaged over 10,000 frames, separated by 500 fs intervals.
For nanodroplets with Ny, = 100—800 waters, the binding energies E}, of the Na*t
and Cl™ ions saturate to values that are several times smaller than their solvation
energies in bulk water, Eg,y = 7.92 and 6.91 eV [58], respectively. For nanodroplets
with Ny, < 100, the binding energies are smaller, and at Ny, ~ 5—15 they become
comparable to k7.

We can also estimate the coupling energy Ey, analytically by assuming that the ion
is located at a distance of d ~ 0.35 nm %bove a flat surface of water with the dielectric
constant & ~ 80. This gives Ey ~ — 15 (g:jr}) ~ —1 eV, in a good agreement with
Fig. 13.6. The fact that in the simulations the Na™ ion binds twice as strongly to the
nanodroplet than the CI™ ion is caused by the character of the water polarization:
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Fig. 13.7 Dependence of the nanodroplet velocity on the number of molecules Ny,. Dragging
of the droplet in the presence of Octane molecules is considered as well. (right inset) Visualization
of the nanodroplet with Ny, = 50 in N, = 200 oil molecules. (left inset) Temperature dependence of
the droplet speed for Ny, = 400

the Na™ ion attracts from each water the O atom that is twice more charged than
the H atoms, while CI™ attracts just one of these two H atoms. The large difference
between E}, and the bulk solvation energies is caused by the fact that ions solvated
in bulk water are surrounded by two to three times more water molecules that are
about twice closer to them. These binding energies are proportionally decreased if
the nanotube polarization is included, as discussed above.

In the inset of Fig.13.6, we also show two snapshots of the 1D electrostatic
potential generated by the water droplet (Vy, = 400) along the axis of the nanotube
with the intercalated Na™ ion. The 1eV deep well with a potential gradient of 0.5—
1 V/nm should be large enough to block the moving ion from leaving the droplet
even in the presence of electric fields of & ~ 0.1—0.2 V/nm.

13.4.4 Nanodroplet Dragging with an Ion in an Electric Field

We continue our study by dragging the droplets with the ions in the presence of
electric fields aligned along the nanotubes (see the movie [63]). The field acts on
the whole system, except on the nanotube that is treated as non-polarizable. In
Fig. 13.7 (left axis), we show the velocity, vy, of droplets with Ny, water molecules.
The data are calculated from 50 ns simulations (= 50 rounds along the CNT) at
&p = 0.1 V/nm and T = 300 K. This statistical averaging is fully sufficient for the
presentation of the results [6]. The obtained velocity vy, is proportional to the electric
field and it strongly depends on the droplet size. It has practically the same value if
the Na* or C1~ ions are used for the dragging. In order to test the scalability of this
dragging phenomenon, we also model a droplet with Ny, = 10,000, located between
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two parallel (10,0) CNTs separated by a 5nm distance. If one Na™ ion is placed in
each nanotube, and both ions are driven by the field of &y = 0.1 V/nm, the droplet
moves together with the ion pair at a high speed of vy, = 6.6 nm/ns, due to a small
contact with the CNTs.

The character of the nanodroplet motion on the nanotubes might be closer to
sliding [64] than rolling [65], due to partial wetting of the CNT surface with
a large van der Waals binding. In macroscopic systems, the droplet velocity for
both mechanisms of motion is controlled by the momentum/energy dissipation of
water layers sliding inside the droplet [64]. Both mechanisms give the qualitative
dependence of the droplet velocity v «< ¢& /(rn), where the droplet radius is

Foc N\I,V/3 and the water viscosity is 1 < 1 /T [66]. The results in Fig. 13.6 roughly
confirm this dependence even for the motion of nanoscale droplets, but the driving

speed scales more steeply with the number of water molecules, v < 1/ N?N/ ? In the
inset, we also show for Ny, = 400 that the temperature dependence is almost linear,
vec T, as expected. To clarify more the character of motion, we test dragging of a
nanodroplet by a Na™ ion that is directly solvated in it. The obtained speed of the
droplet is about 20% larger than when the ion is inside the tube. This is most likely
caused by higher the tendency of the droplet to roll, since the dragging force acts in
its center rather than on its periphery at the nanotube surface.

The character of the nanodroplet motion could be dramatically altered, if a
monolayer of oil is adsorbed on the nanotube surface. In Fig. 13.7 (right axis),
we show that the presence of N, octane molecules decreases the droplet speed vy,
by an order of magnitude, due to friction between water and oil. Smaller droplets,
Ny < 100, are attached to the ion by a narrow “neck” passing through the oil layer
(see inset in Fig. 13.7). Larger droplets, 100 < N,, < 200, are more or less spherical,
significantly submerged inside the oil, and they share a very small surface area with
the CNT. In analogy to a water droplet inside a bulk oil, their driving could be
described by the Stokes law that is largely valid at the nanoscale [67, 68]. Here,
it gives F = —6r1 vyo, Where F = e &y = 16 pN is the drag force acting on the
droplet, r is the droplet radius, and 1 ~ 0.54 mPas is the viscosity of octane at
T = 300K. For Ny, = 100, we find r =~ 3.5 A, so Vwo = 4.5 m/s. This value is three
to four times smaller than that obtained from the simulations, due to the incomplete
coverage of the nanodroplet by oil.

If the nanotube is fully submerged in water instead of oil, then, on the contrary,
the dynamics of the field-driven ion becomes very different [69]. We simulate this
situation in a (10,0) CNT, placed in the periodic water box of 3 x 3 x 6.8 nm3, and
present in Table 13.1 the results obtained for the driving field of & = 0.1 V/nm. The
velocities of the ions are four to five times larger than those of the ions dragging the
water droplet. This is because water molecules around the submerged nanotube just
rearrange fast locally when they react to the field-driven ion. At higher temperatures,
the ions move faster, since their binding to the water molecules is less stable [70].
The velocities of the Cl1~ ion are smaller than those of the Nat ion, because Cl~
easily attracts the light H atoms that are not bound (frustrated) in water molecules
at the nanotube surface.
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Table 13.1 Velocities of ions

inside the (10,0) SWNT Ion (K) 240 270 300
submerged in water and at Na® (m/s) 4647 6225 7337
& =0.1V/nm Cl™ (m/s) 284.5 401.6 547.9

Fig. 13.8 The trajectory of the Na® ion that is recaught by a water nanodroplet with Ny, = 20.
The axial position and the time of the ion motion are shown on the horizontal and vertical axis,
respectively. The electric field generated by the water molecules along the CNT axis is plotted by
contours

We also discuss the dynamical stability of the coupled ion-droplet pair. In larger
electric fields or when the nanodroplet is small, the ion might get released, and,
in the model with periodic boundary conditions, it might get later recaught by the
nanodroplet. In Fig. 13.8, we plot for & = 0.02 V/nm the trajectory of the ion that
left the droplet of Ny, = 20 and was recaught in the next run around it. The ion’s
trajectory is shown by the dark line, and the time-frame separation on the vertical
axis is 100 fs. The electric field along the CNT axis created by the ion-polarized
droplet is plotted by contours. The positive/negative regions that lock the ion are
obtained from the derivative taken at the sides of the potential well (see inset of
Fig. 13.6).

The ion released from the droplet goes once around the tube and reapproaches
the droplet with the velocity of vip; = 1,400 m/s (bottom). After it gets closer to the
droplet, the water molecules become fast polarized (inset at z = —1.3nm, ¢ = 7 ps).
The ion first passes around the droplet, just to be attracted back by several chained
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molecules protruding from the droplet (z = 1.7nm, ¢t = 10.0ps). This is possible,
since a chain of five hydrogen-bonded and aligned water molecules generate at the
distance of 1 nm the field of ~ 0.17 V/nm, which is opposite to and almost an order
of magnitude larger than the external field. The deceleration of the ion by this large
induced field causes the coupled system to gain high Coulombic potential energy.
Thus the ion position oscillates three to four times, before it is fully seized back by
the droplet (z =2nm, t = 18 ps). The two start to move together at a much smaller
velocity veng = 130 m/s, while the waters are already interconnected. If the droplet
does not catch the ion within several of its runs around the periodic system, the ion
might heat and temporally evaporate the droplet. The transient oscillations observed
in this ion catching closely resemble quasi-particle formation in condensed matter
systems [71].

13.4.5 Summary of Nanodroplet Dragging by Distantly
Solvated Ions

The Coulombic dragging of molecules on the surfaces of nanotubes by ions and
ionic solutions flowing through them complements the passive transport of gases
[72, 73] and liquids [74-77] through CNTs. These phenomena might be used
in molecular delivery, separation, desalination, and manipulation of nanoparticles
at the nanoscale. When integrated into modern lab-on-a-chip techniques, the
methodology could lead to a number of important nanofluidic applications [46].

13.5 Nanodroplet Activated and Guided Folding
of Graphene Nanostructures

Recently, graphene monolayers have been prepared and intensively studied [78-81].
Graphene nanoribbons have also been synthesized [82—-84], and etched by using
lithography [85, 86] and catalytic [87, 88] methods. Graphene flakes with strong
interlayer vdW binding can self-assemble into larger structures [§9-91]. Individual
flakes with high elasticity [92-94] could also fold into a variety of 3D structures,
such as carbon nanoscrolls [95,96]. These nanoscrolls could be even prepared from
single graphene sheets, when assisted by certain gases or alcohols [97,98]. In order
to reproducibly prepare such stable or metastable structures of different complexity,
(1) the potential barriers associated with graphene deformation need to be overcome,
(2) the folding processes should be guided, and (3) the final structures need to be
well coordinated and stabilized by vdW or other coupling mechanisms.



316 J. Russell et al.

Fig. 13.9 Side view on two water nanodroplets, each with N,, = 1300 molecules, adsorbed on the
opposite sides of a graphene sheet. The nanodroplets create two shallow holes in the graphene.
Eventually, the nanodroplets become adjacent but stay highly mobile. Their dynamical coupling is
realized by the minimization of the graphene bending energy associated with the two holes

13.5.1 Nanodroplet Coupling to Graphene

Carbon nanotubes can serve as a railroad for small water droplets [16]. CNTs
submerged in water can assemble into micro-rings around bubbles formed by
ultrasonic waves [99]. Similar assembly effects might work in 2D graphene-based
systems. For example, liquid droplets can induce wrinkles on thin polymer films by
strong capillary forces [100]. Droplets can also guide folding of 3D microstructures
from polymer (PDMS) sheets [101]. The question is if nanodroplets (ND) can
activate and guide folding of graphene flakes of complex shapes, analogously like
chaperones fold proteins [102].

To answer this question, we study first the interaction of a water nanodroplet,
of Ny, = 1,300 waters, with a graphene sheet, of the size of 15 x 12 nm?. It turns
out that the nanodroplet, equilibrated at T = 300 K, induces a shallow hole in the
graphene sheet, with the curvature radius of R ~ 5nm.! The hole formation is driven
by vdW coupling, which tends to minimize the surface of the naked droplet but
maximize the surface of the graphene-dressed droplet. As shown in Fig. 13.9, two
such droplets adsorbed on the opposite sides of the graphene sheet couple to save
on the hole formation energy. The two droplets stay together during a correlated
diffusion motion on the graphene surface.

'In the MD simulations, we apply the Langevin dynamics with 0.01 ps~' damping coefficient,
to minimize the unphysical loss of momentum [16], and the time step is 1 fs. The systems are
simulated as NVT ensembles inside periodic cells of the following sizes: Fig. 13.9 (55 x 35 x
35nm?), Fig. 13.10 (up) (30 x 35 x 35nm?), Fig. 13.10 (bottom) (30 x 35 x 35nm?), Fig. 13.11
(15 x 85 x 25nm?), Fig. 13.12 (20 x 120 x 20nm?), and Fig.13.14 (20 x 75 x 20nm?). The
graphene—water (or graphene—graphene) binding energies are calculated as the difference of the
total vdW energy of the system, when the system components are at the normal binding distance,
and when they are separated by 5nm. Averaging of the energies is done over 100 consecutive
frames of the simulation trajectory, with a 1 ps time interval.
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Fig. 13.10 (a)-(d) Water nanodroplet activated and guided folding of two graphene flakes
connected by a narrow bridge. The nanodroplet is squeezed away when the system is heated to
T = 400 K. (e)—(h) Nanodroplet assisted folding of a star-shaped graphene flake, resembling the
action of a “meat-eating flower”

13.5.2 Folding of Flakes

Intrigued by the action of NDs on graphene, we test if they can activate and guide
folding of graphene flakes of various shapes. As shown in Fig. 13.10a, we first
design a graphene nanoribbon, where two rectangular 3 x 5 nm? flakes are connected
by a narrow stripe of 2.5 x 0.73 nm?. In the simulations, we fix a few stripes of
benzene rings on the right flake, which could be realized if the graphene is partly
fixed at some substrate, and position a water nanodroplet (N, = 1,300) above the
center of the two flakes (T = 300 K). Figure 13.10b after ¢ ~ 250 ps, both flakes
bind with the droplet and bend the connecting bridge to form a metastable sandwich
structure. Figure 13.10c when the temperature is raised to 7 = 400 K, the droplet
becomes more mobile and fluctuating. Within ¢ ~ 50 ps, the two flakes start to bind
each other, and the water droplet is squeezed away. Figure 13.10d after another
t = 60 ps, the flakes join each other into a double layer, and the droplet stays on
the top of one flake. When a smaller water droplet with N, = 800 is placed on the
nanoribbon, it induces its folding in a similar way and becomes squeezed out even
faster in Fig. 13.10c, d.
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Similarly, we study the folding of a star-shaped graphene nanoribbon with four
blades connected to a central flake, as shown in Fig. 13.10e—f. At T = 300K, a water
droplet (N, = 1,300) is initially positioned at the height of 4 ~ 0.5 nm above the
central flake. Figure 13.10g the droplet binds by vdW coupling with the central flake
and induces bending of the four blades. Figure 13.10h after 7 ~ 1 ns, the four blades
fold into a closed structure, with waters filling its interior. This effect resembles the
action of a “meat-eating flower” [103], where the graphene capsule can store and
protect the liquid content in various environments. Notice that slight asymmetry of
the flake does not change the character of the assembly process. In real systems,
other molecules might also be adsorbed on the graphene flakes. Although these
molecules are not considered here, they might coalesce with the water droplets and
modify their properties in the assembly process. Experimentally, the droplets could
be deposited by Dip-Pen nanolithography [104] or AFM [105]. This deposition can
also cause side effects not considered here, such as passage additional momentum
to the folding sheet.

Folding of the two flakes into the sandwich, shown in Fig. 13.10a, b, is driven by
the decrease of the water—graphene binding energy, E;_w = —0y_wAg_. Here, we
estimate the density of the binding energy from our MD simulations (see Footnote 1)
to be 0y =~ 20.8 kcal/(mol nm?). The water—graphene binding area of the narrow
stripe (initial area) and the two flakes (final area) are Ag‘iw =2.5x%0.7=1.75nm?
and Ag“f‘w =3 x5 x (2) = 30nm?, respectively. The elastic bending energy of the

connecting stripe is Eely = OclaAcla, Where Agpy ~ Aigniw is the bending area, and
Ocla = %DKZ is calculated for D = 27.9kcal/mol and k = 1/Rg, where R, is the
graphene ribbon radius. In this case, Ry ~ 1 nm, S0 Gy > Ocla &~ 14 kcal/(mol nm?).
This, together with Ay v =~ Acly, valid at the beginning of the folding process,
means that Eg_ + E¢j, < 0. During the folding process, the sandwich configuration
becomes further stabilized, since E, v decreases by an order of magnitude, due to
Ag w = AP,

The final squeezing of the nanodroplet out of the sandwich, shown
in Fig.13.10c, d, means that graphene—graphene vdW binding is preferable to

graphene—water vdW binding, for the force field parameters used in CHARMM?27.

13.5.3 Folding of Ribbons

We now test if NDs can induce folding of graphene nanoribbons. As shown in
Fig. 13.11a, we use a 30 x 2nm? graphene nanoribbon, with one end fixed. At T =
300K, a ND with Ny, = 1,300 waters is positioned above the free end of the ribbon.
Figure 13.11b the free end starts to fold fast around the droplet. Figure 13.11c after
t = 0.6 ns, the free end folds into a knot structure, touches the ribbon surface and
starts to slide fast on it, due to strong vdW binding. Figure 13.11d while the knot is
sliding on the ribbon, the droplet is deformed into a droplet-like shape that slips and
rolls inside the knot [16]. After sliding over [ = 20 nm, the water filled knot gains
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Fig. 13.11 Folding and sliding of a graphene ribbon with the size of 30 x 2 nm, which is activated
and guided by a nanodroplet with Ny, = 1,300 waters and the radius of R4 ~ 2.1 nm. (a)—(c) The
free ribbon end folds around the droplet into a knot structure that slides on the ribbon surface (d)
and (e)

Fig. 13.12 Folding and rolling of a graphene ribbon with the size of 90 x 2 nm, which is activated
and guided by a nanodroplet with Ny, = 10,000 waters and the radius of Rq ~ 4.2 nm. (a) and (b)
The ribbon tip folds around the water droplet into a wrapped cylinder, and (c)—(e) the wrapped
cylinder is induced to roll on the ribbon surface (c)—(e)

the velocity of vy, &~ 100 m/s. This velocity is controlled by the rate of releasing
potential energy, due to binding but reduced by bending, into the kinetic degrees
of freedom, damped by friction. Figure 13.11d the sliding ribbon reaches the fixed
end and overstretches into the space, due to its large momentum. Figure 13.11e it
oscillates back and forth two to three times before the translational kinetic energy is
dissipated.

The existence of CNTs raises the question if we could also “roll” graphene
ribbons. This might happen when the droplet is larger and thus when it controls
more the ribbon dynamics. In Fig. 13.12a, we simulate the folding of a 90 x 2 nm?
graphene ribbon (one end is fixed) at 7 = 300 K, when a droplet of Ny, = 10,000 is
initially positioned above the tip of the ribbon. Figure 13.12b, ¢ as before, within
t = 2ps, the ribbon tip folds around the spherical droplet into a closed circular
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cylinder. Figure 13.12d this time, the approaching free end touches the surface at
a larger angle and forms a cylinder around the droplet that starts to roll fast on
the ribbon surface, like a contracting tongue of a chameleon. After rolling over
| = 60 nm, the translational and rolling velocities are v, =~ 50 m/s and @, ~ 12 rad/ns,
respectively. Figure 13.12e the cylinder rolls until the fixed end of the ribbon,
where the rolling kinetic energy is eventually dissipated. The folded ribbon forms a
multilayered ring structure, similar to multiwall nanotube, which is filled by water.

Let us analyze the conditions under which a graphene ribbon folds. Analogously
to the folding of flakes, shown in Fig. 13.10, the folding of ribbon is driven by the
competition between the graphene—water binding energy, Eg_w = —0y_wAg_w, and
the graphene bending energy, Eey = Oela Aela- From the energy condition, Eg_y, +
E.1a < 0, we obtain

Ag—w Ocla
A > — (13.8)
In Fig.13.11, the water droplet has the radius Ry ~ 2.1 nm. Assuming that Ry ~
R4, we obtain from the above formula for o, that 6, = 3.2kcal/ (mol nm?) and
Ocla/ Og—w ~ 0.15. Since, Ag_y/Acla = 1, we see that this case easily fulfills the
condition in (13.8). The graphene ribbon slides on itself, and this situation can be
called the “sliding phase”.

The ratio Ag_y /Acla and indirectly also o1, depend on the ratio of the ribbon
width w to the droplet radius Ry, which thus controls the character of the folding
process. When w < 2Ry, the droplet can bind, in principle, on the whole width of
the ribbon, so Ag_w = Ala. For even larger droplets, we eventually get w < 0.5Rqy,
where our simulations show that the ribbon binds fully to the droplet surface. In
this limit, we observe that after folding once around the droplet circumference the
ribbon approaches itself practically at the wetting angle, and gains the dynamics
characteristic for the “rolling phase”, shown in Fig. 13.12.

When w > 2 Ry, it becomes very difficult for the small droplet to induce folding
of the wide ribbon. Then, the droplet binds to the ribbon at an approximately circular
area, with a radius ~ Ry, because the water contact angle on graphene is about 90°
and the droplet has almost the shape of a half-sphere [106]. If we assume that R, ~
R4, wehave Ay = nRﬁ and Ay, = 2Rgw. From (13.8) and o), = %D K2 = %D é,
we then obtain the condition for the ribbon folding ’

R} > (13.9)

T Og—w

On the other hand, this means that the ribbon does not fold when w > C RS (Cc=
noy_w/D~4 nm~2), and this situation can be called the “nonfolding phase”.



13 Water Nanodroplets: Molecular Drag and Self-assembly 321

18 - . .

I/
T i ! b
|4_— ; \_._.

w [nm]

2F . S S Y
L o-—-—'_'_'/. = v
ol 0 o L ST T BT |

M 1 "
15 20 25 30 35 40 45 50 55
Ry [nm]

Fig. 13.13 The phase diagram of a nanodroplet and graphene nanoribbon with different folding
dynamics. We display the nonfolding, sliding, rolling, and zipping phases

13.5.4 Nanodroplet-Graphene Phase Diagram

In Fig. 13.13, we summarize the results of our simulations in a phase diagram.
We display four “phases” characterizing the ribbon dynamics, separated by
phase boundary lines. They are called nonfolding, sliding, rolling, and zipping,
where the first three were described and briefly analyzed above. The nonfolding
phase, where the ribbon end does not fold around the droplet, is characterized by
the cubic boundary derived above and shown in Fig. 13.13 (left). In the simulations,
we obtain the value C = 2.8 nm 2, in close agreement with the above prediction.
The nonfolding phase is adjacent with the sliding phase, which is separated from
the rolling phase by the boundary line w &~ J Ry.

When the graphene ribbon becomes several times wider than the droplet diam-
eter, it may fold around it in the orthogonal direction. Then, the folding dynamics
of the graphene ribbon has a character of zipping. This situation corresponds to the
“zipping phase”, shown in the right top corner of the phase diagram in Fig. 13.13 and
explained in detail in Fig. 13.14. Figure 13.14a we place a droplet of Ny, = 17,000 at
the free end of the ribbon of the size of 60 x 16 nm?. Figure 13.14b the ribbon folds
from the two sides of the droplet within ¢ ~ 250 ps. Figure 13.14c at t =~ 450 ps,
the ribbon starts to “zip,” where its two sides touch each other. Figure 13.14d the
zipping process continues, and the droplet is transported along the ribbon. After
zipping over [ ~ 40 nm, the droplet gains a translational velocity of v, ~ 63 m/s.
In the zipped region, a chain of water molecules resides inside the turning line
of the zipped ribbon. This region can be used like an artificial channel, similarly
like CNTs.
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Fig. 13.14 Folding and zipping of a graphene ribbon with the size of 60 x 16 nm, which is
activated and guided by a nanodroplet with N,, = 17,000 waters and the radius of Ry ~ 5nm.
(a) and (b) The ribbon end folds around the droplet. (¢) and (d) The zipping propagates along the
ribbon until the fixed end, while water channel is formed in the graphene sleeve

13.6 Conclusions

In summary, we have demonstrated that water nanodroplets can activate and guide
folding of graphene nanostructures. The folding can be realized by different types of
motions, such as bending, sliding, rolling, or zipping that lead to stable or metastable
structures, such as sandwiches, capsules, knots, and rings. These structures can be
the building blocks of functional nanodevices, with unique mechanical, electrical, or
optical properties [47]. We have also shown how water nanodroplets could be used
to carry materials on graphitic nanocarbon supports. We explored drag phenomena
of nanodroplets on CNTs by vibrations and by coupling to distantly solvated ions.
These studies can lead to future applications in molecular delivery, fabrications of
nanostructures, and nanofluidics.
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