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ABSTRACT

We demonstrate by molecular dynamics simulations that water nanodroplets can activate and guide the folding of planar graphene nanostructures.
Once the nanodroplets are deposited at selected spots on the planar nanostructure, they can act as catalytic elements that initiate conformational
changes and help to overcome deformation barriers associated with them. Nanodroplets can induce rapid bending, folding, sliding, rolling,
and zipping of the planar nanostructures, which can lead to the assembly of nanoscale sandwiches, capsules, knots, and rings.

The essence of “bottom-up” material preparation techniques
is to guide the self-assembly of material units toward the
final structures.1,2 Although they can be far less energy and
material demanding than the popular “top-down” techniques,
their use is mostly limited to biomineralization and other
biologically guided processes.3 In order to overcome the lack
of guidance at the nanoscale, we might receive help from
biological systems, as recently shown by Belcher on the
preparation of battery electrodes by viruses.4 Alternatively,
we need to learn how to precisely control the competition
of van der Waals (vdW), Coulombic, entropic, and other
forces,5 in order to tailor precisely ordered structures. Once
mastered, the guided assembly processes should allow
reproducible preparation of complex structures, such as
nanoparticles6-9 and nanorod10,11 superlattices.

Recently, graphene monolayers have been prepared and
intensively studied.12-15 Graphene nanoribbons have also
been synthesized,16-18 and etched by using lithography19,20

and catalytic21,22 methods. Graphene flakes with strong
interlayer vdW binding can self-assemble into larger struc-
tures.23-25 Individual flakes with high elasticity26-28 could
also fold into a variety of 3D structures, such as carbon
nanoscrolls.29,30 These nanoscrolls could be even prepared
from single graphene sheets, when assisted by certain gases
or alcohols.31,32 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.

Carbon nanotubes (CNTs) can serve as a railroad for small
water droplets.33 CNTs submerged in water can assemble
into microrings around bubbles formed by ultrasonic waves.34

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.35 Droplets
can also guide folding of 3D microstructures from polymer
(PDMS) sheets.36 The question is if nanodroplets (NDs) can
actiVate and guide folding of graphene flakes of complex
shapes, analogously like chaperones fold proteins.37 To
answer this question, we study first the interaction of a water
nanodroplet, of Nw ) 1300 waters, with a graphene sheet,
of the size of 15 × 12 nm2. We model this system by
molecular dynamics (MD) simulations with the NAMD
package with CHARMM27 force field.38-40 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 ≈
5 nm. 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 Figure 1, two such droplets adsorbed on the
opposite sides of the graphene sheet couple to save on the* Corresponding author, pkral@uic.edu.

Figure 1. Side view on two water nanodroplets, each with Nw )
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.
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hole formation energy. The two droplets stay together during
a correlated diffusion motion on the graphene surface.

Folding of Flakes. Intrigued by the action of NDs on
graphene, we test to see if they can activate and guide folding
of graphene flakes of various shapes. As shown in Figure
2a, we first design a graphene nanoribbon, where two
rectangular 3 × 5 nm2 flakes are connected by a narrow stripe
of 2.5 × 0.73 nm2. 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 (Nw ) 1300) above the center of the
two flakes (T ) 300 K). (b) After t ≈ 250 ps, both flakes
bind with the droplet and bend the connecting bridge to form
a metastable sandwich structure. (c) When the temperature
is raised to T ) 400 K, the droplet becomes more mobile
and fluctuating. Within t ≈ 50 ps, the two flakes start to
bind each other, and the water droplet is squeezed away. (d)
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 Nw ) 800 is placed on
the nanoribbon, it induces its folding in a similar way and
becomes squeezed out even faster (panels c and d).

Similarly, we study the folding of a star-shaped graphene
nanoribbon with four blades connected to a central flake, as
shown in Figure 2e,f. At T ) 300 K, a water droplet (Nw )
1300) is initially positioned at the height of h ≈ 0.5 nm above
the central flake. (g) The droplet binds by vdW coupling
with the central flake and induces bending of the four blades.
(h) After t ≈ 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”,41 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

Figure 2. (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”(see movie in Supporting Information).
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be deposited by Dip-Pen nanolithography42 or atomic force
microscopy.43 This deposition can also cause side effects not
considered here, such as passage additional momentum to
the folding sheet.

In order to make sure that these results can be quantita-
tively matched to experiments, we calculate the flexural
rigidity D of our graphene sheets and compare it with
theoretical results.44-46 We simulate a graphene sheet with
the size of a × b ) 3.7 × 4.0 nm2, which is rolled on to a
cylinder with the radius of R ) a/2π; we use the CHARMM27
force field parameters kbond ) 322.55 kcal/mol/Å2, kangle )
53.35 kcal/(mol rad2) and kdihedral ) 3.15 kcal/mol. From the
simulations, we calculate the energy associated with the
cylindrical deformation of the graphene sheet, to obtain its
strain energy density σela. This allows us to calculate the
flexural rigidity D, by using the formula σela ) (1/2)Dκ2,
where κ ) 1/R is valid in the linear elastic regime.47 The
obtained value of D ) 0.194 nN nm (27.9 kcal/mol) is in
close agreement with ab initio results, D1 ) 0.238 nN nm,45

and other model studies, giving D2 ) 0.11 nN nm46 and D3

) 0.225 nN nm.47 Therefore, our simulations should be
reasonably close to potential experiments.

Folding of the two flakes into the sandwich, shown in
Figure 2a,b, is driven by the decrease of the water-graphene
binding energy, Eg-w ) -σg-wAg-w. Here, we estimate the
density of the binding energy from our MD simulations40 to
be σg-w ≈ 20.8 kcal/(mol nm2). The water-graphene binding
area of the narrow stripe (initial area) and the two flakes
(final area) are Ag-w

ini ) 2.5 × 0.7 ) 1.75 nm2 and Ag-w
end ) 3

× 5 × (2) ) 30 nm2, respectively. The elastic bending energy
of the connecting stripe is Eela ) σelaAela, where Aela ≈ Ag-w

ini

is the bending area, and σela ) (1/2)Dκ2 is calculated for D
) 27.9 kcal/mol and κ ) 1/Rg, where Rg is the graphene
ribbon radius. In this case, Rg ≈ 1 nm, so σg-w > σela ≈ 14
kcal/(mol nm2). This, together with Ag-w ≈ Aela, valid at the
beginning of the folding process, means that Eg-w + Eela <
0. During the folding process, the sandwich configuration
becomes further stabilized, since Eg-w decreases by an order
of magnitude, due to Ag-w ) Ag-w

end.
The final squeezing of the nanodroplet out of the sandwich,

shown in Figure 2c,d, means that graphene-graphene vdW
binding is preferable to graphene-water vdW binding, for
the force field parameters used in CHARMM27. Here, the
(nonbonding) vdW coupling between i th and j th atoms is
described by the Lennard-Jones potential

where the parameters for graphene carbon are set to be εC

) -0.07 kcal/mol, Rmin,C ) 3.98 Å, for water oxygen, εO )
-0.12 kcal/mol, Rmin,O ) 3.4 Å, and for water hydrogen, εH

) -0.046 kcal/mol, Rmin,H ) 0.44 Å.
Folding of Ribbons. We now test if NDs can induce

folding of graphene nanoribbons. As shown in Figure 3a,
we use a 30 × 2 nm2 graphene nanoribbon, with one end
fixed. At T ) 300 K, a ND with Nw ) 1300 water molecules

is positioned above the free end of the ribbon. (b) The free
end starts to fold fast around the droplet. (c) 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. (d) While the knot is sliding on the ribbon, the
droplet is deformed into a droplet-like shape that slips and
rolls inside the knot.33 After sliding over l ) 20 nm, the
water-filled knot gains the velocity of Vw ≈ 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. (d) The sliding
ribbon reaches the fixed end and overstretches into the space,
due to its large momentum. (e) It oscillates back and forth
2-3 times before the translational kinetic energy is dis-
sipated.

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 Figure 4a, we simulate the folding of a 90 ×
2 nm2 graphene ribbon (one end is fixed) at T ) 300 K,
when a droplet of Nw ) 10 000 is initially positioned above
the tip of the ribbon. (b, c) As before, within t ) 2 ps, the
ribbon tip folds around the spherical droplet into a closed
circular cylinder. (d) 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
l ) 60 nm, the translational and rolling velocities are Vt ≈
50 m/s and ωr ≈ 12 rad/ns, respectively. (e) 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
Figure 2, the folding of ribbon is driven by the competition
between the graphene-water binding energy, Eg-w )

Vi,j ) εi,j[(Rmin,i,j/ri,j)
12 - 2(Rmin,i,j/ri,j)

6],

εi,j ) √εiεj, Rmin,i,j )
1
2

(Rmin,i + Rmin,j)
(1)

Figure 3. Folding and sliding of a graphene ribbon with the size
of 30 × 2 nm, which is activated and guided by a nanodroplet
with Nw ) 1300 water molecules and the radius of Rd ≈ 2.1 nm.
(a-c) The free ribbon end folds around the droplet into a knot
structure that slides on the ribbon surface (d, e)(see movie in
Supporting Information).
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-σg-wAg-w, and the graphene bending energy, Eela ) σelaAela.
From the energy condition, Eg-w + Eela < 0, we obtain

In Figure 3, the water droplet has the radius Rd ≈ 2.1 nm.
Assuming that Rg ≈ Rd, we obtain from the above formula
for σela that σela ) 3.2 kcal/(mol nm2) and σela/σg-w ≈ 0.15.
Since, Ag-w/Aela ≈ 1, we see that this case easily fulfills the
condition in eq 2. The graphene ribbon slides on itself, and
this situation can be called the “sliding phase”.

The ratio Ag-w/Aela and indirectly also σela depend on the
ratio of the ribbon width w to the droplet radius Rd, which
thus controls the character of the folding process. When w
< 2Rd, the droplet can bind, in principle, on the whole width
of the ribbon, so Ag-w ≈ Aela. For even larger droplets, we
eventually get w < 0.5Rd, 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 Figure 4.

When w > 2Rd, 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 ≈Rd,
because the water contact angle on graphene is about 90° and
the droplet has almost the shape of a half-sphere.48 If we assume
that Rg ≈ Rd, we have Ag-w ≈ πRd

2 and Aela ≈ 2Rdw. From eq
2 and σela ) (1/2)Dκ2 ) (1/2)D/Rd

2, we then obtain the
condition for the ribbon folding

On the other hand, this means that the ribbon does not fold
when w g CRd

3 (C ) πσg-w/D ≈ 4 nm-2), and this situation
can be called the “nonfolding phase.

In Figure 5, 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 Figure 5 (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 ≈ (1/2)Rd.

When the graphene ribbon becomes several times wider
than the droplet diameter, 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 Figure 5 and explained in
detail in Figure 6. (a) We place a droplet of Nw ) 17000 at
the free end of the ribbon of the size of 60 × 16 nm2. (b)
The ribbon folds from the two sides of the droplet within t
≈ 250 ps. (c) At t ≈ 450 ps, the ribbon starts to “zip”, where
its two sides touch each other. (d) The zipping process
continues, and the droplet is transported along the ribbon.
After zipping over l ≈ 40 nm, the droplet gains a translational
velocity of Vt ≈ 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.

We have also observed that the folding dynamics can be
in some cases influenced by the initial position of the droplet
on the graphene ribbon. This is particularly true if the ribbon
is significantly wider than the droplet. Then, if the droplet
is, for example, placed at the ribbon corner, the system can
get to either the zipping or sliding phases. On the other hand,
only the zipping phase is observed when the droplet is placed
more toward the center of the ribbon edge. These examples

Figure 4. Folding and rolling of a graphene ribbon with the size
of 90 × 2 nm, which is activated and guided by a nanodroplet
with Nw ) 10000 water molecules and the radius of Rd ≈ 4.2 nm.
(a, 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) (see movie in Supporting Information).

Ag-w

Aela
>

σela

σg-w
(2)

Rd
3 > Dw

πσg-w
(3)

Figure 5. The phase diagram of a nanodroplet and graphene
nanoribbon with different folding dynamics. We display the
nonfolding, sliding, rolling, and zipping phases.
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show the rich possibilities for droplet controlled folding of
graphene systems.

Finally, we briefly characterize coupling of the graphene
ribbon ring, shown in Figure 4, to larger droplets, which
might have potential applications. Here, we consider cases
with a hydrophobic ring, solely made of a graphene nanor-
ibbon of 30 × 2 nm2, and a hydrophilic ring, where we
replace a flake of 1 × 2 nm2 at the tip of the 30 × 2 nm2

graphene ribbon by a boron nitride (BN) ribbon.40 As show
in Figure 7, (a) the hydrophobic ring is stable in a “capping”
configuration, where it sits on the droplet with Nw ) 10000
at T ) 300 K. (b) The hydrophilic ring, with a BN region
folded inside, can have a metastable “locking” configuration,
in addition to the stable capping configuration on the droplet
surface with Nw ) 18000 (not shown but similar to (a)). In

the locking configuration, the hydrophilic ring is pierced
inside the droplet and partly exposes its external surface
outside the droplet.

In summary, we have demonstrated that water nanodrop-
lets can activate and guide folding of graphene nanostruc-
tures. 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.49
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