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R
ecently, graphene monolayers have
been prepared and intensively stu-
died.1-4 Graphene nanoribbons (GNRs)

have also been synthesized5-8 and prepared
from graphene monolayers and carbon nano-
tubes (CNTs) by lithographic9,10 and catalytic
methods.11,12 Graphene flakes with strong
interlayer van der Waals (vdW) coupling and
chemical functionalization at their edges can
self-assemble into larger structures.13-15

Highly elastic graphene16-18 could fold under
suitable conditions into nanoscrolls19-22 and a
variety of other 3D nanostructures.23

Novel composite functional materials
could be prepared if planar graphene na-
nostructures of various shapes and sizes are
self-assembled on the surfaces of nanoscale
materials. Highly rigid CNTs, with selective
and strong vdW coupling to planar gra-
phene surfaces24,25 and to molecules ad-
sorbed on them,26 might form suitable
substrates for this graphene self-assembly.
Here, we test by atomistic molecular dy-
namics (MD) simulations if planar graphene
nanostructures could self-assemble on CNT
surfaces and in their interiors.

RESULTS AND DISCUSSION

GNR Folding Outside and Inside CNTs. In
Figure 1, we show how a GNR of the length
of lG = 40 nm and thewidth ofw= 3 nm rolls
on a (60,0) CNT of the length of lC = 20 nm,
with its two ends fixed. Initially, the GNR tip
is positioned perpendicularly (j = 0) to the
CNT axis close to its surface. (a) The tip
immediately starts to fold on the CNT, due
to large vdW coupling. (b) After t ≈ 0.5 ns,
the GNR forms a single layer around the
CNT. (c,d) Within another t≈ 1 ns, it forms a
multilayered ring structure.

We investigate further how the initial
angle j of the GNR with respect to the
CNT axis affects the self-assembly pro-
cesses. In Figure 2a-c, the tip of the GNR
(40 � 2 nm2) is initially positioned on the
same CNT at the angle ofj = 60�. (a) The tip

again folds fast around the CNT. (b,c) After
t = 0.5-1 ns, it starts to fold around the CNT
in a spiral manner. The spiral becomes
denser, where the neighboring edges each
other, and the GNR eventually forms a
stable helical structure. The self-assembly
speed is determined by the strength of vdW
forces acting on the GNR and the rate of its
momentum dissipation, due to friction with
the CNT.

We test if GNRs can also fold inside CNTs.
As shown in Figure 2d,e, we put a GNR (40�
2 nm2) inside the above CNT. Initially, the
ribbon is placed at the CNT entrance, and its
orientation is parallel with the CNT axis. (d)
First, the GNR sticks to the interior surface of
the CNT and starts to enter the CNT in a
straight motion. Within t≈ 0.5 ns, it reaches
the other CNT end, overstretches it, and
comes back. The GNR motion eventually
loses its straight symmetry and gains a
helical form, with a randomly oriented rota-
tion direction. (e) Within several nanose-
conds, the helical pitch becomes denser,
until it is so dense that the GNR edges touch
each other. The helical structure equili-
brates and stays in a folded form inside
the CNT. We always observe formation of
the same helical structure, independently
on the initial position of the GNR with
respect to the CNT center. However, we
can control the helicity of the folded GNR
by the initial angle j.
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ABSTRACT We demonstrate by molecular dynamics simulations that carbon nanotubes can

activate and guide on their surfaces and in their interiors the self-assembly of planar graphene

nanostructures of various sizes and shapes. Nanotubes can induce bending, folding, sliding, and

rolling of the nanostructures in vacuum and in the presence of solvent, leading to stable graphene

rings, helices, and knots. We investigate the self-assembly conditions and analyze the stability of the

formed nanosystems, with numerous possible applications.
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We also study folding of two GNRs (40 � 1 nm2)
inside this CNT. Initially, the GNRs are placed on the top
of each other and placed at one CNT entrance. Upon
release, both GNRs start to move in parallel inside the
CNT. After t≈ 1 ns, they start to fold in a helical manner
in the same direction. Within t ≈ 3 ns, the two GNRs
form a double helical structure, as shown in Figure 2f.
While the helical orientation of the two GNRs can be
controlled by the initial angle j, the two equilibrated
GNRs always end up having the same orientations.
When we simultaneously place more GNRs on the
surface or in the interior of CNT, the GNRs tend to fold
side by side rather than on the top of each other. This is
caused by smaller GNR deformation energies and
larger GNR-CNT vdW attractions (geometrical over-
lap). However, GNRs can fold on each other if we
release the second GNR later.

In Figure 3, we summarize in phase diagrams the
structures obtained in MD simulations of GNR folding
outside long CNTs (lC . lG). All of these (stable or
metastable) structures are obtained by initially placing
the GNRs in contact with the CNTs and then releasing
them. The structures are presented in dependence on

the CNT diameter, DC, the GNR width, w, and the initial
angle, j, of the GNR with respect to the CNT axis. We
display four types of structures, called the (A) straight,
(B) nonfolding, (C) rolling, and (D) helical phases. For
small angles, j < 5�, we obtain the A, B, and C phases,
as shown in Figure 3 (top left). When we increase the
angle to j ≈ 5-15�, the D phase appears for large
CNTs, as shown in Figure 3 (top right). At larger angles,
j> 20-30�, the C phase disappears, as seen in Figure 3
(bottom left). When the angle is further increased, j >
30�, the B phase disappears, as well, as seen in Figure 3
(bottom right). Analogously, we can obtain phase
diagrams for the self-assembly of GNRs inside CNTs
and in other cases of interests.

Analytical Model. We use a simple analytical model to
understand the conditions under which GNRs self-
assemble into different structures outside and inside
CNTs. We describe the total CNT-GNR coupling en-
ergy in the form

Etotal ¼ Eela þ EC-G þ EG-G

EC-G ¼ P
i-CNT, j-GNR

Vi, j ¼ ÆEC-Gæþ Esym

EG-G ¼ P
i, j-GNR

Vi, j

(1)

Here, Eela, EC-G, and EG-G are the bending energy of
GNRs, the vdW binding energy between CNTs and
GNRs, and the vdW energy for coupling of neighboring
layers or edges of GNRs, respectively. The i,j indices in
the Lennard-Jones potential, Vi,j, of the form shown in
eq 4, run over atoms in the two subsystems.

The bending energy is given by Eela = σelaAela, where
σela is the strain energy density and Aela is the total
bending area.27,28 In the linear elastic regime, σela =
Dκ2/2, where κ = (κ1þ κ2)/2 is the local mean curvature
and D is the flexural rigidity. When a GNR folds on a
CNT, one of the two curvatures is κ1(2) ≈ 0. Then, the
curvature is given by κ = RG

-1, where RG is the radius of
the folded GNR.

Figure 3. Phase diagrams of GNRs of the width w self-
assembled on long CNTs of the diameter DC, shown for
different initial angles j with respect to the CNT axis. The
GNRs self-assemble into nanostructures called the (A)
straight, (B) nonfolding, (C) rolling, and (D) helical phases.

Figure 1. Rollingof aGNR (40� 3nm2) on a (60,0) CNTwhen
placed close to the CNT perpendicular to its axis (movie in
Supporting Information).

Figure 2. (a-c) Helical rolling of a GNR (40 � 2 nm2) when
placed at the angle ofj=60�with respect to the axis of the l
= 20 nm (60,0) CNT. (d,e) Same when this GNR is placed
inside this CNT (front part of the CNT is removed for better
visualization). (f) Final structure of two GNRs (40 � 1 nm2)
when placed inside this CNT (movies in Supporting
Information).
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As shown in eq 1, the coupling energy, EC-G, can be
split into the “mean-field” term, ÆEC-Gæ, and the “sym-
metry-related” term, Esym. The first term represents the
vdW coupling between CNT and GNR lattices that is
averaged over the angle describingmutual orientation
of the two subsystems (smearing of their hexagonal
lattices). The symmetry-related term accounts for the
difference between the actual and smeared coupling
(interferences) of the lattices in the CNT and GNR
structures.24,25 Due to the last term, the GNR might
have local potential energy minima for certain orienta-
tions with respect to the CNT (symmetry locking).

The full CNT-GNR coupling energy can be ex-
pressed as EC-G = -σC-GAC-G, where σC-G is the
related (positive) energy density and AC-G the related
coupling area. Analogously, we can write the averaged
and symmetry terms as ÆEC-Gæ = -ÆσC-GæAC-G and
Esym = -σsymAC-G, respectively. We estimate the σsym
coefficient by placing a graphene flake with a hexago-
nal shape on a large graphene sheet.29 Their binding
energies EC-G and Esym have a C6 symmetry with res-
pect to rotation of the flake around the axis going
through its center and orthogonal to the graphene.
The GNR-GNR vdW coupling energy (in the case of
sidewise coupling) is EG-G = -σG-GLG-G, where σG-G

and LG-G are the (positive) sidewise vdW binding
energy density and the GNR edge length, respectively.
From our MD simulations and D ≈ 27.9 kcal/mol,23

we estimate that ÆσC-Gæ ≈ 56 kcal/mol/nm2, σsym
≈ 0.25 kcal/mol/nm2, and σG-G ≈ 2.9 kcal/mol/nm.29

Testing of the Analytical Model. We apply eq 1 to several
phases observed above. The necessary condition for
the realization of the CNT-assisted self-assembly of GNRs
is that the total energy in the self-assembled state is
smaller than at the beginning (i.e., Etotal < 0 or EC-G þ
EG-G <-Eela). More precisely, the energy should drop in
every infinitesimal distortion of the systemalong the self-
assembly trajectory. Therefore, local barriersmayprevent
the self-assembly in some cases even if Etotal < 0.

First, we find the boundary of the B and C phases
shown in Figure 3 (top left); that is, we estimate what is
the minimum radius of CNT, RC = DC/2, on which a GNR
can fold for j = 0. The folding is driven by the
competition between the EC-G and Eela energies. If
we neglect the symmetry locking term, Esym, we get
EC-G ≈ ÆEC-Gæ, and from the folding condition, Etot =
EC-G þ Eela < 0, we obtain

AC-G

Aela
>

σela

ÆσC-Gæ
(2)

Here, the areawhere theGNR couples to the CNT is also
the bending area of the GNR, AC-G≈ Aela. If we assume
that RC ≈ RG, we obtain from eq 2 and σela = D/2RC

2 the
condition for the folding of GNR

RC >

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D

2ÆσC-Gæ

s
(3)

For the above values of D and ÆσC-Gæ, eq 3 gives RC >
0.5 nm, in a reasonable agreement with our simula-
tions, giving the minimum value of RC ≈ 0.7 nm.

Next, we analyze the A (straight) and D (helical) GNR
phases formed inside CNTs. Stabilization of these
phases is similar to the cases with external GNR self-
assembly, shown in Figure 3. To reproducibly obtain
the A phase in the simulations, we need to remove the
large initial potential energy of the system; otherwise,
the GNR acquires large oscillations which often lead to
the helical D phase. We can do so by either placing the
GNR (in a straight way) fully inside (outside) the CNT
or by using a large Langevin damping constant
(>0.1 ps-1).

We evaluate the binding energy in the Aphase from
eq 1, where we consider a GNR (40� 3 nm2) placed in a
straight way inside a (much longer) (60,0) CNT. When
the GNR forms a monolayer on the CNT interior, its
curvature is roughly the same in all phases. Using the
values of RG ≈ 2 nm and Aela = 120 nm2, the GNR ben-
ding energy is Eela = σelaAela = (D/2RG

2)Aela = 420 kcal/
mol. In the A phase, the GNR and CNT lattices are
oriented in the same way, which gives the symmetry
locking energy of Esym≈-0.25� 120≈-30 kcal/mol.
Then, considering the fact that EG-G = 0, we obtain the
total coupling energy of Etotal ≈ Eela þ ÆEC-Gæþ Esym ≈
420 - 56 � 120 - 30 ≈ -6330 kcal/mol.

The coupling energy of the (internal) D phase in this
CNT can be obtained in the same way. Here, EG-G ≈
-2.9� 30 =-87 kcal/mol, due to partial overlap of the
GNR edges, and the symmetry term is Esym ≈ 0, due to
unfavorable angle j.29 Therefore, the total coupling
energy is Etotal≈ Eela þ ÆEC-Gæþ EG-G≈ 420- 6720-
87 ≈ -6387 kcal/mol.

From these results, it would seem that the system in
the internal A phase is by≈60 kcal/mol less stable than
the D phase. In fact, direct evaluation by VMD31 of the
total energies in these two simulated systems shows
that the system in the A phase is by≈70 kcal/molmore
stable than in the D phase. Therefore, the phase A is
thermodynamically stable, while the phase D is only
kinetically stable. The reason of this inversion might be
due to slightly different GNR curvature, CNT deforma-
tions, symmetry coupling, and other phenomena not
captured in eq 1. For example, if we assume that the
radius RG of the GNR in the A phase is≈18% larger than
that in the D phase, then eq 1 gives the same energy
difference between these phases as the simulations.

Next, we test if the previous system canbe prepared
with a locking angle shifted by 60� from that in the A
phase. Since Esym(2.5 nm

2)≈ kT = 0.597 kcal/mol at T =
300 K, small GNRs can be easily thermally decoupled
from their symmetry-locked positions. Therefore, we
simulate the systems at T = 200 K and use the Langevin
damping coefficient of 0.05 ps-1.

As shown in Figure 4a,b, we can stabilize helical
structures with a larger pitch of GNRs locked on the
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interior (exterior) surface of the (60,0) CNT. The model
coupling energy of the locked helical structure in
Figure 4a, Etotal ≈ Eela þ ÆEC-Gæ þ Esym ≈ 420 - 6720
- 30 ≈-6330 kcal/mol, is the same as in the A phase.
Therefore, the locked helical phase is by ≈60 kcal/mol
less stable than the D phase, while VMD gives (at T =
300 K) the energy difference for these systems of ≈80
kcal/mol. When we increase the temperature in the
simulations to T ≈ 500 K, this helical locked structure
switches to the D phase.

We continue by examining howGNRs self-assemble
inside CNTs of finite lengths when lG > lC. We place a
GNR (60 � 1 nm2) straight inside a (60,0) CNT (lC =
50 nm). The GNR tends to maximize its overlap with
the shorter CNT, due to vdW binding. Therefore, it
forms a loose helical structure with both GNR ends
present inside the CNT, as shown in Figure 4c. In
contrast to the helical locked cases seen in Figure 4a,
b, this structure with a large pitch is stabilized by the
finite length of the CNT. Therefore, when the CNT
length is shorter, so is the pitch of the helice, until it
becomes so dense that the GNR switches to the more
stable D phase. The same structures are also formed
outside finite CNTs.

We also explore the self-assembly of two GNRs
(25 � 2 nm2) initially placed on the opposite sides of
the (60,0) CNT wall. Since the GNRs weakly interact by
vdW coupling over the CNT wall, their self-assembly is
correlated. As shown in Figure 4d, the GNRs form
overlapping helical structures on both sides of the wall.
It turns out that the external GNR induces the folding of
the internal GNR, including its helicity. When the
external GNR is removed from the system, the internal
GNR does not even fold.
More Complex Nanostructures. In the above-described

manner, one could in principle assemble arbitrary
planar graphene nanostructures on the surfaces or in
the interior of CNTs. Here, we test this idea on the self-

assembly of a “hair-brush”-like graphene nanostruc-
ture with four GNRs (60 � 2 nm2). One end of all four
GNRs is connected to the remaining part (40 � 100
nm2) of the graphene sheet, and the distance between
the adjacent GNRs is 5 nm, as shown in Figure 5a.
Initially, the tips of all four GNRs are placed on the (20,0)
CNT. They start to fold around it, and after t≈ 4 ns, they
form a single layer ring structures on the CNT. Within
another t ≈ 3 ns, the GNRs make a multilayered ring
structure. The rest of the graphene sheet also folds on
the multilayered ring structures and eventually com-
pletely wraps around the GNRs, as shown in Figure 5b,
c. Then, we equilibrate the self-assembled structure,
remove the CNT from its core, and equilibrate the
remaining folded graphene. Upon removal, the dia-
meter of the four rings slightly expands by 0.2 nm, as
shown in Figure 5d,e, but the system retains the same
shape, stabilized by the top graphene monolayer.

It is interesting to explore the self-assembly dy-
namics of such hair-brush structures when the CNT is
positioned differently. For simplicity, we use two (20�
1 nm2) GNRs, connected to a (5 � 1 nm2) graphene

Figure 5. Graphene rings and knot formations from
structured graphene flakes self-assembled on the CNT
surface. (a-c) Formation of multiple GNR rings, covered
with a single layer graphene sheet, on the (20,0) CNT.
(d,e) After removal of the CNT, the multiring structure,
covered with a single layer graphene sheet, is stabilized.
(f) When the (20,0) CNT is placed between two connected
GNRs, a complex knot is formed (movie in Supporting
Information).

Figure 4. (a) Helical locked GNR (40 � 3 nm2) inside a
(60,0) CNT. (b) Same outside this CNT and detail of the
locked structures. (c) Loosely helical folded GNR
(60 � 1 nm2) when it is placed inside the lC = 50 nm long
(60,0) CNT. (d) Two GNRs (25 � 2 nm2) helical folded and
vdW coupled over the wall of the (60,0) CNT (front parts
of all the CNTs and GNRs (a,b) are removed for better
visualization).
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sheet, where the distance between the GNRs is 3 nm.
Initially, we place a (20,0) CNT with fixed ends perpen-
dicularly between the two GNRs, close to their tips.
Within t ≈ 0.5 ns, the GNRs fold around the CNT. After
another t≈ 1.5 ns, the GNRs cross each other andmake
a knot around the CNT. Then the ends of the two GNRs
propagate on the CNT surface in a spiral manner and
eventually make a tight knot on the CNT, as shown
in Figure 5f. This example illustrates that GNR self-
assembly can be controlled by positioning the CNTs
differently.

GNRs might be also used as nanomechanical con-
necting materials. We test if such “nanoglue” formed
by a GNR (60 � 2 nm2) can hold together two crossed
(20,0) CNTs. Initially, the GNR is folded around two
parallel CNTs (one with fixed ends) in a form of multi-
layered ring structure. After equilibration, we start to
rotate one CNT with respect to the other by applying
the force of f = 0.01 kcal/mol/Å to one of the edge
atoms of the CNT with free ends. As the chosen CNT
rotates, the GNR ring starts to slightly unfold. Once the
CNTs are perpendicular to each other (t≈ 1.5 ns), we fix
their mutual rotation and obtain the system shown in
Figure 6a,b.

Next, we apply the force of f = 0.01 kcal/mol/Å,
oriented upward, to the edge atoms at both ends of
the relaxed CNT. This is the minimum force under
which the CNT moves upward. Under this force, the
GNR starts to unfold and a 5 nmgap is formed between
the two perpendicular CNTs within t ≈ 1 ns. At this
position, we remove the force and allow spontaneous

vertical translation of the relaxed CNT. Within t ≈ 1 ns,
the system comes back to its starting position, shown
in Figure 6a,b. In order to reproduce the original
structure, we should not separate the CNTs by more
than ≈5 nm, due to GNR restructuring. We might
strengthen the GNR-CNT wrapping by using struc-
tured or chemically functionalized GNRs.32

We also test if GNRs can wrap around other materi-
als to functionalize, strengthen, or glue them. We take
36 parallel polyethylene [-(CH2)n-] chains, each with
200 ethylene units. After equilibration for t = 10 ns at
T = 300 K, the polyethylene chains form a bundle. Then
we place a (40 � 2 nm2) GNR tip at the bundle,
perpendicularly to its orientations. Initially, the tip
starts to form a GNR helix on the bundle. After t ≈
5-10 ns, the helical GNR refolds on the bundle, resem-
bling a roll shown in Figure 1. The GNR also becomes
covered with the loose polyethylene chains. As the
GNR rolling continues, the polyethylene chains start to
roll with the GNR, and within t ≈ 10 ns, the system
acquires the form shown in Figure 6c,d.

Finally, we investigate the self-assembly of GNRs on
CNTs solvated in hexane and ethyl alcohol. Initially, a
GNR (30 � 3 nm2) is placed perpendicularly to the
surface of solvated (60,0) CNT at T = 300 K (NPT
ensemble). The GNR tip starts to fold on the CNT, and
after t≈ 1 ns, it goes once around its circumference. To
proceed in hexane (not in ethyl alcohol) further, and
form amultilayered ring, as in Figure 1a-d, we need to
heat the system to T = 375 K. Next, we test folding of
the helical structure with the GNR (20 � 2 nm2) on
(30,0) CNT at an angle of j = 60� with respect to the
CNT at T = 300 K. The GNR folds in a spiral manner, as in
Figure 6e,f, without the necessity of heating. The
formed helical structure is looser than in vacuum since
the solvent molecules fill the gaps between the indivi-
dual GNR stripes. Very recently, spontaneous formation
of carbon nanoscrolls on CNTs has been also simulated
on a substrate.33

CONCLUSIONS

In summary, we have demonstrated that carbon
nanotubes can activate and guide the self-assembly
of planar graphene nanostructures on their surfaces
and in their interiors in vacuum and in solvents. Since
the presented processes depend on the initial con-
ditions, we can call them more precisely a controlled
or guided self-assembly. The self-assembly can pro-
ceed by sliding, folding, and rolling motions, leading
to stable or metastable bulky nanostructures, such as
knots, rings, and helices. In the case of GNRs self-
assembled on CNTs, the GNR-CNT coupling energy
increases from the least stable helical locked phase
to the helical phase and the stable straight phase. For
GNRs and CNTs with different symmetries, other
possible arrangements might be formed and stabi-
lized differently. The GNRs can also hybridize with

Figure 6. Binding of CNTs and polyethylene by graphene
nanoribbons. (a) Top view and (b) side view of two crossed
CNTs (20,0), tied by a 60 � 2 nm2 GNR. (c,d) Polyethylene
chains wrapped by a (40� 2 nm2) GNR. (e,f) Helical rolling
of a GNR (20� 2 nm2) when placed at the angle of j = 60�
with respect to the axis of the l = 15 nm (30,0) CNT in
hexane (front part of solvent is removed for better
visualization).
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other nanostructures. The novel hybrid materials
are expected to have unique mechanical, electrical,

and optical properties34 and numerous potential
applications.

METHODS
We model the self-assembly processes by atomistic molecu-

lar dynamics (MD) simulations with the NAMD package and the
CHARMM27 force field.35,36 The (nonbonding) vdW coupling
between the ith and jth carbon atoms in the CNTs and graphene
is described by the Lennard-Jones potential

Vi, j ¼ εC
rmin;C

ri, j

 !12

- 2
rmin;C

ri, j

 !6
2
4

3
5 (4)

where εC =-0.07 kcal/mol and rmin,C = 3.98 Å. The vdW coupling
of other atoms is described in the CHARMM27 force field.36 The
systems are modeled in NVT ensembles at T = 300 K, and the
time step is 1 fs. The Langevin damping37 is used to thermalize
the systems andmimic themissing electron coupling, while the
phonon coupling is largely present in these simulations. We use
a small damping coefficient of γ = 0.01 ps-1 that should be
sufficient for this purpose.23 The value of γ should be kept small
since the Langevin dynamics does not preserve momentum
during the self-assembly. Inmost cases, its value is not expected
to significantly influence the observed folding dynamics, except
of the folding speed. Electronic polarization of the studied
systems is neglected. In all of the studied systems, GNRs have
armchair structures along their long edges and CNTs have
zigzag structures.
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