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Mechanics of rolling of nanoribbon on tube and sphere¥

Qifang Yin and Xinghua Shi*

The configuration of graphene nano-ribbon (GNR) assembly on carbon nanotube (CNT) and sphere is
studied through theoretical modeling and molecular simulation. The GNR can spontaneously wind onto
the CNT due to van der Waals (vdW) interaction and form two basic configurations: helix and scroll. The
final configuration arises from the competition among three energy terms: the bending energy of the
GNR, the vdW interaction between GNR and CNT, the vdW between the GNR itself. We derive analytical
solutions by accounting for the three energy parts, with which we draw phase diagrams and predict the
final configuration (helix or scroll) based on the selected parameters. The molecular simulations are
conducted to verify the model with the results agree well with the model predicted. Our work can be
used to actively control and transfer the tube-like nanoparticles and viruses as well as to assemble

www.rsc.org/nanoscale ribbon-like nanomaterials.

1 Introduction

Graphene nanoribbons (GNRs), with outstanding properties
inherited from graphene,” have promising potential applica-
tions in innovative electronics.* The fabrication of high quality
GNR thus becomes the key for its industrial application. Several
methods have been developed to fabricate GNRs with desired
edges, including the self-assembly of fullerenes within a single-
walled carbon nanotube (CNT)® and unzipping of multi-walled
CNTs.” Enthusiasm for the fabrication aside, one crucial
problem worth being studied is the assembly of GNRs. It has
been found the aspect ratio of GNR directly influences its
configuration®** which may have negative effect on the appli-
cations. It is thus desirable to explore an effective method to
control the assembly of GNR. Through molecular dynamics
(MD) simulations a few approaches have been proposed.’*** For
instance, some works obtain repetitively folded and knots-
grouped GNRs in which the GNRs are transformed from simple
ribbons into complicated structures.'®'* Some utilize CNTs to
initiate the assembly of GNRs,"** and find that GNRs interact
with the CNT in various ways, such as encapsulation inside the
CNTs helically'>** and formation of a carbon nanoscroll (CNS)
outside the CNT." These works have paid much attention on
the assembly process of GNRs, while the mechanism deter-
mining the final configurations remains largely unexplored. For
example, it remains elusive under which situation the GNR
would form scroll around the CNT. It is desirable to explore a
theoretical model to predict the final configuration of GNRs. In
this letter we focus on the interaction of a GNR on both single-
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walled and multi-walled CNTs and a sphere. We derive an
analytical solution to predict the final configuration (helix or
scroll) of GNR around the CNT/sphere based on the selected
parameters. We also conduct MD simulations to verify the
predictions. We note that our work can also be extended to
actively control or transfer the tube-like nanoparticles and
viruses via nanoribbon as well as to assemble ribbon-like
nanomaterials.

2 Interaction between a GNR and a tube
2.1 Theoretical model

When a GNR with length L and width » winding on the surface
of CNT with radius r,, the total potential energy of the system
can be expressed as

E=W+T (1)

where W and I are the elastic bending energy and the total
interfacial energy between GNR-CNT and GNR-GNR. They can
be expressed as

I'=nvA )
D
=5 3)

where v is the interfacial energy per unit area, A is the area of

interface and D the bending rigidity of GNR. The interfacial

energy is integrated from 6-12 Lennard-Jones potential
o\ 12 o\ 6

Ey = 4¢ {(;) — (;) } in the condition of continuity assump-

tion, where ¢ and ¢ are Lennard-Jones parameters and ¢ the

distance between two atoms. To simplify the mathematical

manipulation, the scroll is assumed to be formed by concentric
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circles with radii r; (i = 1, 2,...N).* Therefore the interfacial
energy per unit area can be expressed as

(i, 1, €) = vij = Mg, 1y)e = Aige 4
where
12 6
=g Y1 5) - ) 3)) oo
®)
21
1p0) = | (147" = 2peosg) "do, ©)
0

p1 and p, are the density of carbon atoms of the two interfacial
surfaces, and r; and r; are the radii of the selected two concentric
circles, respectively. As shown in Fig. 1, we mark r, as the radius
of the CNT. For multi-walled CNT, we mark r, as the radius of
outermost wall, 7_, as the radius of second outermost wall, and
so on. The interlayer space d = r; — r;_4, (i = 1, 2, 3,...N), is
considered to be a constant d = 3.4 A.

We note that the interfacial energy decays quickly with the
increase of layer interval. To see how fast the decaying is, we
numerically calculated the parameter A;; (i,j = -1, 0, 1, 2, 3,...)
with eqn (5), where j — i = 1 for the interaction between two
adjacent layers, j — i = 2 for the interaction between one layer
and its second nearest layer, j — i = 3 for the interaction
between one layer and its third nearest layer, and so on. With r;
= 5nm, we find 4, ;,, = 0.10044; ;1; and 2, ;;3 = 0.01944; ;,;. So as
J — i = 2, the interaction between one layer and its second
nearest layer is about 10% of that for two adjacent layers, while
as j — i = 3, the interaction between one layer and its third
nearest layer is only about 2% of that for adjacent layers. To
simplify our model we ignore the contribution from 4;;; and
thereafter.

In the scroll configuration, the interfacial energy exists not
only between the CNT and GNR, but also between GNR itself as
well. As a scroll is treated as concentric circles, the calculation of
energies of a scroll is thus simplified. The total potential energy
(interfacial and bending) of the i-th ring could be expressed as

Fig. 1 The schematic display of a CNS (cyan) winding around a CNT (green).
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D
Es; = 270 (Yias + ¥i1,) +% for i>1, 7)
and
bD
Esy = 2 (vo, + v-11) +“r— for i=1, 8)
1

where vo1 = Ao18eg Y—1,1 = A_1,180¢ aNd Yo, = Ag & are the
interfacial energies per unit area between the GNR and CNT's
walls. ., is the L] parameter for the interaction between tube and
graphene. As i >1, y;_1; = Ai_1,i€g¢ aNd Y;_»; = Ai_5 i€, Where
&g is the LJ parameter for the interaction between graphenes.
Here the interfacial energy between i-th ring and (i + 1)-th ring
(and thereafter) is not accounted in to avoid repetitive counting.

If the i-th ring is transformed into helix on the same CNT, the
potential energy of this ring is

bDr;
Ey; = 2751’,'[7(70,] + 7—1‘1) + Ttr zr for i> 17 (9)
1
and
bD
Em =21 (vo, +v_11) +’Tr— fori=1.  (10)
1

Note that Eg; = Eyy;.
The total potential energy of the entire scroll and helix could
be described by

Es =mEs) + mEs) +mEs3 + ... = mEs) + ZniESiu (11)
i>1
and
Ey = nEy +mEw +n3Eys + ... = ni By + ZniEHh (12)
i>1

where n; = 1 for a complete ring and 0 < n; < 1 for an incomplete
one. If 0 <n; <1 then n;,qy = 1, = ... = 0. The length of the GNR
could be written in a form as

L =271rn; + 27rony 4+ 27rns + ... = Z 27trn;. (13)
=1

Eqn (12) then can be recast into

D
Ey = (70.1 Tyt le) bL. (14)
Note that Ey has linear relationship with the length L.
Let Es = Ey, the solution of the equation would be the sets of
parameters which determine the final configuration of GNR on
CNT: helix or scroll. This equation leads to

=0, (1)

2
n i N

l§

ul D Dr
26 (Yisas + i — You — 771,1) +r_ -
=)

or

N

an {275":' (Vicai+ i) +

i=1

D D
P ] - (’)’0,1 + 7o +712)L =0.
(16)

Eqn (16) relates the tube radius with the length of GNR. It
sets the marginal situation of the final configuration of GNR.
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For a simplified case where N = 2 and L = 2m(r, + ). Then
eqn (15) leads to

D1 D
Yoi+Y-11t55=Y2t Y2+ (17)

2 r12 N 57'2_2 ’
For the case of GNR rolling onto a single-walled CNT, eqn
(17) leads to

Y01 +§r%:70,2+71,2 +§rziz (18)
Eqn (17) and (18) show that, if parameters (ro, &g, £4¢) are
solutions of the equation, both helix and scroll configurations
have the same energy state. For those parameters which do not
satisfy the eqn (17) and (18), the configuration would tend to be
scroll if Eg < Ey; and helix if Eq > Ey.
Normalize eqn (17) and (18) we obtain eqn (19)

D 1 B 1 .
25g—gd2 (x + 1)2 (X + 2)2 '

for GNR rolling on multi-walled CNT and

D 1 1
2e, o ((x 1)} (ot 2)2> B A"z] (20)

for GNR rolling on single-walled CNT, where x = %0. Eqn (19) and

(20) relates the ratio between the interaction of tube-graphene
and graphene-graphene with the geometric parameter of CNT. It
sets the marginal situation of the final configuration of GNR.

&g 1

Eg—g /\072 - /\0,1 - /1—1,1

&g 1

Eg—g AO,Z - AO,I

2.2 Molecular dynamics (MD) simulation

To verify the theoretical model we conduct MD simulations
using package LAMMPS." A GNR is selected with width (along
armchair direction) of 12.564 A and length (along zigzag
direction) of about L = 27t(r + d) + 27t(r + 2d). The C-C bonds in
the GNR are described by the Adaptive Intermolecular Reactive
Empirical Bond Order (AIREBO) Potential,"” and the L] param-
eters between GNR itself are fixed as ¢;_, = 0.00284 €V and
Ogg=3.4 A. A series of zigzag CNTs (m,0) with different radius
(m =10, 12, 14, 16, 18, 20, 25, 35, 45, 130) are constructed. The
parameter of ¢,_¢ for L] potential between CNT and GNR is equal
to g4_¢ and e, is varied. The density of carbon atoms p; and p,
are both 0.3950 A~2. In MD simulations, we first generated helix
and scroll structures (Fig. 2) with specific L] parameters in
which NVT ensemble was used and temperature was controlled
at 10 K. The boundary condition was non-periodic. For helix
configuration the interval between edges of GNR are set farther
than the cutoff of L] potential so that there are no interactions
among them (Fig. 2a). Based on the obtained structures, we
changed the L] parameter ¢ and minimize the system energy by
conjugate gradient algorithm. When the minimized energy for
helix structure is equal to that of scroll structure at specific ¢,
then this ¢ is what we needed to separate the two regions of helix
and scroll. In MD simulation the edges of GNR have unignor-
able contribution to the system energy,***®* which is not taken
into account in the theoretical model. To eliminate the edge
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(@) (b)

Fig.2 The helix and scroll configurations of GNR on CNTand sphere. (a) Helix on
CNT with chirality (45,0). (b) Scroll on CNT with chirality (45,0). (c) Helix on sphere.
(d) Scroll on sphere.

effect in MD simulation to accord with the theoretical model, we
construct two GNRs with widths 20 and b to form helixes. The
energy difference between the potential energy of the two
helixes is then chosen as the final potential energy of the system
in which the edge effect is eliminated during the subtraction.
The same methodology is also used in the case of scroll.

We note that the torsional energy in the helix form is not
taken into account in the theoretical model. According to our
MD simulation (see ESIt) we find this term has ignorable
contribution to the total strain energy, and omit it in the model
for simplification.

2.3 Results and discussions

Fig. 3a shows the normalized potential energies for scroll and
helix configurations around CNT as a function of length of GNR
(normalized by tube radius) which are described by eqn (11) and
(12), respectively. It is seen that if the L] parameter ., = 0.004 eV,
the potential energy for scroll would become lower than that of

0 20 40 60 80 100 0 20 40 60 80 100
Lir, Lry

Fig. 3 The potential energy of scroll/helix as a function of length of GNR. The
radius of CNT ry is fixed to 5.388 Angstrom and the LJ parameter &4 is (a)
0.004 eV and (b) 0.0045 eV. The bending stiffness of the GNR D = 1.2 eV.*®
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helix after the first layer rolling; for a larger L] parameter &_, =
0.0045 eV (Fig. 3b), the potential energy for scroll would be first
higher after first layer rolling, then lower than that of helix. It
indicates that as a ribbon is long enough, the potential energy of
scroll would be always lower than that of helix. And the final
configuration of GNR should be scroll.

With eqn (16), the phase diagram is drawn in Fig. 4 indi-
cating how the radius of tube and length of GNR influence the
final configuration of GNR. The red line sets the margin at
which the potential energy forming the scroll and helix is the
same. The region above the red line means the energy state of
scroll configuration is lower than the helix so the scroll
formation is preferred. And it is opposite beneath the red line.

For a short GNR, the final configuration is dependent on the
interfacial L] parameter &;_,. To see how the &, influences the
final configuration of short GNR, we select the special case
described in eqn (19) and (20). Fig. 5a indicates how the inter-
facial energy and the radius of the tube influence the final
configuration of GNR into scroll or helix. The red and magenta
lines set the margin at which the potential energy forming the
scroll and helix is the same. The region above the line means
the energy state of helix configuration is lower than that of scroll
so the helix formation is preferred. And it is opposite beneath
the line. It means the formation of helix always needs more
tube-graphene interfacial energy than that of scroll. It could be
understood that during the winding of GNR, the elastic bending
energy density in scroll decreases because of the increase of
radius, while for helix it keeps constant. We note that the line
descends with the increase of tube radius, which means given
fixed interfacial energy of tube—graphene, the formation of GNR
can be a scroll with a small tube while a helix with a large one.
For instance, with e _4/e; ¢ = 1.4, the GNR would form scroll
with ry/d = 1 while it would form a helix with ry/d = 4. Also if the
tube is multi-walled, the marginal line falls down due to the
additional CNT-GNR interaction.

The circles and triangles in Fig. 5a are the MD results
separating the two regions. It is seen that for GNR winding on
large tube, the MD results agree with the theoretical prediction
well. For small tube, MD results have ~10% deviation from the
theoretical one. We attribute this inconsistency to the concen-
tric circles assumption for the scroll in our theoretical
modeling, which inevitably underestimates the length of scroll

000
4000+
scroll
3000+
S>2000-
1000} \\\.\.\
0

8 9 10 11 12 13 14
rld

Fig.4 The relation between the length of GNR and the radius of CNT. The points

on red line are geometrical parameters with which the potential energies of helix
and scroll are equal. The LJ parameter &_q = 0.0032 eV.
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Fig. 5 Phase diagram of the configuration of GNR in the space of tube—gra-
phene interaction and size of (a) CNT, (b) sphere. The red (for single-walled) and
magenta (for multi-walled) lines are the marginal ones on which the energy states
of both helix and scroll are equal. The circles in (a) are results from MD simulations
with chirality of CNT (m,m) and the triangles with chirality (m,0). The triangles in
(b) are the MD results.

as the tube is small. The variation of bending rigidity of gra-
phene at large curvature,* the continuity assumption in theo-
retical model may also have contributions here.

To investigate the influence of chirality, simulations with
CNT of (m,m) (m = 6, 7, 8, 9, 10, 11) are performed and the
results are plotted in Fig. 5a. It is shown that chirality has
ignorable effects.

To further investigate how the number of rolling layers, N, or
the length of GNR, L, influences the phase diagram as shown in
Fig. 5a, we change the parameter of N in the theoretical model
and draw additional phase diagram. From Fig. 6 it is seen that
as N increases, the level curves lift up, indicating the initially
formed helix configuration would transform into scroll as more
GNR winding onto the CNT. However such transformation may
not occur spontaneously due to the energy barrier. Such a
kinetics related problem is out of current scope and we will
leave it for further study elsewhere.

3 Interaction between a GNR and a sphere
3.1 Theoretical model

Besides the interaction of GNR on CNT, we also studied the
interaction of GNR on a sphere. Following the procedure as the
theoretical calculation of GNR on CNT, we deduce an equation
influencing the final configuration of GNR on sphere

24
2,04 — N=8
helix —4
2 16] i — 2
{0 bl
»
“ 2L
0.8t scroll
0 2 4 6 8 10 12 14

r/d

Fig. 6 Variation of the level curves in the phase diagram as the number of
concentric circles, N, increases.
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which has the same form as eqn (15). Eqn (21) has presumed
that the GNR sticks onto the sphere surface tightly without
wrinkles, which needs r, >> b. At the same time, we ignore the
energy induced by the compressing and/or twisting of the GNR
when it is interacting with the sphere. Here:

12 6
> ag r; g r
.. = K — = — — — >
by = 100par [(V,/‘) 1<"/76> <"j)1("j73)}(r'/ n), @22)

I(p,q) = | cos 0dﬁj (1+p* — 2pcos fcos ¢) 'de. (23)
0

o

Let N = 2, we have the same equations as eqn (19) and (20),
which can be used to describe the interactions between a GNR
and a sphere.

3.2 MD simulation

MD simulations are conducted to verify the theoretical model
for sphere. A GNR with width (along armchair direction) of
8.376 A and length (along zigzag direction) of 651.651 A is
selected to interact respectively with spheres with radii of 70, 85,
100 A. The atoms are distributed on the surface of the sphere as
evenly as possible. The L] parameters between GNR itself are the
same as those in the previous simulations while the parameter
of o4, for L] potential between the sphere and GNR is equal to
04 and ¢, is varied. The density of atoms p is 0.3950 A™?and
ps 15 0.4032 A72.

Fig. 5b shows how the interfacial energy and the radius of
sphere influence the configuration of GNR when N = 2. Note
that under the condition r, >> b the region where x is small is of
less significance. The MD result can agree with the theoretical
prediction as the radius of sphere is large. It deviates from
theoretical prediction as the radius decreases, which is attrib-
uted to the breakdown of the assumption of r, > b.

4 Conclusion

In summary, to study two basic configurations of the GNR on
tube/sphere, helix and scroll, we developed a theoretical model
to describe the interactions between GNR and tube/sphere, in
which elastic energy of the GNR, interfacial energy among the
GNR itself, and interfacial energy between GNR and tube/sphere
are considered. Phase diagrams are presented to determine the
parameters influencing the formation of scroll/helix which
include the length of GNR, the geometry of the tube/sphere as
well as the interfacial energy among the GNR and the tube/
sphere. The theoretical model indicates that given fixed inter-
facial energy of tube-graphene or sphere-graphene, the GNR
can wind into scroll with small tube/sphere or a helix with large
tube/sphere. We then performed MD simulations to verify the
theoretical model with results agreeing well with the theoretical
prediction. Our work can be used to actively and precisely
control the assembling or transferring of nanoribbons.
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