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Self-assembly of a nanotube from a black
phosphorus nanoribbon on a string of fullerenes
at low temperature†

Kun Cai,ab Jiao Shi,a Ling-Nan Liua and Qing-Hua Qin *b

A string of fullerenes is used for generating a nanotube by self-assembly of a black phosphorus (BP)

nanoribbon at a temperature of 8 K. Among the fullerenes in the string, there are at least two fixed

fullerenes placed along the edge of the BP ribbon for keeping its configuration stability during winding.

By way of molecular dynamics simulations, it is found that successful generation of a BP nanotube

depends on the bending stiffness of the ribbon and the attraction between the fullerenes and the

ribbon. When the attraction is strong enough, the two edges (along the zigzag direction) of the BP

ribbon will be able to bond covalently to form a nanotube. By the molecular dynamics approach, the

maximum width of the BP ribbon capable of forming a nanotube with a perfect length is investigated in

three typical models. The maximum width of the BP ribbon becomes larger with the string containing

more fullerenes. This finding reveals a way to control the width of the BP ribbon which forms a

nanotube. It provides guidance for fabricating a BP nanotube with a specified length, the same as to the

width of the ribbon.

1. Introduction

Phosphorus has many allotropes1–4 due to its special layout of
orbital electrons. Among the allotropes, black phosphorus (BP)
recently has attracted much attention due to its excellent
photo-/electric properties in the two-dimensional (2D) form,
namely few-layered BP.5–8 For example, a few-layered BP has
been studied as a semiconductor material with a direction gap,8

high drain current modulation9 and high charge carrier mobility,10

etc. Hence, it is a potential candidate material for application in
future nano-electro-mechanical systems (NEMS).11–15 However, the
chemical, mechanical and thermal stabilities of a 2D BP are much
lower than those of graphene under ambient conditions.16–18 This
drawback is an obstacle for the wide application of BP in
nanodevices.9

To improve the stability of a BP nanostructure, one approach
is to reduce the number of edge (unsaturated) atoms in the
nanostructure and the other route is to place the nanostructure
under the protection of a stronger substrate. For example, a 2D

BP can be encapsulated between graphenes.19 Alternatively, one
can form a nanotube from a BP ribbon to reduce the edge
atoms,20–22 and even protect the BP nanotube23,24 with a carbon
nanotube (CNT).25–29 Particularly, a BP nanotube behaves as a
semiconductor material with excellent electric properties.22

Unfortunately, we found that the thermal and mechanical
stability of a BP nanotube is very low.30–32 Hence, the stability
of the BP nanotube under the protection of a CNT required
studying. For example, when placing a BP nanotube in a rotary
CNT nanomotor,24,33–37 the rotational frequency of the CNT
rotor should be confined to being lower than a critical value,
over which the BP nanotube will be broken due to the heavy
centrifugal force during rotating. For a nanotube formed by
enclosing a BP nanotube into a CNT, the composite nanotubes
can bear a larger deformation along the tube axis.23,32

One important fact to be mentioned is, either in nature or in
the laboratory, a BP nanotube has never been discovered or
synthesized/fabricated. In practice, the BP nanotubes should be
fabricated before realization of their application as excellent
semiconductors from one-dimensional (1D) phosphorous allotropes.
At the nanoscale, to fabricate a 1D material from a 2D material,
one can tailor the 2D material with a specified shape and sew up
the related edges of the tailored 2D material,38–44 e.g., forming a
CNT from a graphene ribbon.45–48 In particular, in numerical
experiments, the self-assembly approach is usually adopted.49–51

By using the method, the feasibility of fabricating a nanotube from
a BP ribbon upon a CNT was verified.52 Moreover, in preparing a
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BP ribbon, some fragments, e.g., small pieces of BP, may be
attracted to the surface of the longer BP ribbon, in this case, the
BP ribbon is believed to be polluted. The self-assembly of a
nanotube from the polluted BP ribbon has been investigated.53

According to the existing results on BP nanotubes, the
mechanical and thermal stabilities of a BP nanotube are very
low.5,7,18,24,30–32 The tube may be damaged during its pulling
away from its substrate due to strong attraction by the substrate.
To obtain a BP nanotube without damage, the attraction from the
substrate should be reduced. For this reason, in the present
study, we choose fullerenes (e.g., C60 and C240),54 which have
curved surfaces, to trigger the self-assembly of a nanotube from a
BP ribbon. Due to the curvature of the surfaces, the fullerenes will
provide a smaller attraction to the BP ribbon than a nanotube
having the same diameter. Contradictorily, under such a small
attraction, self-assembly could be infeasible. Hence, we firstly
build the conditions for successful self-assembly in theory (in
Section 2), and verify the prediction by numerical experiments
(in Section 3). And some conclusions are drawn for potential
applications of the method (in Section 4).

2. Models and methodology
2.1 Models

In a C240 as shown in Fig. 1, there are 240 carbon atoms on the
surface of the nanoball. And each atom is covalently bonded
with three neighboring atoms. In contrast, for a C60, its surface
contains 60 carbon atoms. Hence, the surface curvatures of the
two nanoballs are different.

2.2 Methodology

In the present study, the dynamic response of the system
shown in Fig. 1 is revealed by molecular dynamics simulations,
in which the interaction among the carbon atoms in either C240

or C60 is estimated by the AIREBO potential.55 The interaction

among the covalently bonded phosphorus atoms is described
by the Stillinger–Weber potential,56 the parameters with respect to
BP were presented by Jiang 2015.57 Due to the surface curvature of
a nanoball, the contact area of a nanoball covered by the BP ribbon
is very small. Hence, the nonbonding interaction among carbon/
phosphorus atoms is evaluated by the traditional 12-6 Lennard-
Jones potential.58 And the parameters are listed in Table 1.

(a) Flowchart of MD simulation. The simulations are carried
out in the open source code LAMMPS.59 And each simulation
contains the following eight steps:

Step 1: Build the model of the system (e.g., Fig. 1) according
to the specified parameters with free boundary conditions;

Step 2: Reshape the system by minimization of the potential
energy of system, the steepest decent algorithm is adopted;

Step 3: Fix the upper part of ball 1 and the lower part of ball
2, and fix both the left and the right edges of the BP ribbon;

Step 4: Initiate the velocity of the rest of the atoms in the
system, and set the time step as 0.001 ps;

Step 5: Relax the system at a canonical (NVT) ensemble with
T = 8 K, a Nose–Hoover thermostat60,61 is used to adjust the
temperature;

Step 6: Release the phosphorus atoms on the left edge of the
BP ribbon after 200 ps of relaxation, and maintain 200 ps
further relaxation;

Step 7: After full relaxation, release the right edge of the BP
ribbon and start running for 1000 ps, and record the data for
post-processing;

Step 8: Stop.

Fig. 1 Layout of fullerenes and BP ribbon in forming a BP nanotube in Cartesian coordinates XYZ. L is the length, and W is the width of BP ribbon. The
grey nanoballs are partly fixed, e.g., the upper part of ball 1 or the lower part of ball 2 is fixed during simulation. The initial distance between the left edge
of the BP ribbon and ball 1 or ball 2 is 0.34 nm. The initial z-distance between the fixed nanoball and the neighboring free nanoball is 0.34 nm. (a) Winding
a BP ribbon by two partly fixed C240. (b) Winding a BP ribbon by two C240 and two C60, the initial z-distance between both C60 (ball 3&4 in blue) is labeled
as d. (c) Winding a BP ribbon by four C240. (d) The unit length along the x-direction is l0, the unit width along the z-direction is w0, and the thickness of the
BP ribbon is dBP. The initial centers of the nanoballs are in the same straight line, which is parallel to the left edge of the BP ribbon. w0 = 0.3314 nm,
l0 = 0.4376 nm. M and N are integers. The radii of C240 and C60 are B0.71 nm and B0.355 nm, respectively. dBP = 0.2194 nm.

Table 1 Parameters in the 12-6 Lennard-Jones potential function
between atom i (C/P atom) and atom j (C/P atom)

Atom i Atom j sij (nm) eij (eV)

P C 0.34225 0.006878
P P 0.3438 0.015940
C C 0.3400 0.002844
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(b) Perfect length of BP ribbon. To show the effect of L (i.e.,
the length of BP ribbon) on the winding result, we define the
perfect length of the BP ribbon for comparison. The value of the
perfect length can be calculated by the following equation,

Lp = N � l0 E 2p(r240 + sP–C + 0.5dBP), (1)

where r240 is the radius of C240, i.e., 0.71 nm. N is approximately
equal to 15. Hence, only the BP ribbons with N = 14, 15, and 16
will be included in the discussion.

(c) Attraction between BP ribbon and fullerenes. The van
der Waals interaction among the fullerenes and BP ribbon is
the major reason for the curvature of the BP ribbon. Fig. 2
shows the initial distribution of the attraction between the
fullerenes and the phosphorus atoms in the ribbon. For example,
there is no phosphorus atom under repulsion. The phosphorus
atoms located in the dark red area is subjected to strong
attraction by fullerene. The attraction between the nanoball
and the phosphorus atoms in the green area is smaller than
that in the dark red area, but obviously larger than that in the
yellow area. The attraction can be neglected as the phosphorus
atoms are in the blue area due to the longer distance from the
surface of the nanoball. The number of phosphorus atoms
subjected to attraction by ball 1 (or 2) (Fig. 2a) is only about
half of that of the atoms attracted by ball 3 (or 4) from C240

(Fig. 2b), and is even smaller than that of the atoms attracted by
ball 3 from C60 (Fig. 2c). Therefore, we predict that the BP
ribbon will move towards the fullerenes when all of their fixed
degrees of freedom are released.

As the interaction is strong enough, e.g., the ribbon will be
curved and wound upon the two fixed nanoballs (ball 1 and ball
2 in Fig. 1). From the energy point of view, the following
relationship should be satisfied for a successful winding,

PvdW + Pcurv o 0, (2)

where PvdW is the drop of the potential energy of the nanoballs
covered by the wound BP ribbon with respect to their initial

potentials. It depends on the positions and sizes of the nano-
balls (Fig. 2), and can be expressed as

PvdW = P1 + P2 + sign(2) � P3(C240) + sign(2) � P4(C240)

+ sign(3) � P3(C60) + sign(3) � P4(C60), (3)

where P1, P2, P3 and P4 are the interaction energies of each of
the fullerenes with the BP ribbon. In model a, i.e., the 2C240

model, the values of sign(2) and sign(3) are zero. In model b,
sign(2) = 1 and sign(3) = 0. In model 3, sign(2) = 0 and sign(3) = 1.

Pcurv is the deformation-induced potential energy of the BP
ribbon. The value of Pcurv can be calculated using the following
integration,

Pcurv ¼
M

2

ðL
0

EI0

rðlÞdl (4)

where EI0 is the bending resistance of the cross section of the
BP ribbon with a width of w0 in the Y–Z plane. As the BP ribbon
is attracted and wound upon the maximal circular boundary of
ball 1 and ball 2 (e.g., Fig. 3a), r(l) is a constant of (r240 + 0.34 +
0.5dBP) nm. From eqn (4), we know that the value of Pcurv is
larger when the ribbon with a length of L and width of W has a
small curvature radius, which implies that eqn (2) may not be
satisfied, thus the BP ribbon fails to be wound into a nanotube.
From eqn (4), the value of Pcurv is positive and directly proportional
to the width of the ribbon (i.e., W = M � w0). Hence, for a given
layout of fullerenes, more phosphorus atoms in the ribbon need to
be relocated under the attraction of the fullerenes when the width is
larger (Fig. 3b–d). The width of the ribbon must have a critical value,
over which the BP ribbon cannot be attracted and cannot form a
nanotube on the fullerene group.

To show the stability of the system, we define the variation
of potential energy of the system during winding,

VPE = PvdW + Pcurv + Pbond, (5)

where Pbond is the potential variation due to the generation of
new P–P covalent bonds if the green and the yellow edges of the
BP ribbon can get close enough to be covalently bonded

Fig. 2 Schematic interaction between a fullerene and a BP ribbon at the initial state. No P atom is in the repulsion zone (I). The attraction zone (II) is
divided into four subzones. Most of the P atoms located in dark red area are subjected to the strongest attraction. The attraction to the P atoms in the
blue area is negligible. (a) X–Y view of a fixed C240, (b) X–Z view of a fixed C240, (c) X–Z view of a free C240, and (d) X–Z view of a free C60.
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(Fig. 3a). Each new P–P bond being generated leads to B�0.66
eV of decrease of potential energy. Hence, sudden decreasing of
the VPE historical curve can be used to judge the meeting of the
two edges of ribbon.

According to above analysis of the potential energy of the
system, the final system has two possible configurations. One is
that the BP ribbon can be successfully wound upon the nano-
balls, and possibly form a nanotube if the length of the ribbon
is near the perfect length as defined in eqn (1). Besides, the
width of the BP ribbon must have a maximum, over which the
BP ribbon will not form a nanotube. Another is that the BP
ribbon is partly curved and attached upon the fullerenes. For
both cases, the attraction forces, which drive the deformation
and motion of the BP ribbon, can be schematically expressed as
that shown in Fig. 4. For instance, the components of the
attractive forces in the X–Y plane mainly lead to the deforma-
tion (v2) of the BP ribbon (Fig. 4a and c). The components of
attraction in the X–Z plane result in the linear velocity (v1) of the
left edge of the ribbon. During attraction, the two free balls
from C60 will run on the surface of either ball 1 or ball 2 toward

the BP ribbon (Fig. 4d). The R-axis is in the Y–Z plane, which is
the straight line passing through the centers of ball 1 and ball
2. It is the rotating axis of the BP ribbon during winding, and is
also the tube axis of the final BP tube if formation is successful.

3. Numerical experiments and
discussion
3.1 Numerical results of 2C240 model

After a series of numerical experiments, the final states of the
BP ribbons with different sizes in the different models are
obtained and listed in Table 2. It can be found that the
maximum width of the BP ribbon with N = 15 is about
3.977 nm, i.e., 12 unit cells along the width direction (M = 12)
in the 2C240 model (Fig. 1a). The BP ribbon with a smaller
width, e.g., M = 9, can successfully form a BP nanotube (Fig. 5a)
(Movie 1, ESI†). However, if the width is larger, e.g., M = 13, the
BP ribbon cannot be fully wound upon the two fixed fullerenes
due to the larger bending stiffness of the ribbon (Fig. 5b).

Fig. 3 The interaction between the nanoball(s) and the atoms in BP ribbon when the ribbon has fully wound upon the nanoball. (a) Possible
configuration during winding of the BP ribbon on nanoballs. (b) In the 2C240 model at the edge near ball 1, (c) in the 2C240 model at the edge near ball 3,
and (d) in the 4C240 model at the edge near ball 1.

Fig. 4 Attractive (resultant) forces between balls and BP ribbon, the potential motion of free balls and possible deformation of BP ribbon. (a) The
component of the attractive force in the X–Y plane, and (b) the component of the attractive force by ball 1 or ball 3 in the X–Z plane. (c) The possible
deformation and directions of motions of atoms in the left edge of the BP ribbon in the X–Y plane. (d) The possible direction of motions of ball 3 and ball
4, and the potential deformation of the left edge of the BP ribbon in the Y–Z plane. The ribbon will rotate along the R-axis, which passes through the
centers of ball 1 and ball 2.
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Except for using the snapshots to judge the successful formation of
a BP nanotube, the history curve of the potential energy of the

system can also be used to check the final state of the BP ribbon.
For example, Fig. 6 gives the three curves of the VPE (variation of
potential energy with respect to the initial value) corresponding to
M = 9, 12 and 13, respectively. One can find that both curves with
respect to M = 9 and 12 have a sharp decrease of B3 eV during the
winding process. But the curve with respect to M = 13 has no
sudden variation. The sharp decrease of potential energy is caused
by the formation of new P–P bonds between the two (green and
yellow) edges of the BP ribbon52,53 when they meet after a period of
winding upon the nanoballs (the snapshots at 200 ps inserted in
Fig. 6 with respect to M = 9, 12).

3.2 Numerical results of 2C240 + 2C60 model

When we add two C60 between the two fixed C240 to form a
2C240 + 2C60 model (Fig. 1b), the attractive force is enhanced.
From the results in Table 2, one can find that the maximum width
of the BP ribbon with N = 15 increases to 4.971 nm (4 3.977 nm
in model a), i.e., M = 15. The curves of the VPE are shown in
Fig. 7a, which indicates that in the VPE curve with respect to
M = 16 these is no sharp drop during simulation. From Fig. 8b
one can find that the ribbon is not attracted and wound upon
the fullerene string. If M o 16, e.g., M = 14, the potential energy
of the system has an obvious decrease as shown in the oval
shadow (Fig. 7a), and the BP ribbon is wound into an unexpected
nanotube (Fig. 8a) (Movie 2, ESI†), in which the green edge of the
BP ribbon (Fig. 1) after being covalently bonded with the yellow
edge should be on the inner surface and the yellow edge on the
outer surface of the tube. This is because the distance between
the two C60 is long, and the deformation of the ribbon between
ball 3 and ball 4 (t = 80 ps in Fig. 8a) can be larger than that of a
shorter ribbon. The unsaturated edges of the ribbon are firstly
bonded in the middle area and further expanded to the whole
edges (t = 89 ps in Fig. 8a).

Table 2 Winding results of the BP ribbons with different sizes in different
models. Successful forming into a BP nanotube will be labeled as ‘‘Yes’’,
otherwise, ‘‘No’’. Length unit: nm

Model type d M/W N/L
P atom
number Success?

2C240 model 1.563 9/2.983 15/6.494 570 Yes
2.557 12/3.977 15/6.494 750 Yes
2.888 13/4.308 15/6.494 810 No

2C240 + 2C60
model

0.34 12/3.977 14/6.056 700 No
15/6.494 750 Yes
16/6.931 800 No

0.79 13/4.308 14/6.056 756 No
15/6.494 810 Yes
16/6.931 870 No

1.12 14/4.640 14/6.056 812 No
15/6.494 870 Yes
16/6.931 928 No

1.45 15/4.971 14/6.056 868 No
15/6.494 930 Yes

1.78 16/5.302 14/6.056 924 No
15/6.494 990 No

4C240 model 0.34 16/5.302 16/6.931 1056 Yes
(Cases with 17 r M r 24 & N = 16) Yes
3.35 25/8.285 16/6.931 1632 Yes
3.68 26/8.616 15/6.494 1590 Yes

16/6.931 1696 No
4.01 27/8.948 15/6.494 1650 Yes

16/6.931 1760 Yes
4.34 28/9.279 15/6.494 1710 Yes

16/6.931 1824 Yes
4.67 29/9.611 15/6.494 1770 No

16/6.931 1888 Yes
6.00 33/10.936 15/6.494 2010 No

16/6.931 2144 Yes
6.33 34/11.268 16/6.931 2208 No

Fig. 5 In the 2C240 model, the representative snapshots during self-assembly of two BP ribbons with the same length, i.e., N = 15, but different widths,
i.e., M = 9 and 13, respectively.
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To illustrate the influence of length of ribbon on the winding
result, we simulate the winding of the BP ribbon with the same
width (M = 13 or 14) but different lengths (e.g., N = 14, 15 or 16).
Unfortunately, the BP ribbon with N = 14 or 16 cannot form an
ideal BP nanotube. The reason is that the attraction between the
two edges of the ribbon with N = 14 is not strong enough to
stretch the ribbon with a larger deformation so as to form new
P–P bonds (Fig. 7b). If the ribbon is too long, e.g., N = 16, the two
edges are overlapped and the unsaturated phosphorus atoms
also cannot be bonded together (Fig. 7c). The sharp decrease is
caused by the attraction of the atoms on the two edges.
But clearly the decrease of VPE with respect to N = 16 is smaller
than that with respect to N = 15. Hence, we do not think in this
case a nanotube is successfully formed, and set ‘‘no’’ in the label
in Table 2.

3.3 Numerical results of 4C240 model

From the results with respect to model c (4C240 model) listed in
Table 1, two aspects are necessarily demonstrated. One is that
the value of N becomes 16 in this model (except M = 26), which
means a longer BP ribbon can be formed into a BP nanotube than
that in the 2C240 or 2C240 + 2C60 model. This means that a longer
ribbon is required to form into a nanotube when more C240

fullerenes are laid out between the two fixed C240 nanoballs. The
reason is that the two neighboring C240 (e.g., ball 1 and 3 in Fig. 9)

become a simple support for the upper part of the BP ribbon, and
the middle part of the ribbon has a smaller deflection, which is
caused by the attraction of ball 3 and ball 4. Therefore, the two
edges in the middle part cannot get close enough to be bonded
together as N = 15. Obviously, this phenomenon does not occur in
model b, which has the two C60 as free nanoballs. This is because
the radii difference between C240 and C60 is high and the middle
part of the BP ribbon has a larger deflection due to attraction of
ball 3 and ball 4 from C60. The other aspect is that the maximum
width reaches 33w0, i.e., M = 33. From above analysis, M = 12 in the
2C240 model. Hence, the value of M = 33 in model c is slightly
smaller than 3 times M = 12 in model a. From the layout of
attraction of the phosphorus atoms in Fig. 3b and d, we know that
the number of atoms under strong and moderate attraction in
Fig. 3d is slightly smaller than 3 times that in Fig. 3b. This is
because there is an overlap of attraction between the two
neighboring nanoballs as seen in Fig. 3d.

By observing the curving histories of the BP ribbons with the
same length (N = 16) but different widths, one can find that an
ideal BP nanotube can be obtained after self-assembly when the
value of M is between 17 r M r 25. Fig. 9a indicates that an
ideal nanotube is obtained after 97 ps of releasing the ribbon. If
M is between 27 r M r 33, an irregular nanotube can be
obtained (see the snapshot at 101 ps in Fig. 9b). If M 4 33, the
BP ribbon cannot be attracted and wound upon the fullerene
string (Fig. 9c) (Movie 3, ESI†).

Our simulation for the winding process of the BP ribbon
with N = 15 in the 4C240 model, shows that the shorter BP
ribbon, e.g., with M o 29, can also form an ideal nanotube as
labeled in Table 2. Actually, the final configuration is obtained
by removing ball 1 (top C240) away from its initial position.
Before moving away ball 1, the ribbon has been bonded together
only at both sides, and the middle part is still separated (see the
snapshot at 0 ps in Fig. 10a). If we pull ball 1 at a velocity of
1 m s�1 away from its initial position, the neighboring C240 (ball 3)
follows ball 1 only to about 600 ps (Fig. 10a) and cannot move
away from the BP due to the stronger attraction of the ribbon.
As ball 1 moves more than 1.0 nm (e.g., with respect to 1070 ps),
ball 3 starts moving into the BP cavity, and simultaneously, the
ideal BP nanotube is formed (the snapshot with t = 1108 ps in
Fig. 10a).

Fig. 6 History curves of variation of potential energy of the 2C240 systems
with different lengths of BP ribbons.

Fig. 7 Histories of VPE of the systems in the model of 2C240 + 2C60. (a) The BP ribbons with the same length of N = 15. (b) The ribbons with the same
width of M = 13. (c) The ribbons with the same width of M = 14.
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If M is larger, e.g., 29, the BP cavity still cannot be self-sewed
during the movement of ball 1 (the snapshot at 1020 ps in

Fig. 10b). It is interesting that the BP cavity and the two
free C240 move together with ball 1. This is reasonable because

Fig. 8 Representative snapshots of BP ribbons with the same length (N = 15) but different widths in the 2C240 + 2C60 model. (a) BP nanotube is formed
when M = 14. (b) BP ribbon is still unfolded when M = 16.

Fig. 9 In the 4C240 model, representative snapshots of BP ribbons with the same length (N = 16) but different widths.
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ball 1 and ball 2 have approximately equal attraction to the BP
cavity when the velocity of ball 1 is very small. The BP cavity can
move together with ball 1, or stand with ball 2.

4. Conclusions

By using two or more fullerenes to trigger the self-assembly of a
BP ribbon into a nanotube at a low temperature, the contact
area between the fullerenes and the BP ribbon is small and
depends on both the radius and the number of fullerenes.
Compared with the fabrication process of a BP nanotube on a
CNT surface, the attraction between the fullerene group and the
BP ribbon is weaker and controllable. One more merit is that
the friction between them is very slight, which is essential to
have an ideal BP nanotube after self-assembly. These motivate
us to investigate the fabrication of a BP ribbon by fullerene
groups theoretically and numerically. Some conclusions can be
drawn after a series of experiments.

(1) According to theoretical analysis, when a long BP ribbon can
form a nanotube by two fullerenes, it will also be able to form a tube
with more fullerenes placed along a straight line. The reason is that
more fullerenes will provide the ribbon with a stronger attraction.

(2) The maximum width of the BP ribbon exists when the
layout of fullerenes is as specified. The maximum width
increases with the number of fullerenes adopted in the model.

(3) The effect of curvature of fullerenes on the formation of
BP nanotubes has been revealed. If all the fullerenes with or
without being fixed have the same radius (model c), the perfect
length of the BP ribbon may be larger than that of the model
with only two fullerenes (model a) or the model with smaller
fullerenes near the fixed fullerenes (model b).

(4) In model c, if the BP ribbon is partly bonded together at both
sides, it may form a nanotube by moving away from a fixed fullerene.
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