
Soft Matter

PAPER

Pu
bl

is
he

d 
on

 0
8 

A
ug

us
t 2

01
3.

 D
ow

nl
oa

de
d 

on
 3

1.
01

.2
6 

00
:5

8:
26

. 

View Article Online
View Journal  | View Issue
Department of Chemistry, Columbia Univers

NY 10027, USA. E-mail: ac2822@columbia.

Cite this: Soft Matter, 2013, 9, 8881

Received 28th May 2013
Accepted 7th August 2013

DOI: 10.1039/c3sm51495a

www.rsc.org/softmatter

This journal is ª The Royal Society of
Collapsing nanoparticle-laden nanotubes

Joseph A. Napoli, Anđela Šarić and Angelo Cacciuto*

We show how self-assembly of sticky nanoparticles can drive radial collapse of thin-walled nanotubes.

Using numerical simulations, we study the transition as a function of the geometric and elastic

parameters of the nanotube and the binding strength of the nanoparticles. We find that it is possible to

derive a simple scaling law relating all these parameters, and estimate bounds for the onset conditions

leading to the collapse of the nanotube. We also study the reverse process – the nanoparticle release

from the folded state – and find that the stability of the collapsed state can be greatly improved by

increasing the bending rigidity of the nanotubes. Our results suggest ways to strengthen the

mechanical properties of nanotubes, but also indicate that the control of nanoparticle self-assembly on

these nanotubes can lead to nanoparticle-laden responsive materials.
I Introduction

Nanotube–nanoparticle composites are currently one of the
most promising hybrid materials. Combining the unique
properties of these two components can result in exceptional
mechanical, electronic and optical properties.1 Efficient proto-
cols for decorating carbon, silica or polymeric nanotubes with a
variety of inorganic nanoparticles have opened novel avenues
for their application in nanotechnology.2–7 Up-to-date nano-
particle–nanotube composites have successfully been used as
chemical- and biosensors,8–10 catalysts and catalyst supports in
fuel cells,11–13 high-strength engineering bers,14,15 as well as
components in nanoelectronics,16 photovoltaics17 and neural
nets.18 Understanding the interactions between nanoparticles
and nanotubes, as well as the structural properties of their
assemblies, is essential for the successful design and manipu-
lation of these materials. Here, we consider how the self-
assembly of adhering nanoparticles drives a peculiar collapse of
nanotubes that has the potential to broaden the application of
this class of hybrid materials.

Because of their thin walls, nanotubes are quite exible
when subjected to radial deformation, even when their stiffness
in the axial direction is extremely high. Consequently, nano-
tubes are prone to radial buckling. Due to the importance of this
transition, a signicant body of work has been dedicated to
understanding the radial buckling and collapse of nanotubes
under point-like mechanical loading or isotropic compressive
stresses.19–23 Radial buckling of carbon nanotubes within a
carbon nanotube ber has been shown to improve the
mechanical strength of the ber.14,15 Such a collapse also
strongly affects the nanotube's electrical properties, inducing
for example their semiconductor–metal transition in single and
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double walled carbon nanotubes.24–26 Furthermore, the cata-
strophic collapse of cytoskeletal microtubules under large
radial loads has been reported,27 though its biological signi-
cance is still unclear. In all cases, the process is characterized as
a discontinuous transition that depends only on the nanotube
radius and that is oen directed by attractions between the
opposite walls of the nanotube.

We show, using molecular dynamics simulations, how the
collective behavior of nanoparticles assembling on a deform-
able nanotube can promote this transition, even when the walls
of the nanotube are fully noninteracting, and can result in an
ordered nanoparticle engulfment inside the collapsed struc-
ture. In our simulations the nanotube is modeled in a coarse-
grained fashion as a generic elastic tubular surface which,
depending on the specic choice of mechanical parameters, can
represent a hollow nanotube of a broad range of materials. We
study the process for different values of bending stiffness of the
nanotube and characterize the dependence of the transition on
the ratio of nanotube/nanoparticle radii, the number of nano-
particles, and the strength of the nanoparticle adhesion to the
nanotube walls. We demonstrate how the collapse and nano-
particle engulfment can be controlled and reversed by tuning
the strength of nanoparticle adhesion, which can be achieved
for instance by changing the properties of the medium, sug-
gesting a new class of environment-responsive nanocomposites.
II Methods

We model the nanotube as an elastic membrane of cylindrical
shape, using a standard triangulated mesh of hexagonal
symmetry.28 Small spherical beads are placed at each node of
the membrane in order to impose surface self-avoidance, and
any two surface beads interact via a repulsive truncated-shied
Lennard-Jones potential
Soft Matter, 2013, 9, 8881–8886 | 8881
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Fig. 1 Snapshots of three possible phases upon nanoparticle (orange) adsorp-
tion on the nanotube (blue). (a) The random gas state. (b) The axial linear
aggregate of nanoparticles. Top panel shows the cross-section when looking
down the cylinder axis, the bottom panel shows the view from above. (c) The
collapsed state in which a self-assembled linear aggregate of nanoparticles is
completely wrapped by the surface of the nanotube. The panels are analogous to
those in (b).
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where r is the distance between the centers of two beads, s is
their diameter (which we set to 1), and 3 ¼ 102kBT.

Each bead of the surface is linked to its immediate neighbors
via the harmonic spring potential

Ustretching ¼ Ks(r � rB)
2 (2)

where Ks is the spring constant that models the stretching
rigidity of the surface, r is the distance between two neighboring
beads, and rB ¼ 1.23s is the equilibrium bond length, which is
sufficiently short to prevent overlap between any two triangles
on the surface.

Keeping Ks constant, we modulate the bending rigidity of the
surface according to a dihedral potential between adjacent
triangles of the mesh:

Ubending ¼ Kb(1 + cos q) (3)

where Kb is the bending constant that sets the bending rigidity
of the surface and q is the dihedral angle between opposite
vertices of any two triangles that share an edge.

The ratio between stretching and bending constants is
simply related to the thickness of the material t, Ks/Kb x (1/t)2,29

and in this work we focus on the limiting behavior of nearly
unstretchable tubes (s2Ks/Kb $ 102), corresponding to nano-
tubes with very thin walls. An analogous continuous mechanics
descriptions of nanotubes has been shown to be applicable even
to study the mechanical properties of carbon nanotubes con-
taining as little as about 10 atoms on the perimeter.19

Nanoparticles of diameter sc ¼ 10s interact with each other
via a purely repulsive truncated-shied Lennard-Jones potential
as described above eqn (1) with s / sc. A short-ranged Morse
potential, acting between the center of the nanoparticles and
the centers of the beads describing the nanotube accounts for
the generic binding potential between nanoparticles and tube;

UMorse ¼
�
D0

�
e�2aðr�rMBÞ � 2e�aðr�rMBÞ

�
; r # 7s

0 ; r . 7s
(4)

Here, r is the distance between the centers of a nanoparticle
and surface bead, rMB ¼ 5.5s is their contact distance, and D0 is
the binding constant. The interaction cutoff is set to 7s (i.e. 70%
of the nanoparticle diameter) and the decay factor to a¼ 1.25/s.
Typical nanoparticle surface coverage is 0.006–0.016. Simula-
tions were carried out using the LAMMPS molecular dynamics
package.30 To avoid boundaries effects, and migration of the
particles into the tube, we used periodic boundary conditions in
all our simulations, and to prevent stresses on the tube that
could be exerted by the boundaries, we adopted an adjustable
box size along the tube axial direction x. Stretch-free congu-
rations, are obtained by employing an NPxT ensemble with zero
external reduced pressure Px. The timestep was set to dt ¼
0.002s0 (s0 is the dimensionless unit of time). Each simulation
was carried out for at least 4 � 106 steps, and the time inte-
gration was performed using Langevin dynamics.
8882 | Soft Matter, 2013, 9, 8881–8886
We varied the bending rigidity, Kb, the radius of the tube, R,
as well as the number of nanoparticles, N, and their adhesion to
the nanotube, D0, to characterize how the binding of the
particles drives the collapse of the nanotube.
III Results

Nanoparticles exhibit three distinct phases upon adhesion to
the surface, as depicted in Fig. 1, depending on the binding
constant D0. The rst is a gas phase that arises when D0 is
insufficient to overcome the resistance to deformation imposed
by the bending rigidity and the particles randomly diffuse over
the surface (Fig. 1(a)). As D0 is increased, the nanoparticles
slightly deform the tube and self-assemble into linear string-
like aggregates which are aligned with the cylinder's axis and
partially wrapped by the surface, albeit never fully (Fig. 1(b)).
This phase is a consequence of the inherent tendency of thin
sheets to respond to a deformation by bending uniaxially, the
only stretch-free way. Since the stretching rigidity of the surface
is much higher than its bending rigidity (the nanotube's walls
are very thin), the axial direction is the preferred direction of the
deformation and promotes nanoparticle self-assembly into long
lines.31–33 However, the range of D0 for which this occurs is
relatively narrow, and the phase invariably appears in coexis-
tence with the rst gaseous phase, with the majority of the
nanoparticles arranging in linear formation and a few diffusing
to either side of it.

As soon as the nanoparticle adhesion or concentration is
slightly increased, the linear phase becomes unstable and the
third phase (hereaer collapsed) occurs, as shown in Fig. 1(c).
This illustrates that in the high-stretching and binding limits,
This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 From top to bottom, hysteresis plots for Kb¼ 15 kBT, Kb¼ 35 kBT, and Kb¼
55 kBT, respectively. For each plot, triangles (black) represent the forward direc-
tion, where the initial configuration is a line of nanoparticles just above the
surface of the cylinder and parallel to its axis, and circles (red) represent simula-
tions where the initial configuration is the fully wrapped linear aggregate (see
Fig. 1(c)). The onset value of collapse, D*

0, increases with increasing Kb, accom-
panied by the hysteresis broadening. Here, R ¼ 25.4s and N ¼ 15.

Fig. 3 (Color online) Top panel: The onset value of collapse, D*
0, increases as the

nanotube radius R decreases because the nanoparticles need to deform against
the larger curvature. Kb ¼ 35 kBT and N ¼ 15 are kept constant. Bottom panel: D*

0

increases as the number of nanoparticles N decreases due to lesser collective
deformation by the particles. Kb ¼ 35 kBT and R ¼ 25.4s are kept constant.
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incompletely wrapped axial lines are unstable and as the
particles become entirely wrapped by the surface in order to
maximize the energy gained by nanoparticle–nanotube binding
interactions, the surface collapses to generate a uniform buckle
along the axis of the tube. In this conguration, nanoparticles
are arranged into strings and are rmly contained within the
tubular inner fold. By reversing the transition, for instance by
decreasing the nanoparticle binding with changing experi-
mental conditions, a mechanism similar to responsive nano-
caging could be achieved.

To characterize the transition from the axial structures to the
stable collapsed state, it is insightful to relate the onset value of
binding D*

0 (i.e. the rst value of D0 that is sufficiently large to
induce collapse) to the mechanical properties of the surface and
the number of nanoparticles in the system. To obtain cleaner
results, we initially prepare the nanoparticles in linear formation
just above the surface of the tube and oriented parallel to the axis
of the cylinder. However, it should be emphasized that the linear
conguration is also the lowest-energy conguration, as
explained above, and reported in ref. 32. We let the simulation
equilibrate andmeasured the average extent of particle wrapping
by the surface, f, as a function of increasingly larger values of D0.
Particle wrapping is dened as the total surface area of the
nanotube in contact with a nanoparticle, S0, divided by the
surface area of a nanoparticle, f¼ S0/(4psc

2). We consider a bead
of the nanotube to be in contact with a nanoparticle when their
center-to-center distance is within the cut-off of the Morse
potential. Clearly, f ¼ 1 would imply complete wrapping of the
nanoparticles. However, because of the large energy costs asso-
ciated with the stretching energy, this scenario never occurs in
our system and the maximum particle wrapping is achieved
when a linear aggregate is completely enveloped by the nanotube
(as depicted in Fig. 1(c)). This conguration yields typical wrap-
ping values per particle of f x 0.4. To understand the nature of
the transition, we also examine the reverse process, i.e. we
repeated the simulations for the same set of parameters, but
choosing a fully wrapped linear aggregate as an initial congu-
ration and by decreasing D0 until the buckle is released and the
cylindrical geometry is restored. This analysis has been repeated
for different values of Kb, R, and number of particles, N.

The collapse transition for three bending rigidities is illus-
trated in Fig. 2, and shows that there is a clear discontinuity in
the nanoparticle wrapping parameter above an onset value D*

0,
corresponding to a rst-order transition. Not surprisingly, as Kb

increases, D*
0 shis to higher values due to the larger energy

needed to deform the surface. Simulations of the reversed
process, which started from a wrapped state, show that nano-
particle engulfment can indeed be reversed, with D0 for the
nanoparticle release being lower than the onset D*

0 needed to
promote the collapse. We observe hysteresis broadening for
higher values of Kb, indicating a higher energy barrier for the
collapse of stiffer nanotubes, but also for the reverse process.
This result is important because it suggests a simple way of
controlling the stability of the collapsed state against restoring
forces.

Our data also reveal that D*
0 increases when decreasing the

radius of the cylinder or the number of nanoparticles (Fig. 3). In
This journal is ª The Royal Society of Chemistry 2013
the rst case, the nanoparticles need to deform against a larger
curvature in order to adhere, resulting in higher values of D*

0.
This is analogous to the well-known fact that carbon nanotubes
of smaller radii are more stable against buckling,21 and it is due
to the smaller cost associated to bending deformations of wider
tubes. Additionally, since the collapse transition is a conse-
quence of a collective behavior of nanoparticles, at lower
nanoparticle densities the surface is deformed to a lesser extent
resulting in greater D*

0.
Soft Matter, 2013, 9, 8881–8886 | 8883
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Fig. 4 (a) Transversal bucking caused by a large single point deformation. In this
case lp < L, and the side rings indicate the location of the transversal stress focus
points. (b) Uniform axial buckling and nanotube radial collapse induced by four
equidistant localized deformations such that 4lp > L.

Fig. 5 Testing the scaling law presented in eqn (7): scatter plot of all simulation
data. The right-hand side of eqn (7) is plotted on the y-axis versus D0 from the
simulations. Open squares represent simulations which did not induce a collapsed
state, while filled squares represent simulations which have ended in a collapsed
state. In both cases the initial state was a non-collapsed linear aggregate
prepared above the surface of the nanotube containing N particles. The straight
line is provided as a guide to the eye to emphasize the clear division between the
data.
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Our ndings suggest a general scaling law relating D*
0 to the

mechanical and geometric properties of the surface, and the
number of adhering nanoparticles. A good place to start are the
scaling laws for the deformation of thin elastic sheets.
Following Witten et al.,34 when a thin sheet of a thickness t,
width w, and mechanical parameters Kb and Ks, is subject to a
deformation of amplitude h, the associated bending and
stretching energies scale as Eb x Kb (h/w2)2wlp and Es x
Ks(h

2/lp
2)2wlp, where lp is the extent of the axial deformation.

Minimizing the sum of the bending and stretching energies
contributions with respect to lp gives lp x wh1/2(Ks/Kb)

1/4 ¼
w(h/t)1/2, a well known expression for the persistence length of a
point-like deformation. This result can be generalized to a
cylindrical surface of radius R when h � R – which is the rele-
vant case to study the onset of the collapsing transition – and
one recovers the large deformation limit lpx R(R/t)1/2 by setting
w and h equal to R.27,35

A single particle adhering to an elastic surface imprints a
deformation whose shape can be approximated by that of a
spherical cap of a height h and radius sc. Binding energy is then
Ebind x �pD0hsc/s

2, where phsc/s
2 accounts for the degree of

wrapping of the nanoparticle, i.e. the number of membrane
beads it is in contact with. As the depth of the deformation, h, is
now controlled by the binding constant D0, we can perform the
same minimization described above with the additional energy
contribution due to the biding energy, and obtain an expression
for the equilibrium value of h, namely

h1=2 � ðD0scR
2Þ1=3�

s8KsKb
3
�1=12 : (5)

The expression for the extent of the deformation along the
axis of the cylinder, lp, upon binding of one nanoparticle, can
then be re-written as

lp �
�
Ks

1=3

Kb

	1=2�
R5D0sc

s2

	1=3

: (6)

In the case of a single indentation, a necessary condition for
the buckling transition to span the entire axis of the cylinder
thus leading to the collapse is that lp > L, where L is the length of
the cylinder. Whenever lp < L uniform axial buckling does not
occur and a local transversal deformation involving the forma-
tion of two stress points does instead take place as shown in
Fig. 4(a).

These arguments suggest that the collapse of an elastic tube
indented byN equidistant and well spaced binding particles can
occur whenever L* h Nlp $ L, i.e. when the persistence lengths
from each independent deformation couple and span the
length of the cylinder (see Fig. 4(b) for an illustration). Our
system is a bit different from the case discussed above, in fact,
in the linear aggregates self-assembled in our study – precursors
conguration for tube collapse – particles are in contact with
each other, and typically lp [ sc, suggesting that a more
appropriate measure for the extent of the total longitudinal
deformation is L* ¼ Nsc + lp. Imposing that the correlation of
the axial deformations between the particles extends beyond the
length of the tube, L* $ L, leads to a scaling law for D*

0

8884 | Soft Matter, 2013, 9, 8881–8886
D*
0 $

ðL�NscÞ3s2

scR5

�
Kb

3

Ks

	1=2

: (7)

It should be stressed that in this formula, N is not the total
number of particles in the system, but the length of the aggregate
driving the collapse transition. To test this scaling ideas, we
inserted data from all our simulations for various values of D0, Kb,
R and N into a single scatter plot, which has the right-hand side
expression of eqn (7) on the y-axis, and the binding constant D0

on the x-axis, as shown in Fig. 5. The points are marked as
“collapsed” and “not collapsed”, according to the nal state of the
simulation. There appears a distinct division between data cor-
responding to the collapsed state and those that do not, verifying
This journal is ª The Royal Society of Chemistry 2013
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the validity of the scaling law given in eqn (7). We expect devia-
tions to this scaling law when the diameter of the tube becomes
comparable to that of the particles, as in this case amore accurate
estimate of the elastic energies of the nanotube would be
required to better take into account its global deformation.

In conclusion, we have studied a system of nanoparticles
adhering to an elastic unstretchable nanotube. We have shown
how the nanoparticles self-assemble into a linear aggregate
which promotes the collapse transition of the nanotube, result-
ing in nanoparticle entrapment. The collapse is easier if the
nanotube radius or the nanoparticle concentration are increased,
and the bending rigidity (the material thickness) is decreased.
Using the elasticity theory for thin sheets we establish a scaling
law linking the onset of binding energy to the collapsing transi-
tion in terms of the elastic and geometric properties of the tube.
Finally we show how the process can be reversed and how its
hysteretic cycle widens with the bending rigidity of the tube. We
suggest that this feature can be exploited to design particle
nanotraps, but also as a way to enhance the mechanical strength
of nanoparticle–nanotube composites, in addition to altering
their electric and optical properties. Clearly the release (un-
buckling) transition can be further stabilized by adding a weak
attraction between the layers of the nanotube. Unfortunately our
scaling theory is not sufficient to fully describe the stability and
nature of the collapsing transition as a function of the bending
rigidity, in particular the hysteresis broadening observed for
higher values of Kb, and a more sophisticated description of the
overall shape prole (beyond a simple scaling formulation) of the
surface, as already established in studies of uid surfaces, is
required to capture this phenomenology.36

It should be stressed that the results presented in this paper
are expected to hold as long as (and only as long as) a
description of the nanotube in terms of a continuous elastic
medium is reasonable. Under such circumstances, it is possible
to just plug the effective bending and stretching rigidities
together with the geometric parameters of the tube of the
desired material to obtain an estimate of whether a nanotube
would collapse in the presence of nanoparticles.

Although elastic representations have been put forward for
carbon nanotubes (CNTs), it is fair to say that some problems
still exist in consistently dening a relation between a stretch-
ing and bending rigidities in terms of the material Young
modulus and CNT thickness.37 Furthermore, CNTs also have
layer-to-layer attractions, which has been observed to lead to
spontaneous (uctuation-driven) collapse of the nanotubes
when the radius is sufficiently large.38 Nevertheless, it is
instructive to make some estimates using our scaling hypoth-
esis for this important material. Let us consider a buckyball of
diameter sc x 1 nm adsorbing on a CNT of radius R ¼ 10 nm.
Experimental estimates for the stretching and bending
constants37 are of the order of Ks ¼ Yh � 3 � 105 pN nm�1 and
Kb � 200 pN nm. Assuming binding energies between the
buckyball and the outer surface of the CNT to be roughly 80 pN
nm,39 this would lead to an axial deformation length per
buckyball of lp � 70–80 nm, which suggest indeed a rather long-
range effect, with �10–20 equally-spaced nanoparticles capable
of collapsing a 1 mm tube.
This journal is ª The Royal Society of Chemistry 2013
Finally, our work focused primarily on the low particle density
limit, it would nevertheless, be interesting to generalize our
scaling laws for buckling in the presence of multiple linear
aggregates (in the large particle coverage limit) and to understand
how the presence of one axial collapse may inuence the occur-
rence of further collapse of the nanotube. We expect this effect to
be important when sc � 2R. We hope that our research will
stimulate experimental investigations of the nanoparticle-induced
collapse of nanotubes as well as its application in nanotechnology.
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