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ABSTRACT: The mechanical response of aluminosilicate nano-
tubes (imogolite) under compression is investigated by means of
classical molecular dynamics simulations using the CLAYFF
potential. Using the uncompressed length L0, when there is no
strain, to describe each nanotube, we have found that imogolite
tends to coil for L0 > 15 nm to prevent the failure of the nanotube.
The simulation also shows that the nanotubes do not break under
stress for L0 ≥ 100 nm. Hence, the imogolite is a very flexible
nanotube, which has been observed with lengths up to 500 nm.
Finally, we can report a Young modulus of the order of 200 GPa,
which is relatively independent of L0.

■ INTRODUCTION

Since the discovery by Iijima1 of carbon nanotubes (C-NTs),
and their inorganic counterpart by Tenne et al.,2 (inorganic
concentric polyhedral and cylindrical structures of tungsten
disulfide), cylindrical nanostructures have been intensively
investigated by experimentalists and theorists. These hollow
cylinders are very attractive because of their fascinating
properties and their practical uses. C-NTs, and several
inorganic ones, are fabricated by electric arc discharge, laser
ablation, or chemical vapor deposition processes, while
inorganic oxide NTs, like the aluminosilicate NT, also known
as imogolite, which is our present focus of attention, are created
mainly by low-temperature liquid phase chemical processes.3

In the past few years there has been a growing interest in the
study of imogolite NTs because of their many interesting
properties. First, it is an inorganic aluminosilicate NT that
forms naturally in weathered volcanic ashes,4 but that can also
be synthesized in the laboratory with nearly monodisperse
diameters.5 Imogolite has been suggested as a water filter,
because of its arsenic retention capacity.6,7 Similarly, it could be
used to encapsulate drugs8 because it would allow their
sustained release in the body.8 Other proposals include support
for polymers or catalyst,9−13 use as molecular sieves14−16 and
gas absorbers,17,18 or part of nanowires and organic−inorganic
nanohybrides.19−27

It is an insulator19,28 with monodisperse diameters
independent of the diverse synthesis procedures.29−33 This
property is different from other traditional NTs, such as
carbon-NTs, which form from the graphitic sheet with a
bending energy that decreases monotonically as the NT
diameter increases, thus precluding the possibility of tuning

the NT diameter. From the theoretical point of view, the
monodisperse behavior of imogolite is associated with the fact
that the strain energy presents a minimum as a function of its
diameter.28,34−39

The single walled imogolite has a chemical composition,
ordered from the outside of the NT inward, is
[(OH)3Al2O3SiOH]2Nθ

, that repeats Nθ times in the angular

direction and Nz times in the longitudinal direction, as
illustrated in Figure 1. This structure, of basic relevance to
the study of imogolite, was put forward in 1972 by Cradwick et
al.40 In Figure 1 we highlight that the aluminum atoms forms an
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Figure 1. (a) Imogolite structure from an axial point of view. (b)
Lateral view of the basic imogolite unit [(OH)3Al2O3SiOH]2, ordered
from left to right. (c) Hexagonal array of the aluminum atoms and the
ring array for silicon atoms. In both cases, we deleted the rest of atoms
to ease visualization. Key: H, light gray; O, red; Si, blue; and Al, green.
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hexagonal array while the inner silicon atoms form concentric
rings along the NT axis.
The length of the imogolite NTs can vary from 20 to

hundreds of nanometers,41,42 but it can lose its tubular shape
for temperatures above 770 K.43 Besides its thermal properties,
which have been analyzed in a number of manuscripts,34,35,43

there is little work about its mechanical properties. Its Young
modulus has been reported by Guimaraes et al. using the TB-
DFT method to be 175−479 GPa, and close to 320−350 GPa
has been reported for Ge−imogolite.38 On the other hand,
Teobaldi et al.44 reported a Young modulus of between 122 and
168 GPa using DFT (range due the definition of imogolite
volume). Finally, a value near 340 GPa has been published by
Liou et al.45,46 using a continuum model. As far as we know
there is no experimental data available about these mechanical
properties of imogolite at the nanoscale.
Therefore, in this manuscript, we analyze the mechanical

response of Imogolite under compression. This paper is
organized as follows: after this Introduction we describe the
method we used in the section Method. Next the results
obtained are given in the Results, and the paper is closed with a
summary and the drawing of conclusions.

■ METHODS

The main tool we use is classical molecular dynamics (MD)
simulations. These MD simulations, as well as the structural
relaxations, were carried out using the large-scale atomic/
molecular massively parallel simulator (LAMMPS) code47

accelerated with the GPU package.48−50 For the atomic
interactions the CLAYFF potential51 is used, since it has
been proven to be adequate to model aluminosilicate
(imogolite) NTs.34−36,52−55

The CLAYFF potential, developed by Cygan et al.,
incorporates a Coulomb potential and a van der Waals
interaction between all atoms, and an harmonic potential
only for the O−H group stretching. Analytically it is given by
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where the qi are the partial charges, obtained by means of
quantum mechanical calculations, e is the electron charge, and
ϵ0 is the vacuum dielectric permittivity. The second summation
corresponds to the van der Waals contribution, where R0,ij and
ϵij are empirical parameters derived by fitting to bulk structural
and physical properties, and rij represents the distances between
atoms i and j. The last term in eq 1 describes the O−H bond
stretch energy by means of a simple harmonic interaction,
where the kij values are the stretching constants and r0 is the
equilibrium O−H distance. All these parameters are given in
Table 1. Here we do not incorporate charge transfer and/or
redistribution to avoid unphysical results, as suggested by
Cygan et al.51

The Coulomb forces are long ranged, and thus converge
slowly as a function of the size of the simulation box, requiring
special techniques to handle them and to evaluate their
contribution, since the size of the simulation box is a crucial
issue. We simulate an isolated NT (only periodic along the z
axis) with a simulation box of 200 × 200 Å2 along the normal
plane to the NT (xy plane). The long-range interactions are

handled by means of an Ewald sum56 that is quite efficient to
account for the vacuum that is included. Also, it is important to
mention that for the graphics and postprocessing of the results
we use the Open Visualization Tool code OVITO.57,58

In this work we are interested in the mechanical response of
imogolite under compression, and its dependence on its
uncompressed length (L0, which is an integer number Nz of
repetitions in the longitudinal direction of the basic structure
shown in Figure 1). Hence, we focus our attention on the NTs
with the lowest strain energy radius reported,34,37,59 namely Nθ

= 10. The general procedure is as follows: first we generate an
imogolite of a given initial length 10 < L0 < 100 nm, then we
relax the structure using a combination of the FIRE method60

and conjugate gradient (including box optimization). We
combine both methods since in the LAMMPS code (at least for
the present time) the box optimization is not yet implemented
with the FIRE method, but it is possible with conjugate
gradient. On the other hand, the FIRE method is able to find
configurations of lower energy than a simple conjugate
gradient. Once the relaxation stage is finished, we begin the
MD simulations with a time-step of 1 fs, constraining the OH
bonds with the SHAKE algorithm,61 and imposing an initial
random velocity for the atoms taken from a 3D Gaussian
velocity distribution at 10 K. Then the imogolite is maintained
at zero pressure for 10 ps using an isenthalpic ensemble (NPH)
combined with a rescaling of velocities to keep the temperature
around 10 K. After that, we change to a constant volume
ensemble (NVE) integration combined with the rescaling of
velocities for other 10 ps. Finally, we start the compression test,
applying a constant engineering strain rate α along the axis of
the NT (periodic) by reducing the longitudinal length of the
computation box, following the expression:

α= −L t L t( ) (1 )0 (2)

where L0 is the initial length of the NT along its axis, L(t) is the
time dependent length, and t = nΔt is the time with a time-step
Δt = 1 fs, in all of the cases. We can define the strain for the NT
as

ϵ =
−L L

L
0

0 (3)

and we use α = 108 s−1 in all our simulations. Simulations with
slower strain rates give rise to similar results. In Figure S4
(Supporting Information), we plot the stress vs strain for L0 =
10 nm where we compare the case of α = 108 s−1 with α = 107

s−1.

Table 1. CLAYFF Parameters Taken from Cygan et al.’s51

Worka

Nonbond Parameters

species charge (e) ϵ (eV) R0 (Å)

hydroxyl H 0.425 0 0
hydroxyl O −0.950 6.7 × 10−3 3.5532
bridging O −1.050 6.7 × 10−3 3.5532
octahedral Al 1.575 5.7 × 10−8 4.7943
tetrahedral Si 2.100 8.0 × 10−8 3.7064

Bond Parameters

species i species j k (eV/Å2) r0 (Å)

hydroxyl O hydroxyl H 24.03 1.0
aThe “bond parameters” parameterize the bond stretching.
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■ RESULTS
To illustrate the general procedure and our results, first we are
going to describe in detail the particular case of L0 = 40 nm
compression. Some lateral views during the compression of the
imogolite NT is shown in Figure 2a for ϵ 0.05, 0.1, and 0.15 as

insets. In addition, we include more insets with lateral and axial
views of these process in Figure S1 (Supporting Information).
We can observe how the NT begins to coil around its original
central axis, in such a way that its projection in the xy plane
(axial projection) begins to take the shape of an ellipse. In this
case, the coiling mechanism is present until a kink appears in
the wall of the NT at around ϵ > 0.14. Latter in this manuscript
we are going to quantify this behavior with an estimation of the
curvature along the z axis during the compression of the NT.
In Figure 2a, we plot the stress vs strain curve for the same

case just mentioned. The stress is estimated as the pressure
along the NT axis and it is calculated from the stress tensor and
the direct evaluation of the virial.62 In the calculation the
effective volume of the NT is estimated with the surface mesh
tool included in the OVITO program.57,58 Briefly, our
estimation of the volume is based on a geometric criterion.
The method uses a probe sphere with a radius similar to the
nearest neighbor distance. In this case, we use a sphere of radius
0.3 nm, such that it does not fit between inner or outer
hydroxyls. OVITO provides the solid volume fraction of the
sample, and finally we calculate the NT volume multiplying the

total volume of the box by this fraction. As usual in these kinds
of tests, we observe a linear behavior for small strain i.e., for ϵ ≲
0.01. In Figure 2a the segmented red line corresponds to a
linear regression for the stress in this linear regime. The slope
of this line is about γ ∼ 200 GPa which corresponds, roughly,
to the Young modulus of the NT near the zero strain condition.
This value is in good agreement with previous theoretical
results, which predict values between 122 and 479
GPa.28,38,44−46 From all of the reported theoretical results,
those from Teobaldi et al.44 are the only DFT calculations
reported, and as they mentioned, the GGA framework is known
to underestimate the elastic constant of extended metal-oxide
structures, so their results represents a lower limit for what
could be expected in the laboratory. In this sense, the 200 GPa
we calculated seem to be a reasonable estimate, compared to
the range of 122−168 GPa reported in the DFT work. In
addition, although CLAYFF was not parametrized explicitly
with respect to mechanical properties, this potential has been
extensively used in studies of mechanical properties of clays
with good agreement with DFT and experiments.63−66

For ϵ ∼ 0.015 the stress reaches a maximum of 2.13 GPa and
an oscillating regime begins, that coincides with the coiling of
the NT until the first kinks appear for ϵ ≈ 0.14, which coincides
with a sharp stress drop. This phase is still almost reversible, as
can be seen in Figure 2a, where we also plot a continuous blue
line that represents an elongation process that begins with a
configuration with a strain in a point just before the kink
occurrence at ϵ ≈ 0.14 using the same value α, but negative, as
the one used for the compression. We observe a similar
oscillating stress behavior for ϵ ≳ 0.015, and a similar Young
modulus of γ ≈ 200 GPa for small strain. In the same way, the
green line shows the elongation process after the kink
occurrence, showing that this rupture process is an irreversible
damage. In conclusion, the coiling of imogolite during the
compression is a mechanism that avoids the rupture of the NT
and allows its elastic behavior under successive compression
and elongation.
To explain the origin of the coiling mechanism we plot in

Figure 2b the variation of Coulomb (ΔEC) and van der Waals
(ΔEvdW) energies as a function of strain, with respect to zero
strain. At the beginning of the compression the Coulomb
energy is linearly reduced, while the van der Waals energy
increases. Although the magnitude of the Coulomb energy is
much larger than the van der Waals contribution, during the
coiling regime these energies seem to compensate each other
almost exactly, in an oscillatory manner, to produce the
oscillating stress. Hence, the coiling could be explained basically
by a competition of both forces.
In a perfect imogolite NT, each aluminum atom is bonded to

six oxygen atoms forming an octahedral shape. We observe that
when some of the aluminum atoms reduce their coordination,
the kink appears. In Figure 3 we show the kink generation
process of the L0 = 40 nm at ≈ϵ ∼ 0.14. To facilitate the
visualization, we only draw the aluminum atoms, and we
colored them considering the number of oxygen atoms inside a
cutoff distance less than 2.3 Å. We chose this cutoff considering
that the optimal bond distance of Al−O is about 1.95 Å and
there are no other oxygen atoms before 3.2 Å in the NT
structure. In this way, blue atoms have six oxygens inside the
cutoff, green for the case of five oxygen atoms, and red
corresponds to aluminum with four or less neighboring oxygen
atoms. In Figure 3a we show the case just before the kink, with
a NT that looks perfect, with every aluminum atom well

Figure 2. (a) Pzz (stress) vs strain curve for a 40 nm imogolite NT.
The black line corresponds to the compression, while the blue (green)
line corresponds to an elongation of a stressed situation of the
imogolite, beginning just before (after) the occurrence of the kink in
the NT wall (ϵ = 0.14). The same Young modulus ≈200 GPa is
calculated for the compression and elongation process, which is in
good agreement with previously published results.28,44−46 (b) Detailed
behavior of pressure and the change in energy with respect to zero
strain during the first stage of the compression process. Stress in GPa,
change in Coulomb energy ΔEC, and change in van der Waals energy
ΔEvdW in meV per atom. As can be seen, coiling process could be
explained because the Coulombian forces and the van der Waals forces
are out of phase. In this sense, when starting from zero strain the
Coulomb energy increases while the van der Waals energy decreases.
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coordinated. For a slightly larger strain, namely 2 fs after the
first snapshot, in Figure 3b we observe four undercoordinated
aluminum atoms with only five oxygen neighboring atoms.
Then in Figure 3c, 4 fs forward in time, aluminum atoms with
even smaller coordination do appear. Finally, 20 fs after the first
snapshot, in Figure 3d, the kink is formed. At this point the
failure is irreversible, which means that if we try to elongate the
NT from this point on we are not able to recover a NT that is
similar to the original uncompressed structure, with all the
aluminum atoms well coordinated, as we discussed above.
Hence, the kink occurrence is due to the nucleation of
aluminum atoms with reduced coordination, forming a ridge
that quickly covers the whole cross section of the NT.
In addition to the L0 = 40 nm case, in Figure 4a we show a

summary picture of all the simulations for NTs ranging from 10
to 100 nm. In this plot, we compare the strain value for which
the kink appears, with respect to the uncompressed length of
the imogolite NT. For each length, we carried out 11
independent calculations starting with different initial velocities
distributions. In the plot we show the mean value and the
standard deviation for each length as error bars. For L0 < 20
nm, there is no coiling stage before the rupture of the NT; e.g.,
the coiling stage does not appear in the stress vs strain curve. In
this particular case, we observe the rupture of the NT due to
the bucking process. On the other hand, we observe that the
NTs of larger uncompressed length break for an increasingly
larger strain. Also, it becomes clear that for uncompressed
lengths larger than 100 nm the NT are able to coil without
kinking even as we approach the fully compressed case ϵ ∼ 1.
Moreover, for five calculations of L0 = 100 nm, we do not
observe any kinking process when reaching a strain up to ϵ =
0.95. We will see below that this NT is not able to reach the
necessary curvature for breaking. From a practical point of view
we can ensure imogolite always tends to coil under
compression, and lengths <20 nm only are observed during
the first stages of the aging of imogolite, with very small
amounts present.5,41 On the other hand, there are recent

reports of synthesis of imogolite and Ge−imogolite with
lengths up to 700 nm.42,67 Finally, in Figure 4b, we show curves
of stress vs strain for L0 = 10, 20, 40, and 80 nm. As can be
seen, the strain value for the beginning of coiling to occur is
inversely proportional to L0, and for L0 < 20 nm, the stress of
the system is quite large before the coiling can happen and
inevitably the NT collapses. We can also note that the Young
modulus, estimated by the slope of Pzz vs strain ϵ in Figure 4b,
is about 200 GPa for a range of uncompressed lengths L0.
Although our estimations of the Young Modulus agree
reasonably well with other values reported in the literature, it
is true that for the conditions we consider here it would be of
interest to use a molecular dynamical method that consider
more explicitly the quantum mechanical properties close to the
situation when the kinking occurs, such as reactive force
fields,68 or directly with DFT or SCC-DFTB methods.28

However, since the shortest NT where we observed the coiling
mechanism is 20 nm, which includes 6720 atoms, a DFT
calculation would require extremely large computational
resources.
From the discussion above, we realize that the radius of

curvature may be a useful characterization of the nonlinear
behavior of the compression process, especially to characterize
the transition from coiling to kinking. To properly parametrize
a curve from which we can compute an effective radius of
curvature, we consider the center of mass position of each set of
Nθ silicon atoms that form the angular structure, that repeats Nz
times to form the longitudinal NT of uncompressed length L0.
In Figure 1c we show the silicon rings. In this way we obtain
the position rk = [xk, yk, zk] of Nz points (k = 1, ..., Nz) along the
NT. Notice that the coordinate system is chosen such that x
and y correspond to transverse directions, and z to the
longitudinal direction along the NT. Since we assume periodic
boundary conditions (with an initial relaxed box length), we
repeat this structure in the negative and positive longitudinal

Figure 3. Kink occurrence as illustrated by the aluminum atomic
coordination, which refers to the number of oxygen atom inside a
sphere of radius 2.3 Å of around each aluminum atom. To facilitate the
visualization, only the Al atoms were drawn, and the bonds are
included only when the Al−Al distance is <3.2 Å. This sequence of
snapshots takes place in around 20 fs.

Figure 4. (a) Mean strain for the first kink occurrence, with error bars
(mean deviation). In the L0 < 20 nm cases, we do not observe coiling
of the NTs before rupture, but the bucking of the NT does occur. (b)
Curves of stress vs strain for L0 = 10, 20, 40, and 80 nm. As can be
seen the strain value for the beginning of the coiling is inversely
proportional to L0, and for L0 < 20 nm the stress of the system is quite
large before the coiling can happen and inevitably the NT collapses.
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direction of the uncompressed NT, so that we can avoid
boundary effects when we compute a cubic spline for each of
the 3 coordinates of the center of mass. The cubic spline is
parametrized by λ, such that r(λ = k) = [xn, yn, zn], and it allows
to have 2 continuous (space varying) derivatives.
The curvature of a three-dimensional curve, parametrized by

λ in three-dimensional Cartesian space, is defined as

κ λ = | ̇ × |̈
| |̇

r r
r

( ) 3

where the derivatives are taken with respect to the λ. The radius
of curvature is then defined by

λ
κ

=R( )
1

A dynamical view of the generation process is illustrated in
Figure 5, where we observe how R at the position of the kink

evolves as we compress the NT. Notice that in the case
analyzed for L0 = 20 nm there are two kinks that form at
different times (or strains), and we follow both in time. For
both kinks the transition is quite violent. We also notice that
during the coiling process (before the vertical line that denotes
the kink transition) the NT adjusts to the strain increase by a
coiling that reduces R, but which eventually reaches a critical
value Rc(L0) at which the NT can only kink to adjust the strain
increase, i.e., coiling is not able to account for the increase in
strain. It is interesting to notice that after the first kink forms
the radius of curvature of the system, far away from the kink,
relaxes somewhat (see red curve for the second kink), until the
next kink appears. It is interesting to observe that the critical
value of the radius of curvature at which both kinks occur are
similar. In Figure 5b we show the dynamical behavior of the
curvature at the position of the kink for L0 = 70 nm. In this case
we have two kinks that form at about the same time. During the
evolution we clearly see how the coiling is able to adapt to the
increased strain by reducing the radius of curvature (i.e., by
coiling), until it reaches a critical value, very similar to the one
obtained for the uncompressed length L0 = 20 nm, and kinks.

This critical value is similar for both kinks. For other
uncompressed lengths L0 the system can form more than two
kinks, but the critical value of the curvature, where the kinking
occurs, seems to be universal for the different L0 values. It is
important to mention that for very large L0 the system can
compensate with coiling, without kinking, even for an ϵ value
close to one.

■ CONCLUSIONS
In this contribution, we have studied the mechanical properties
of an imogolite NT under a compression strain, for different
uncompressed lengths of the NT. We have found an initial
linear regime in which a Young modulus can be computed. For
L0 > 20 nm the compressed NT resolve the strain increase by a
coiling phase. This phase adapts to the decrease in strain by
decreasing the radius of curvature, until it reaches a critical
value Rc ≈ 100 nm, which seems to be reasonably universal, at
which point the NT kinks. We notice that it is common for the
NT to relax the stresses by means of more than one kink. The
kinking is a violent process through which the NT changes the
coiling process to adapt to the strain increase. Also, it is
important to mention that imogolite nanotubes can be
synthesized with length that can reach values up to 500
nm.41,42,67 Our values of the Young modulus are similar to the
values calculated for DFT for much shorter nanotubes.44 Here
new mechanisms are uncovered under dynamic loading, and
much longer nanotubes were studied. Given the difficulty of
measuring mechanical properties of nanotubes in the
laboratory, computational studies can offer useful insights
into plastic yielding and failure of nanotubes. Finally, it is
important to remark that these predictions are for a perfect and
dry nanotubes. The behavior could be different from what can
be observed under laboratory conditions, as imogolite is
synthesized immersed in water. Similarly, depending on the
synthesis conditions, defects in the wall of nanotubes are
expected.69 The case of a NT in the presence of water or with
defects will be studied in a future manuscript.
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