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Theoretical aspects of WS, nanotube chemical
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Theoretical analysis of experimental data on unzipping multilayered WS, nanotubes by consequent
intercalation of lithium atoms and 1-octanethiol molecules [C. Nethravathi, et al, ACS Nano, 2013, 7,
7311] is presented. The radial expansion of the tube was described using continuum thin-walled cylinder
approximation with parameters evaluated from ab initio calculations. Assuming that the attractive driving
force of the 1-octanethiol molecule is its reaction with the intercalated Li ions ab initio calculations of a
1-octanethiol molecule bonding with Li* were carried out. In addition, the hon-chemical interactions of
the 1-octanethiol dipole with an array of positive point charges representing Li* were taken into account.
Comparing between the energy gain from these interactions and the elastic strain energy of the
nanotube allows us to evaluate a value for the tube wall deformation after the implantation of 1-
octanethiol molecules. The ab initio molecular dynamics simulation confirmed our estimates and
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The establishment of a new field of two-dimensional nano-
structures, first comprising freestanding graphene,* followed by
boron nitride,®> and transition metal dichalcogenide (TMD)?
graphene-like nanosheets, created clear possibilities for
implementing many new nanomaterials in science, technology
and industry. In contrast to the monolayers of graphene or -
BN, monolayers of MoS, and WS, consist of three-atom thick
slabs in which each metal atom is sandwiched between two
layers of chalcogen atoms.

WS, and MoS, nanosheets have peculiar electronic proper-
ties (a semiconducting band gap and high mobility of the
carriers) which allow one to potentially apply these nano-
materials in the fields of nanoelectronics and nanophotonics.®
The potential for application of 2D TMDs in nanoelectronics
can be further strengthened by cutting them into nanoribbons.
This leads to a drastic change in the electronic, mechanical, and
optical properties of these materials. There has been a number
of theoretical papers showing that MoS, (ref. 4 and 5) and WS,
(ref. 6) nanoribbons display semiconducting or metallic
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should indeed be unzipped into the WS, nanoribbon.

properties depending on their width and type of edges. Nowa-
days ultra-narrow MoS, and WS, nanoribbons can be fabricated
inside and outside of carbon nanotubes.>” Also, MoS, nanorods
and nanoflakes have been fabricated.*® However, until recently,
there have been no reports regarding the fabrication of free-
standing TMD nanoribbons.

It is well known that graphene nanoribbons can be fabri-
cated through unzipping of carbon nanotubes by various
methods.’>"* TMDs can also form tubular structures similar to
carbon nanotubes,' which can also be potentially unzipped
into ribbons and nanoflakes, which has recently been shown for
the case of WS,."** This work may establish a universal
approach for nanotube unzipping and nanoribbon synthesis.
Unpacking of the WS, nanotubes (WS,NTs) was caused by the
lithiation and further intercalation by organic 1-octanethiol
molecules followed by sonication. Therefore the underlining
hypothesis of the current work was the following: the interac-
tion between the 1-octanethiol molecules and lithium ions led
to the penetration of the 1-octanethiol molecules between the
nanotube layers, especially between the outer layers, which
caused the elastic expansion of the outer layers of the nanotube.
Therefore, herein we focus on the theoretical verification of the
process of WS,NT unzipping. We based our work on the
experimental fact that the unzipping of WS,NTs is caused by the
intercalation of lithiated nanotubes with organic molecules (1-
octanethiol). We then address a hypothesis that penetration of
the 1-octanethiol molecules between the nanotube walls leads
to the radial expansion and further disruption of the nanotube
followed by unzipping of the whole nanotube. The strain energy
of the expanded tubes was calculated using continuum thin-

This journal is © The Royal Society of Chemistry 2014
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walled cylinder approximation in the first part of the paper.
Using the computed parameters for the WS, lattice, the
dependence of the deformation energy of the tubes upon the
circumferential strain was then obtained. In the second part of
the paper, we studied the intercalation of lithiated WS,NTs by a
reference organic molecule (1-octanethiol) and estimated the
energy gain of this process, which can be used for expanding the
layers and eventually unzipping the tube. The comparison of
the energy gain with the elastic strain allows us to estimate the
dependence of the diameter of the WS,NTs upon the concen-
tration of the embedded 1-octanethiol molecules. The third part
of the paper is devoted to the computational validation of the
fact that, by densely packing organic molecules, a strained
WS,NT can be unzipped into a nanoribbon. In the final part, the
electronic structures of the initial WS,NT and resulting WS,
nanoribbon were discussed and compared with available
theoretical and experimental data.*

Results and discussion

Fig. 1a and b show representative transmission electron
microscopy (TEM) and high-resolution TEM (HRTEM) images
of the starting WS, nanotubes. Fig. 1c and d depict the
initial and final stages of the nanotube unzipping, as detailed in
ref. 13.

It is now important to theoretically understand and verify the
process behind the unzipping of the WS,NTs; this description is
the main point of the present work. The working hypothesis of
the present study, as judged from previously conducted exper-
iments, is related to the elastic expansion of the intercalated

Fig. 1 (a) Low-magnification TEM image of a WS, nanotube bundle;
(b) high-resolution TEM image of a nanotube wall showing multi-
layers; (c and d) HRTEM images of partially and fully unzipped nano-
tubes revealing atomically-resolved images of the WS, nanoribbons.
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tube. Subsequent sonication of the structure leads to the
unzipping of already highly strained WS,NTs.

It was assumed that the continuum structure equivalent to
WS,NT is an isotropic thin-walled cylinder with the mean
diameter of the corresponding nanotube. The elastic expansion
of the tube causes hoop stress, oy, which reduces the tube
length and induces longitudinal stress o, (radial stress is
neglected). Therefore, we can describe the strain of the tube by
Hooke’s law as follows:>¢

on voL PR PR PR

a=y -y oG =g =50 (1)

where, ¢, is the hoop strain, Y and » are the in-plane Young's
modulus and Poisson ratio of the continuum structure equiv-
alent, respectively, P is the internal pressure which causes the
expansion and R is the radius of the tube. Due to ambiguity in
the single WS, layer thickness determination we used the in-
2

plane stiffness equation C = Yh = Alo %TIZJ (where U is the strain
energy computed per unit cell, A is the equilibrium surface area
of a WS, sheet and ¢ is the uniaxial strain). Therefore, the final
expression for the strain energy, U, of the expanded continuum
structure in terms of in-plane stiffness and hoop strain can be
expressed by the following:

_ 2Ce,? S_ 2Ce,?

U —
2—v 2—v

2TRI, (2)

where S is the area of a WS, nanotube unit cell, [ is the cell
parameter in the axial direction. Values for the in-plane stiff-
ness and Poisson ratio can be obtained directly from the ab
initio calculations, and were defined as 237.04 N m ' and 0.3,
respectively.
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Fig. 2 Strain energy of a (9,9) WS, nanotube as a function of the hoop
strain for analytical data (solid curve) and ab initio calculations (points).
The inset illustrates a schematic representation of the initial and the
strained nanotube.

In Fig. 2, a comparison between the ab initio calculations and
isotropic cylindrical tube approximation is shown for the case of
a (9,9) WS, nanotube (similar results were obtained for tubes
with different diameters and chirality). The close agreement

Nanoscale, 2014, 6, 8400-8404 | 8401
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between the two data sets validates the chosen continuum
model. This data is used for the evaluation of the strain within
the elastically deformed WS, nanotubes intercalated by lithium
ions and 1-octanethiol molecules.

In the next step, we considered the penetration mechanism
of the 1-octanethiol molecules between the WS,NT walls based
on the assumption that the attractive driving force of the 1-
octanethiol molecule is its interaction with the intercalated Li
ions. Ab initio calculations show that the 1-octanethiol molecule
binds to a lithium atom with an energy gain of —0.29 eV. If
instead of a neutral atom the charged ion Li* (due to the charge
transfer to the nanotube walls) is considered, the energy gain
rises to —1.35 eV.

Fig. 3 Schematic model of the interaction between the dipole, d, of
the 1-octanethiol molecule and the set of a point charges representing
the Li* ions. The closest Li ion to the 1-octanethiol molecule is marked
in red.

In addition, non-chemical interactions between the large
dipole of 1-octanethiol and an array of positive point charges
representing Li* ions were taken into account. The calculations
show that the 1-octanethiol molecule has a dipole moment of
2.9 D. It was assumed that each 1-octanethiol molecule interacts
with all of the lithium ions arranged between the nanotube
walls uniformly (Fig. 3) with the exception of the first lithium
ion located before the 1-octanethiol molecule (marked as the
red ball in Fig. 3). The contribution of this first Li* was already
taken into account during the ab initio calculation of the
chemical reaction energy. It was suggested that Li* ions are
densely packed between the walls without chemically binding
with each other. Indeed, the distance between the neighboring
intercalated Li* is about 4 A, which is larger than the crystalline
Li-Li bond length (2.67 A) and larger than the distance in the
molecular ion Li," (3.14 A).

The energy of the electrostatic interaction between the dipole
and the set of point charges is defined as:

qd(mna\\/m,

ATee R

n=0..0, (3)

Edip = qE‘E-‘r”lﬁ‘ =

where d is an absolute value of the dipole moment of the 1-
octanethiol molecule; g is the charge of the lithium ion; R = |L +
nd| is the distance between the 1-octanethiol molecule and a
given point charge; L is the distance between the dipole and the
closest Li* from the first ring of a point charges (2.5 A); 0 is
the angle between the dipole direction and the point charge; ¢ is
the relative permittivity of the 1-octanethiol solvent (in which
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WS, nanotubes were unzipped in the original experiment*)
which equals 3.896 F m™'."” Based on these estimates we can
conclude that the value of the energy released during the inter-
action between the dipole (1-octanethiol molecule) and the set of
point charges equals 0.19 eV and the total energy gain from the
interaction of the 1-octanethiol molecule with the lithium ions is
1.35 + 0.19 = 1.54 eV per 1-octanethiol molecule.

Assuming that all of the gained energy is used for the radial
expansion of the tube, the comparison between the strain
energy due to expansion and released energy due to the inter-
action of 1-octanethiol with the Li" ions allows us to obtain a
diagram of the dependence of the strain energy on the hoop
strain of the tubes of different radii, see Fig. 4. This diagram
offers a visual estimation of the degree of nanotube stretching
at a given concentration of penetrated molecules.

250 ® Energy of interaction
- 60 n is a weight concentration of
12 30 1-octanethiol molecule per cell
2 200
S n=4.2 wt.%
3
= 150
2
) n=2.1 wt.%
< 100
©
=
N 50

Fig. 4 Dependence of the calculated strain energy upon the hoop
strain, &n, for WS, nanotubes of different radii (from 12 to 60 A). The
black dots are the values of the total energy of interaction between the
1-octanethiol molecule and the lithium ions at various 1-octanethiol
weight concentrations, n, the intercalation of which causes the
nanotube expansion with the corresponding hoop strain, e,. The radius
of the unstretched WS, nanotube is marked by the color gradient
(from green, R = 12 A, to red, R = 60 A). The results of the DFT
calculation for the WS, nanotube (16,16) (R = 12 A) are depicted by
green circles.

From Fig. 4 it can be concluded that the energy released from
the reaction between the 1-octanethiol molecules and the
lithium ions with the maximum possible concentration (every
CgH,¢S molecule is paired with every Li" ion and occupies five
WS, unit cells, n = 4.2 wt%) is high enough to stretch the WS,
nanotube by up to 8.9%. We subsequently carried out an ab
initio molecular dynamics (MD) simulation to understand if this
concentration is sufficiently large for the unzipping of the
nanotube wall. Due to limited computational resources, it is
only possible to simulate a small double-walled nanotube (9,9)
@(16,16). Moreover, due to the same limitation, it is not
possible to use 1-octanethiol molecules in this simulation,
therefore CH, molecules, with nearly the same molecular lateral
size, were considered. The concentration of CH, molecules
was taken to be 9 molecules per unit cell, which corresponds to

This journal is © The Royal Society of Chemistry 2014
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n = 2.1 wt%, as depicted in Fig. 4. The relaxation of the nano-
tube with intercalated CH, molecules leads to the expansion of
the tube by 7.6%, which corresponds to the obtained analytical
data (6.2%) and verifies our estimations.
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Fig. 5 Potential energy and structural changes of a (9,9)@(16,16)
intercalated WS, nanotube in MD simulations at T= 1000 K during a 10
ns period. The insets show the crucial moments in the structure
evolution: (a) the initial structure of (9,9)@(16,16) WS, nanotube with
intercalated lithium atoms and methane molecules; (b) first detach-
ment of the part of the outer nanotube wall; (c) detachment of the next
part of the nanotube wall; (d) partial deformation of the inner nanotube
wall and (e) a final unzipped structure obtained from the (9,9)@(16,16)
nanotube with a resulting zigzag nanoribbon 12ZWS,NR.

The molecular dynamics simulation was carried out with a
time step of 1 fs, and the total simulation period was 10 ns. The
most significant stages in the MD simulation period are shown
in Fig. 5 together with the corresponding energy profile of the
system. The temperature of the simulation was taken as 1000 K
because it is not possible to simulate the long relaxation process
at ambient temperatures. The double-walled nanotube without
intercalated Li ions and CH, molecules is stable, whereas the
results of the MD evolution show (Fig. 5) that the intercalated
structure was unzipped and a zigzag WS, nanoribbon with
index 12 (according to the classification of graphene nano-
ribbons, 12ZWS,NR) was formed. To validate the nanotube
unzipping mechanism, in addition, a metadynamics simulation
at 300 K of the same (9,9)@(16,16) WS,NT was carried out. The
simulation showed that the unzipping process had taken place
after 800 metasteps at 300 K. This fact allows us to conclude that
the mechanism leading to WS, nanotube unzipping is correct.
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Fig. 6 Band structure of (a) (9,9)@(16,16) WS,NT; (b) (16,16) WS,NT
and (c) 12ZWS,NR. The Fermi level energy is taken as zero.
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We also investigated the electronic properties of an initial
double-walled WS, nanotube (9,9)@(16,16), a single-walled WS,
nanotube (16,16) and the nanoribbon obtained from the
unzipping of the former nanotube. In Fig. 6 the band structures
of the considered objects are presented. As one can see, both
double- and single-walled WS, nanotubes display semicon-
ducting properties with indirect band gaps of 0.9 eV and 1.55
eV, respectively, while the formed nanoribbon displays a
metallic character. This finding is in good agreement with the
previously published papers® and the latest work™ which is the
prime focus of the present study.

Conclusion

A simple model describing the latest experimental data of the
unzipping process of WS, nanotubes® is presented. Based on
the experimental fact that the effect of unzipping is caused by
the intercalation of lithiated multi-walled WS,NTs by 1-octa-
nethiol molecules, the hypothesis that the main reason for
unzipping is the expansion of nanotube walls is proposed. The
salient features of the penetration mechanism of the molecules
between the nanotube walls are presented. It is found that the
approach and binding of the 1-octanethiol molecules with the
nanotube-intercalated Li* ions is energetically favourable. The
mechanical deformation of the nanotube walls is described
using continuum thin-walled cylinder approximation with
parameters evaluated from ab initio calculations. It is shown
that using values of the in-plane stiffness (C) of 237.04 N m™*
and a Poisson ratio (v) of 0.3 provides an excellent agreement
between the analytical and the DFT-calculated data. Comparing
the energy gain due to the interaction of the 1-octanethiol
molecule with Li" and the energy loss due to the elastic
expansion of the wall, it is found that the penetration of 1-
octanethiol between the nanotube walls can stretch a WS,
nanotube by up to 8.9% at a concentration of 4.2 wt% of 1-
octanethiol molecules. In order to understand if this strain is
sufficiently large to lead to the nanotube wall unzipping, a
molecular dynamics simulation at 1000 K and a metadynamics
simulation at 300 K of a small double-walled (9,9)@(16,16) WS,
nanotube system were carried out (in the simulation a smaller
concentration corresponding to 2.1 wt% of 1-octanethiol
molecules was used). It is demonstrated that even under these
circumstances the (9,9)®(16,16) WS, nanotube unzips and
forms a WS, nanoribbon with index 12 (12ZWS,NR). The
investigated nano-objects display different types of conduc-
tivity. It was finally concluded that the process of unzipping
allows the fabrication of metallic planar WS, nanoribbons from
semiconducting tubes. The present results support recent
experimental data and can pave the way toward the fabrication
of transition metal dichalcogenide nanostructures with various
electronic properties.

Methods

Computational details

Our calculations were performed using density functional
theory'®' within the generalized gradient approximation of
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the Perdew-Burke-Ernzerhof*® parameterization with peri-
odic boundary conditions using the Vienna Ab initio Simula-
tion Package.**** PAW along with a plane wave basis set with
an energy cutoff of 300 eV was used. To calculate the atomic
and electronic structures, the Brillouin zone was sampled
according to the Monkhorst-Pack** scheme with 8 and 32 k-
points in a periodical direction. To avoid spurious interac-
tions between neighboring structures in a tetragonal super-
cell, a vacuum layer of 15 A in all nonperiodic directions was
included. Structural relaxation was performed until the forces
acting on each atom became less than 0.05 eV A~'. The unit
cell of the investigated double-walled WS,NT, with interca-
lated lithium atoms and methane molecules, included up to
300 atoms depending on the NT radius. The molecular
dynamics simulations were carried out at a constant
temperature using the Nosé-Hoover thermostat.?®?® The
temperature was taken as 1000 K. The total time of simulation
was 10 ns with the time step 1 fs. The atomic structure was
written after every ionic step. Metadynamics calculations
were performed under conditions of an Andersen thermo-
stat>” at a constant temperature of 300 K. The idea of meta-
dynamics is the introduction of a history-dependent potential
term, which fills the minima in the free energy surface. In this
way the system can not go back to previously visited states
until it could cross the energy barriers and undergo phase
transitions.?® History-dependent potential was constructed as
a sum of Gaussians centered along the trajectory of the
collective variables. Updating of bias potential by addition of
Gaussian functions was made after each ionic step. The
height of a Gaussian hill was taken as 107° eV and the
Gaussian width was taken as 10> in units of the collective
variables.
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