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Ubung 9: Elastic Modulus of Carbon Nanotubes

1 Introduction

Carbon nanotubes are a special modification of carbon, forming long tubes with extraordi-
nary mechanical and electronic properties. There are interesting applications of the special
properties of carbon nanotubes, including persistent information storage technologies with
high data densities and short response times, field-effect transistors, mixing with ordinary
polymere materials such as polyethene to increase their mechanical stability or their use in
scanning tunneling microscopy as well defined, conductive tip of the microscope.

The extreme tensile strength of carbon nanotubes has led to ideas of more futuristic appli-
cations; their use for space elevators, overcoming the need to launch rocket based spaceships,
avoiding to fight the deep gravitational well of earth with tons of fuel (see [Phase II study of|
the NASA (hyperlink)| and [6]). The difficulty is of course the enormous length and tensile
strength a material for such an extended rope needs to have, in order to not collapse un-
der its own weight. While carbon nanotubes could provide the necessary tensile strength in
theory, this is only true for perfect carbon nanotubes without defects in their structure, but
manufacturing those is not yet possible in the necessary quantities.

In this tutorial, we will estimate the Young’s modulus FE

o
E = ! (1)

€
and the ultimate tensile strength for a perfect carbon nanotube and a nanotube with two
Stone-Wales-Throwner defects. In this case ¢ is the stress, meaning the uniaxial force per

surface unit, and € = ZAT)Z is the proportional deformation.

2 Computational Details

2.1 Geometry Optimization

Two structures of (5,5) carbon nanotubes, which are capped with Cgg fullerene fragments to
saturate them properly, are provided. They can be drawn using Awvogadro’s carbon nanotube
builder [1] and some manual adjustements for capping with the fullerene and for adding the
defects. Optimize their structures using CP2K [3] with the TPSS functional |4] and double ¢
molopt basis sets [5] in a non periodic unit cell.
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Listing 1: CP2K input file for geometry optimization of carbon nanotubes in a non periodic
box with TPSS
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Questions

o Visualize the structures and highlight the Stone-Wales-Throwner defects in the carbon
nanotube. Explain Stone-Wales-Throwner defects.




Friedrich-Schiller-Universitat Jena ~ MC 3.1.8 Theoretische Chemie 11 Prof. Dr. S. Gréfe
Institut fir Physikalische Chemie Ubungen WS 2019/2020 Ph. Seeber

o Explain chirality in carbon nanotubes. How does it influence their properties?

2.2 Molecular Dynamics

Use the optimized structures as initial configuration for ab initio molecular dynamics. We
will propagate for only 5000 steps with timesteps of 1fs. To simulate forces acting on the
longitudinal axis of the carbon nanotube, we apply constraints to the length of the tube.
Therefore, we define a collective variable to be constrained. We use two rings of carbon atoms
of same longitudinal position in the tube, whose geometrical mid points (the centre of the
ring) will be used to calculate and constrain the length of the tube (sections &subsys&colvar
and &constraint&collective. Furthermore, we apply a restraint by using a weak external
potential acting only on the the x and y coordinates of carbon atoms at the tips of the tube
(section &external_potential).

Listing 2: CP2K input file for metadynamics with growing distance between two planes as a
constraint.
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Questions

e Visualize the constraints and restraints in the molecular structure, for example by high-
lighting the atoms used to define the restraints.

e Visualize and describe the process of rupturing of the nanotube and what happens after
the tubes have ruptured. Highlight the defects during the visualization of the tube with
the 2 Stone-Wales-Throwner defects and describe how they behave. Use VMD [2] to
highlight open valencies when the tube ruptures. Describe the differences between the
non defective and the defective tube.

e Calculate Young’s modulus and the ultimate tensile strength for both carbon nanotubes,
compare them with each other and other common materials as well as literature values
for carbonaceous materials and explain your observations.

Literatur

[1]

Marcus D Hanwell u. a. “Avogadro: an advanced semantic chemical editor, visualization,
and analysis platform”. In: Journal of Cheminformatics 4.1 (01/2012), S. 17. por: 10.
1186/1758-2946-4-17.

William Humphrey, Andrew Dalke und Klaus Schulten. “VMD: Visual molecular dyna-
mics”. In: Journal of Molecular Graphics 14.1 (01/1996), S. 33-38. DOI: 10.1016/0263-
7855(96)00018-5.

Jiirg Hutter u.a. “cp2k: atomistic simulations of condensed matter systems”. In: Wiley
Interdisciplinary Reviews: Computational Molecular Science 4.1 (01/2014), S. 15-25. DOTL:
10.1002/wcms. 1159.

Jianmin Tao u. a. “Climbing the density functional ladder: nonempirical meta-generalized
gradient approximation designed for molecules and solids.” In: Physical review letters
91.14 (10/2003), S. 146401. DOI1: 10.1103/PhysRevLett.91.146401.

Joost VandeVondele und Jiirg Hutter. “Gaussian basis sets for accurate calculations on
molecular systems in gas and condensed phases.” In: The Journal of chemical physics
127.11 (09/2007), S. 114105. DOI: |10.1063/1.2770708.

Liyan Zhu, Jinlan Wang und Feng Ding. “The Great Reduction of a Carbon Nanotube’s
Mechanical Performance by a Few Topological Defects.” In: ACS nano 10.6 (06/2016),
S. 6410-5. DOT: [10.1021/acsnano . 6b03231.



https://doi.org/10.1186/1758-2946-4-17
https://doi.org/10.1186/1758-2946-4-17
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1002/wcms.1159
https://doi.org/10.1103/PhysRevLett.91.146401
https://doi.org/10.1063/1.2770708
https://doi.org/10.1021/acsnano.6b03231

	Introduction
	Computational Details
	Geometry Optimization
	Molecular Dynamics


