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Abstract. Structural and equilibrium properties of armchair (cnt(12,12)) and two chiral 
(cnt(12,10) and cnt(10,12)) carbon nanotubes are studied using classical molecular dynamics. 
The formulation uses the Tersoff potential under the NVT ensemble to study these properties. 
Structural properties are studied using the radial distribution and structure factor functions. The 
equilibrium properties are studied using the total energy against lattice parameter variation. 
Similarities and differences in cnt(12,12), cnt(12,10), and cnt(10,12) symmetries are discussed.  

1. Introduction
Carbon materials are widely used in various industries because of their exclusive mechanical 
properties [1]. It is now a known detail that the covalent bonding between carbon-carbon atoms 
contribute heavily to the strength of tetrahedral diamond bonds and to the in-plane hexagonal bonds. 
Therefore, carbon nanotubes, which are cylindrical hexagonal arrangements of carbon atoms along 
one given axis, represent the ideal carbon fibre, which should automatically hold the best mechanical 
properties [1-4]. This characteristic feature is crucial in the application of nanotubes, given the 
importance of strong light weight composites. Theoretical calculations have predicted the Bulk 
modulus B of single walled carbon nanotubes to be in the range of 38 to 191 GPa [5,6] disregarding 
the chirality. These calculations are based on the bulk modulus of graphite of which experimental 
measurements give 27-42 GPa [7,8]. Due to minute size effects, most of the experimental works have 
eluded measurements of the bulk modulus in multi-walled carbon nanotubes (mwcnt). But Young’s 
modulus measurements, which can be described as the stiffness of the mwcnt in one dimension, were 
performed by Treacy et al. [9] to be in the range of ~2.0 TPa. Furthermore, atomic force microscopy 
techniques were used by Salvetat et al. [10] to obtain a Young’s modulus of ~1.2 TPa. Measurements 
of single walled carbon nanotubes (swcnt) can pose a serious challenge due to their small diameters 
(~1.5 nm) and the fact that swcnt tend to form bundles. In so saying, measuring bundle nanotubes 
properties may not easily be projected to unit nanotubes and vice versa. 
    Various theoretical calculations of some small radii carbon nanotubes have focused on their 
electronic properties. First principles local density functional [11] and empirical tight binding 
approximations [12] predict that these nanoscale fibres will show conducting properties varying from 
metallic to semiconducting depending on the radii and chiral symmetry. Apart from these electronic 
and elastic properties, very little has been reported about their lattice and formation energies. It is such 
information which could facilitate optimal conditions essential for producing carbon nanotubes with 
high strength-to-weight ratios [13]. 
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      In this study, classical molecular dynamics (MD) is used to investigate the structural and 
equilibrium properties of swcnt. Structural configurations are extracted from the radial distribution 
functions and structure factors of the nanotubes. This is worked out at various temperatures in order to 
observe the flexibility of the potential used. Equilibrium properties are studied through structural 
optimizations along the a-axis using the Evans NVT ensemble at 300 K temperature and zero pressure. 
Here total energy is observed with little changes in the a-axis values at constant temperature. The 
implications of our results are then discussed with reference to earlier experiments and calculations 
and the accepted graphite and other nanotube results. 

2. Computational aspects
Classical MD approach is used to solve the Newton’s equations of motion for three types of swcnts 
discussed in this paper [14]. This MD simulation is performed under the Evans NVT ensemble for 
both structural and equilibrium properties. The Newtonian equations of motions are integrated using 
the leapfrog Verlet algorithm with the time step of 1.0 x 10-3 ps. Total energy is averaged after 2000 
iterations with equilibration every 200 steps. The interaction between the carbon atoms is described by 
the well-known Tersoff two-body potentials [15,16]. Tersoff potentials have been used in many 
carbon and related materials calculations, and have proved that a wide range of structural properties 
can be determined using this formalism [15,16]. In addition, many studies relating bond length and 
bond order to total energy and force constants are interpreted correctly, suggesting that this method is 
a good start in predicting composite properties as discussed in this paper [17-19].  
    Swcnts modelled in this paper are an armchair (12,12) carbon nanotube, two chiral structures 
(12,10), and (10,12) nanotubes, thereafter all referred to as cnt(12,12), cnt(12,10), and cnt(10,12) 
respectively. The structure were chosen such that all have comparable number of carbon atoms; i.e 
cnt(12,12) has 312 carbon atoms, whilst cnt(12,10) and cnt(10,12) both have 264 and 260 carbon 
atoms respectively. Furthemore, cnt(12,12) and cnt(12,10) have equal values of a and b-axis, likewise, 
for cnt(12,12) and cnt(10,12) the c-axis values are equal. Loosely articulating, cnt(12,10) can be 
thought of as the projection of cnt(12,12) along the a and b-axis whereas cnt(10,12) can be thought of 
as the projection of cnt(12,12) along the c-axis. It need to be mentioned that all the literature studied 
works only with chiral structures of the (2n,n) form [13,20,21]. The radial distribution functions (g(r)) 
and structure factors (S(k)) were calculated at 300, 3000, and 5000 K temperature, to observe the 
behaviour of atomic configurations and interatomic interactions with elevated temperatures. In order 
to obtain the equilibrium configurations of these models a-axis values were varied with total energy at 
constant temperature of 300 K until a convincing minimum energy is found.  Based on the optimized 
structures and their energies, various equilibrium properties of these models had been extracted. 

3. Results and discussion
3.1 Structural properties 
In order to draw confidence on the empirical bond-order potential, radial distribution functions g(r) for 
swcnt in two chiral forms have been calculated. When searching for the minimum of the three 
symmetry configurations; chiral cnt(10,12) configuration produced a maximum value instead of a 
minimum, so this symmetry was discontinued from the study. Even though g(r) gives information 
only up to the second nearest neighbour, the insight upon the arrangement of carbon atoms in 
nanotubes can be extracted. This can be quantitatively compared with carbon atoms distribution in 
graphene and graphite formations. Using the peak positions of g(r), the nearest neighbour and the 
second nearest neighbour carbon atoms in swcnt can be determined. The peak positions appear at 1.45 
and 2.50 Å for both armchair cnt(12,12) and chiral cnt(12,10), in good agreement with other 
theoretical calculations and experiments [22-24]. The radial distribution function for cnt(12,12) at 300, 
3000, and 5000 K is shown in figure 1. Detailed information from g(r) along with experimental results 
of Boiko et al. [23] can be harvested in table 1. Figure 2 displays the structure factor functions (S(k)) 
for the same cnt(12,12) at 300, 3000, and 5000 K. S(k) is the Fourier transform of the g(r) from the 
real space to the reciprocal space. 
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Table 1 Quantities calculated from the radial distribution functions. 𝑟1and 𝑟2 represent first and second 
nearest neighbour distances. 𝑛1 and 𝑛2 represent the coordination number of atoms in the first and 

second nearest neighbour distances. 

𝑟1 (Å) 𝑟2 (Å) 𝑛1 𝑛2 
cnt(12,12) 1.45 2.50 4.25 2.70 
cnt(12,10) 1.45 2.50 4.35 2.90 
Graphite[23] 1.43 2.53 3.30 - 

    Using a pictorial scrutiny of the g(r) in figures 1 and 2 and comparison of experimental results in 
table 1, it appears that the carbon nanotubes tubular structure is robust with cylindrically stable 
structure even at extremes of temperature. This toughness is comparable to that of diamond according 
to table 1 standards. Atomic distribution around the first nearest neighbour is uniform in all 
temperature ranges and it resembles that of diamond according to Kakinoki et al. [24] even though the 
peak positions are for graphite. At second nearest neighbour distance (2.50 Å) coordination is 
diamond-like at 300 K but becomes more graphitic at 5000 K. Wiggles at 3000 and 5000 K peaks on 
cnt(12,12) suggest that armchair (figure 3) is not as robust as chiral cnt(12,10). 

Figure 1. Radial distribution function for the 
armchair cnt(12,12) configuration at 300, 3000, 

and 5000 K. 

Figure 2. Structure factor functions for the 
armchair cnt(12,12) configuration at 300, 3000, 

and 5000 K. 

3.2 Equilibrium properties 
The structural optimization was performed under the Evans NVT ensemble at zero pressure and 300 K 
temperature. In this environment, equilibrium bundle lattice constant, bulk modulus, bulk modulus 
derivative, equilibrium energy, and equilibrium volume were calculated. Figures 3 and 4 show how 
the total energy per atom in nanotube bundles behaves with the varying a-axis in both the cnt(12,12) 
and cnt(12,10) tube bundles. The total energy against a-axis data was further least-squares fitted to 
Murnaghan’s [25]equation of state in order to obtain the bulk modulus and its derivative. The results 
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obtained together with other carbon nanotube calculations [19] and graphite experimental results [7,8] 
are organized in table 2. 

Figure 3. Equilibrium energy as a function of a-
axis for the armchair cnt(12,12). 

Figure 4. Equilibrium energy as a function of a-
axis for the chiral cnt(12,10). 

     The equilibrium lattice constant a for the unit cells of the cnt(12,12) and cnt(12,10) bundles were 
found to be 19.014 and 19.628 Å for  nanotube radii of 8.14 and 7.47 Å respectively. Reich et al. [19] 
demonstrated that the spacing between the tubes in a bundle cannot exceed the graphite equilibrium 
spacing of 3.35 Å. Applying this concept, tubes with bigger radii will have smaller inter-tubular 
spacing. To complement this, Tang et al. [26] merged x-ray measurements and elasticity theory 
calculations to show that the wall-to-wall distance between tubes within a bundle may not exceed the 
graphite equilibrium interlayer spacing. The bulk modulus for the armchair cnt(12,12) and chiral 
cnt(12,10)  were computed to be 21.12 and 44.56 GPa respectively. These results are within the 
allowed limits of the graphite x-ray measurements of Hanfland et al. [7] and Zhao and Spain [8]. 

Table 2. Calculated lattice constants 𝑎, bulk modulus 𝐵0 and its first derivative 𝐵′, equilibrium energy 
𝐸0, and equilibrium volume 𝑉0 of two carbon nanotubes symmetries compared with graphite 

experimental results [7,8] and calculated results of carbon nanotubes [19]. 

cnt(12,12) 
this work 

cnt(12,10) 
this work 

Graphite 
experiment[7,8] 

Nanotubes 
bundles[19] 

𝑎 (Å) 19.01 19.63 2.603 11.43 
𝐵 (GPa) 21.12 44.56 33.80 37.00 
𝐵′ 1.000 18.37 8.900 11.00 
𝐸0 (eV) -7.078 -7.091 - - 
𝑉0 (Å3) 27.21 28.93 35.12 - 
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3.3 Dynamical properties 
Transport properties of carbon ions and even impurities within a tube can be extracted from the 
simulations using the time-dependent mean square displacement (msd), which is defined by: 
〈𝑟𝑖2(𝑡)〉 = 1

𝑁
∑ [𝑟𝑖(𝑡) − 𝑟𝑖(0)]2𝑁
𝑖=1 , where 𝑁 is the total number of ions in the system, 𝑟𝑖(0), and 𝑟𝑖(𝑡) 

are initial and advanced position of ions respectively. At elevated temperatures, the carbon ions gain 
momentum and become highly mobile and so the msd increases with time. The argument can be 
confirmed by the msd data plotted as function of time for armchair cnt(12,12) and chiral cnt(12,10) 
configurations as shown in figures 5 and 6. 
    As it can be seen, at room temperatures, both configurations demonstrate somewhat constant 
behaviour with time, which suggest that there is no notable carbon ion diffusion. A periodical rise and 
fall conduct of carbon ions with time at 3000 K is notable to both cnt(12,12) and cnt(12,10). At 5000 
K, carbon function in cnt(12,10) increases with increasing time, indicating ion diffusion, whereas 
oscillatory behaviour is still observed in cnt(12,12). From the slope of carbon ions as function of time 
in cnt(12,10) at 5000 K, a diffusion coefficient of 0.108 Å2/ps and a thermal factor of 1.029 Å2 were 
computed according to the equation: 〈𝑟𝑖2(𝑡)〉 = 6𝐷𝑡 + 𝐴0, where 𝐷 is the diffusion coefficient and 𝐴0 
is some small thermal factor due to atomic vibrations. 

Figure 5. Mean square displacement (msd) of 
carbon ions in an armchair cnt(12,12) at 300, 3000, 

and 5000 K. 

Figure 6. Mean square displacement (msd) of carbon 
ions in an achiral cnt(12,10) at 300, 3000, and 5000 K. 
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4. Conclusion
The structural configuration and equilibrium properties of some swcnts symmetry configurations were 
studied. g(r) and S(k) results demonstrate the strength and rigidity of atomic distributions even at 
extremes of temperature. This in turn validates the flexibility and transferability of the Tersoff 
potential to nanoscale level. The bulk modulus of the bundles is found to be within the graphite 
acceptable range. Specifically for cnt(12,12) and cnt(12,10), the larger radius implies smaller bulk 
modulus and the other way round. The equilibrium volumes are smaller than those of graphite. 
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