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Besides the usual large diameter nanotubes, in recent years, the ultra narrow single 

walled carbon nanotubes (SWCNT) have attracted much interest and been successfully 

synthesized experimentally as rings of SWCNTs. The novel electronic characteristics of 

these materials have been the main concern in developing various ultra small nanotube 

based devices. In such structures, due to the large curvature effects, the bond lengths and 

bond angles are not uniform. Therefore, the behavior of these structures is expected to be 

significantly different from that of the usual, larger diameter nanotubes. This difference 

can be apparently followed up when an adsorbate species approaches to the surface of an 

ultra small SWCNT. 

In the present paper, at the first step the realistic equilibrium molecular dynamics (MD) 

simulations were performed by exposing molecular hydrogen, up to 6.5wt% set by the U.S. 

Department of Energy (DOE), on a pristine, defect free (3,0) SWCNT. MD simulations were 

carried out to find the more favorite physisorption configuration. This series of calculations 

then followed by more accurate density functional theory (DFT) calculations,  at B3LYP/6-

311G* level of theory to investigate: 1) the optimized bonding energies for both physisorption 

and chemisorptions states and 2) the effect of physisorption/ chemisorption on the structural 

and electronic properties of this nanotube. 

The result of applying molecular dynamics method on 6.5wt% hydrogen loading onto a 

(3,0) nanotube confirmed that, among all possible orientations, H2 molecules mostly prefer 

to be physically adsorbed above C-C bond with the H-H molecular axis parallel to the C-C 

bond. This result is in excellent agreement with previously presented results from more 

accurate DFT calculations by Z. Zhou et al. Analyzing the trajectories of hydrogen 

molecules over 130 ps of total simulation time showed that the adsorbed H2 molecules 

oscillate around 3A° from the surface of the SWCNT. The lowest adsorption energy of 

one H2 molecule, calculated with this method was  ∆E physisorption  = −0.070kcal / mol ,  with a 

binding length of 2.726 A°. 

The hydrogenated state resulted from saturating of one π bond between two adjacent 

carbon atoms of the nanotube with two atomic hydrogens was optimized by DFT 
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computations. The adsorption energy of the final chemisorbed configuration was 

calculated to be ∆Echemisorption = −125.189kcal / mol . The higher stability of here 

calculated chemisorbed structures could be mainly attributed to the o*-n* hybridization 

introduced by large curvature effects of (3,0) nanotube. 

As indicated in figure 1a, here considered (3,0) nanotube, at its pristine form, showed 

semiconducting behavior with a narrow indirect band gap about 0.12 eV. Figures 1b and 

1c presents that after physisorption, the band structure does not change significantly near 

the Fermi level, EF, (set to be zero). However, after chemisorption, the band structure is 

drastically changed near the Fermi level (figure 2c). In this case, hydrogen 

chemisorption caused the π ∗  

metallic. 

band was pushed down to cross the EF, making the tube 

 

 

 

 

 

 

 

 

 
 

Figure 1. Band structure of a) Pristine (3,0), b) After physisorption and c) After chemisorption 

 

 
The highest occupied molecular orbitals (HOMO) of (3,0) nanotube before and after the 

adsorptions, obtained from molecular orbital analysis at B3LYP/6-311G* level of theory, are 

presented in figure 2. The localized nature of the pristine and physisorbed nanotube’s 

HOMOs (figures 2a,b) is evident, indicating the semiconducting nature of these systems. The 

metallic character of the hydrogen chemisorbed (3,0) nanotube is warranted by its delocalized 

orbitals, figure 2c, and also by the zero band gap energy, figure 1c. 
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Figure 2. The HOMOs of a) Pristine (3,0), b) After physisorption and c) After chemisorption 
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The Muliken populations analysis has been used to understand the interaction between 

the adsorbed hydrogen and the SWCNTs, and to evaluate the induced effects on the 

transport properties. The electron transfer from chemisorbed hydrogen atom to (3,0) 

nanotube is 0.68 e. This demonstrates that n-type conduction can be achieved by hydrogen 

chemisorption. 

In summary, it was shown that the weak binding energy in the physisorbed state, and 

the resulted unstable adsorbed structure can not cause significant charge transfer between 

adsorbed hydrogen and SWCNT, and therefore no sensible changes occurred due to 

hydrogen physisorption on (3,0). In other words the charge transfer can only take place if 

the molecule has a stable adsorbed structure on the SWCNT, which would be possible in 

the case of chemisorption. 
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