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Abstract: First-principles calculations have been performed to investigate the dependence of alkanethioles interaction with
single-walled carbon nanotubes (SWCNTSs) on nanotube’s type, curvature and chirality. The ab initio calculations at the density
functional level of theory can provide useful information about the nature of alkanethioles adsorption in SWCNT selected sites
and the binding under different curvatures and chiralities of the tube walls. The author’s results have shown that the affinities of
ethanethiol molecule for the semiconducting and metallic SWNTs are rather close, about 10% stronger in the former case. Our
first-principles calculations indicate also that the binding energy of alkanthiols is increased for adsorption on larger-diameter
CNTs with lower-curvature while, it is decreased for adsorption on the larger-chiral angle one.
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Introduction

Carbon nanotubes (CNTs) are considered to possess
unique properties compared with the corresponding bulk
materials due to the quantum confinement effect, and
have great potential applications in both nanotechnology
and nanoscale engineering [1-5]. A number of recent
investigations focus on the interaction between carbon
nanotubes and organic compounds such as alkylamines
[6—10] and organo-sulfur compounds [11, 12], to form
hybrid materials that benefit from the electrical and
mechanical properties of CNTs. Aspects of particular
interest to the organo-sulfur compounds, particularly
alkanethiol molecules (C,H,,;—SH), are the covalent
functionalization of the CNT probe tip for chemical
force microscopy [3, 4] and increasing the solubility of
single-walled CNTs [5-7], their self-assembly on metal
surface [13, 14] which have provided model systems for
understanding fundamental physical, chemical, and
biological interfacial processes [11, 12]. Particular
attentions have been devoted to nanoscale field-effect
transistors (FETSs) since they can serve as high-mobility
transport channels [15]. However, precise position and
alignment of CNTs is still not available in current
growth and assembly technology. Therefore, there is a
growing body of research on the development of carbon
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nanotubes network FETs [16, 17]. Electrical detection of
deoxyribonucleic acid and biomolecules using carbon
nanotubes network FETs have been demonstrated [18,
19]. Such devices have been also found to be sensitive to
various gases and thus can be used as chemical sensors
[20]. The sensing behaviors of these network devices
strongly depend on the electrical characteristics in their
as-produced  state.  Therefore, optimizing the
performance of these devices requires a better
understanding of the method for adjusting their electrical
characteristics prior to further applications in electronics
and molecular detection [21]. In one recent work, Roh et
al. [12] investigated the adsorption behaviors of
alkanethiol molecules on the surface of single-walled
CNT with vibrational spectrophotometer. They
confirmed their experimental results with the molecular
dynamics simulation calculations. They reported that
alkanethiol molecules adsorbed strongly on the SWNT
surface and suggested that the active adsorption sites in
the nanotube surface might be Stone—Wales defects (5—7
ring defects) [12]. We investigated, in the previous work
[22], the adsorption of alkanethiol molecules, such as
ethanthiol and buthanthiol, on the zigzag (10, 0) single-
walled carbon nanotube with and without structural
defects. The obtained results indicated that alkanethiol
molecules adsorbed rather strongly on the single-walled
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carbon nanotubes surface and introduce defects do not
have an important contribution to the adsorption
mechanism of alkanethiols on SWNTs.

The main purpose of the present study is to model the
adsorption of alkanethiol in SWNTs with tubes of
different diameters and types or, in other words,
curvature and chirality, by using appropriate simulation
techniques. It is obvious that theoretical calculations in
this field can be extremely useful in attaining a thorough
and quantitative understanding of the elementary steps
concerning the gas adsorption phenomenon that takes
place in the aforementioned materials.

Among the well-established computational techniques
are used to study molecular adsorption in porous
materials is the density functional theory (DFT), which
is a first principles quantum mechanics method.
Generally, the theoretical calculations employed in this
research field can be classified according to the
approximations that they are based on [23]. In the ab
initio theoretical studies, both chemisorption [24, 25]
and physisorption [26, 27] were investigated within the
DFT method. Only with the use of high accuracy
computational techniques we can understand the nature
of the alkanethiol interaction with the SWNits.

Computational methods

The aim of the ab initio study is to calculate the binding
energy between the alkanethiols and the walls of carbon
nanotubes of different diameters and chiralities. In order
to treat our system with high accuracy ab initio methods
we employed a supercell approach in all our
calculations. In the direction perpendicular to the tube
axis, a distance of at least 16 A was kept between
repeated units to avoid interactions between adjacent
CNTs. We used a 1 x 1 x 3 Monkhorst—Pack grid for £-
point sampling of the Brillouin zone.

The structural optimizations of carbon nanotubes and
alkanethiols are carried out using the recently developed
DFTB+ code [28-31]. The Slater-Koster (S-K) type
parameter set [32] was implemented. The dispersion
corrects for the van der Waals interaction have also been
considered via the Slater-Kirkwood type model [33].
The total energy calculations for the interaction between
CNTs and alkanethiols are carried out using the ab initio
DFT code SIESTA [34, 35]. We used the Perdew-Burke-
Ernzerhof (PBE) generalized gradient approximation
(GGA) for the exchange-correlation potential [36]. The
core electrons are represented by improved Troullier-
Martins pseudopotentials, and a numerical atomic orbital
basis with polarization is used for the valance electrons.
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All total energy calculations were done with a double-C
plus polarization (DZP) basis set.

The adsorption energy E,q of an alkanethiol molecule on
the nanotube wall can be calculated as follows:

Eads:ECNT—A_ECNT_EA (1)
where Ecnr.a is obtained from the potential energy of the
SWNT-alkanethiol molecule structure, Ecnr is the
energy of the pure CNT, and E, is the energy of the
isolated alkanethiol molecule.

Results and discussion

We model the interaction of alkanethiols with SWNTs,
using ethanethiol (C2H4)-SH as a particular example.
Armchair (6, 6) structure is considered here as typical
metallic nanotube with similar diameter (7.83 A) with
zigzag (semiconducting) (10, 0) nanotube (8.14 A)
which used in the previous work [22]. Ethanethiol-
SWCNT system is optimized starting from two different
initial geometrical configurations. In all cases the thiol (-
SH) active site is initially oriented so that the sulfur atom
is the closest to the nanotube, and the free electron pair
of sulfur is directed perpendicular to the SWNT surface.
In the starting configuration A, the sulfur atom of
ethanethiol is situated over a hexagon of carbon atom of
the nanotube, with molecular axis parallel to the tube
axis while in the configuration B, the molecular axis is
perpendicular to the tube axis. The orientation schemes
employed in modeling ethanethiol adsorption are
represented in figure 1.

After full structural optimization of the considered
systems, we find that the ethanethiol molecule prefers to
be adsorbed on the hexagon of carbon nanotube with a
parallel orientation of molecular axis with respect to the
tube axis, configuration A. The calculated binding
energy for the favorable energetically configuration and
the equilibrium distance between the closest atom
between carbon nanotube and ethanethiol are about —
1.62 eV (-37.41 kcal/mol) and 2.130 A, respectively.
The relatively far equilibrium ethanethiol-carbon
substrate separation and small binding energy suggest
the involvement of only non-covalent interactions in the
adsorption. The present results reveal also that
alkanthiols are weakly bound to the outer surface of the
nanotube, having adsorption energies comparable to that
for amino acids, nucleic acid bases and gas molecules on
carbon nanotubes [37 and 42]. Comparing the present
results with those obtained for the ethanethiol/CNT (10,
0) system [22], we clearly see that the affinities of
ethanethiol molecule for the semiconducting and
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metallic SWNTSs are rather close, about 10% stronger in
the former case. We now investigate the adsorption of
ethanethiol on the outer surface of the (13, 0) SWCNT.
Similar initial orientations were selected for the
ethanethiol molecule approaching the surface of the
tube and then the similar calculations were carried out
for the considered configurations. The orientation
schemes employed in modeling ethanethiol adsorption
on the (13, 0) SWCNT are shown in figure 2. Our first-
principles calculation results show a binding energy of
about -2.11 eV for the energetically most favorable state
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which corresponds to the parallel approach of the
molecule with respect to the nanotube axis. From the
obtained result for the (13, 0) nanotube, we clearly see
that the binding energy of the alkanethiols is increased
for adsorption on larger-diameter CNTs with low
curvature. Although the high curvature allows the
molecule to approach the surface more closely but
however, the majority of the carbon atoms in high
curvature CNT are actually further removed from the
atoms of the ethanethiol than in the corresponding case
on a low curvature CNT.

Figure 1. Model for two different adsorption states for an ethanethiol molecule on the sidewall of the (6, 6) CNT above a
heptagon substrate with the molecular axis (a) parallel and (b) perpendicular with respect to the tube axis. Atom colors: grey—

carbon, white—hydrogen, yellow—sulfur.

Figure 2. Model for two different adsorption states for an ethanethiol molecule on the sidewall of the (13, 0) CNT above a
heptagon substrate with the molecular axis (a) parallel and (b) perpendicular with respect to the tube axis.
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To study the effect of nanotube’s chirality on
alkanethiols adsorption on the carbon nanotube surface
we have examined the binding of the ethanethiol on the
(8, 4) nanotube which is a semiconducting nanotube
with a chiral angle of about 19°. Following a similar
procedure employed in the previous systems, we started
by carrying out the optimization process for the
ethanethiol molecule approaching to the sidewall of the
(8, 4) SWCNT. The orientation schemes employed in
modeling ethanethiol adsorption on the (8, 4) SWCNT
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are shown in figure 3. Our calculation results show that
ethanethiol molecule prefers to interact with the hollow
position of the tube with molecular axis perpendicular
to the tube axis with a binding energy of -1.55 eV. It
can be found from the obtained results that the binding
energy of the alkanthiols is decreased for adsorption on
the nanotubes with a larger-chiral angle ((8, 4) nanotube
in comparison to the (10, 0) nanotube with a chiral
angle of 0°)

Figure 3. Model for two different adsorption states for an ethanethiol molecule on the sidewall of the (8, 4) CNT above a
heptagon substrate with the molecular axis (a) parallel and (b) perpendicular with respect to the tube axis.

(@)

Conclusions

In this study, the ab initio method at the density
functional level of theory (DFT) has been employed to
investigate the dependence of alkanethiols interaction
with single-walled carbon nanotubes (SWCNTSs) on the
nanotube’s type, curvature and chirality. The use of ab
initio DFT calculations provides in general useful
information concerning the nature of alkanethiol
adsorption in SWCNTSs selected sites and the binding
under different curvatures and chiralities of the tube
walls.

The results obtained from this computational technique
have shown that all the considered factors play rather an
important role in the adsorption process. It can be found
that the affinities of ethanethiol molecule for the
semiconducting and metallic SWNTs are rather close,
about 10% stronger in the former case. Our first-
principles calculations indicated also that the binding
energy of alkanthiols is increased for adsorption on the
larger-diameter CNTs with lower-curvature while it is
decreased for adsorption on the larger-chiral angle.

(b)

Consequently, we could say that alkanethiols adsorbed
rather strongly on the single-walled carbon nanotubes
surface and they prefer to be adsorbed on the
semiconducting nanotubes with lower-curvature (larger-
diameter) and smaller-chiral angle.

Acknowledgement

The authors gratefully acknowledge the support of this
work by the Azad University of Ghaemshahr.

References

[1] Lijima, S. Nature (London) 1991, 354, 56.

[2] Kong, J.; Franklin, N.R.; Zhou, C.W.; Chapline,
M.G.; Peng, S.; Cho, K.J.; Dai, H.J. Science 2000,
287(5453), 622.

Robinson, J.A.; Snow, E.S.; Badescu, S.C.;
Reinecke, T.L.; Perkins, F.K. Nano Lett. 2006,
6(8), 1747-1751.

[3]

259



Iranian Journal of Organic Chemistry 4 (2009) 256-260

[4] Snow, E.S.; Perkins, F.K.; Houser, E.J.; Badescu,
S.C.; Reinecke, T.L. Science 2005, 307(5717),
1942-1945.

[5] Li, J.; Lu, Y.J; Ye, Q.; Cinke, M.; Han, J;

Meyyappan, M. Nano Lett. 2003, 3(7), 929-933.

[6] Wong, S.S.; Joselevich, E.; Woolley, A.T.; Cheung
C.L.; Lieber, C.M. Nature (London) 1998, 394, 52.

[7] Wong, S.S.; Woolley, A.T.; Joselevich, E.; Cheung,
C.L.; Lieber, CM. J. Am. Chem. Soc. 1998, 120,
8557.

[8] Chen, J.; Hamon, M.A.; Hu, H.; Chen, Y.; Rao,
AM.; Eklund P.C.; Haddon, R.C. Science 1998,
282, 95.

[9] Hamon, M.A.; Chen, J.; Hu, H.; Chen, Y.; Itkis,
M.E.; Rao, A.M.; Eklund, P.C.; Haddon, R.C. Adv.
Mater. (Weinheim, Ger.) 1999, /1, 834.

[10] Ausman, K.D.; Piner, R.; Lourie, O.; Ruoff, R.S,;
Korobov, M.; J. Phys. Chem. B 2000, 104, 8911.

[11] Ulman, A. An introduction to ultrathin organic

films: from Langmuir-Blodgett to self-assembly,
Academic, New York, 1991.

[12] Roh, S.; Oh, J.; Choi, Y.; Sohn, D.; Kim, W.; Cho,
Ch.; Yi, Wh.; Yoo, J. Lee Ch. Kim, J. J. Vac. Sci.
Technol. B 2004, 22(3), 1411-1415.

[13] Lee, J.H.; Heo, J.N.; Yi, W.K.; Jeong, T.W.; Yu,
S.G.; Lee, C.S.; Kim, W.S.; Yoo, J.B.; Han, H.S_;
Kim, J.M. J. Vac. Sci. Technol. B 2003, 21, 358.

[14] Liu, Z.; Shen, Z.; Zhu, T.; Hou, S.; Ying, L.; Shi,
Z.; Gu, Z. Langmuir 2000, 16, 3569.

[15] Wind, S.; Appenzeller, J.; Martel, R.; Derycke, V.;
Avouris, Ph. Appl. Phys. Lett. 2002, 80, 3817.

[16] Snow, E.S.; Novak, J.P.; Campbell, P.M.; Park,
Appl. Phys. Lett. 2003, 82, 2145.

[17] Hu, L.; Hecht, D.S.; Cruner, G. Nano Lett. 2004, 4,

2513.

Gui, E.L.; Li, L.J.; Lee, P.S.; Lohani, A

Mhaisalkar, S.G.; Cao, Q.; Kang, J.; Rogers, J.A.;
Tansil, N.C.; Gao, Z. Appl. Phys. Lett. 2006, 89,
232104.

[19] Star, A.; Tu, E.; Niemann, J.; Gabriel, J.-C.P.;
Joiner, C.S.; Valcke, Ch. Proc. Natl. Acad. Sci.
U.S.A. 20006, /03, 921.

[20] Abraham, J.; Philip, B.; Witchurch, A.; Varadan,
V.; Reddy, C. Smart Mater. Struct. 2004, 13, 1045.

[21] Lee, C.W.; Zhang, K.; Tantang, H.; Lohani, A.;
Mhaisalkar, S.G.; Li, L.-J.; Nagahiro T.; Tamada,
K.; Chen, Y. App. Phys. Lett. 2007, 91, 103515.

[18]

D

M. D. Ganji et al.

[22] Ganji, M.D.; Afsari, A. Interaction of alkanethiols
with single-walled carbon nanotubes: First-
principles calculations, Phys. E, 2009, 41, 1696—
1700.

[23] Meregalli, V.; Parrinello, M. Appl. Phys. A: Mater. Sci.
Process. 2001, 72, 143.

[24] Froudakis, G.E. Nano Lett. 2001, 1, 179.

[25] Bauschlicher Jr., C.W. Nano Lett. 2001, 1, 223.

[26] Zhang, X.R.; Cao, D.; Chen, J. J. Phys. Chem. B 2003,
107, 4942.

[27] Okamoto, Y.; Miyamoto, Y. J. Phys. Chem. B 2001,
105, 3470.

[28] Aradi, B.; Hourahine, B.; Frauenheim, Th. J. Phys.
Chem. A 2007, 111, 5678.

[29] Seifert, G.; Porezag, D.; Frauenheim, Th. Int. J.
Quantum Chemistry 1996, 58, 185.

[30] Frauenheim, Th.; Seifert, G.; Elstner, M.; Hajnal,
Z.; Jungnickel, G.; Porezag, D.; Suhai, S.; Scholz,
R. Phys. Stat. Sol. 2000, 271, 41.

[31] Frauenheim, Th.; Seifert, G.; Elstner, M.; Niehaus,
T.; Kohler, C.; Amkreutz, M.; Sternberg, M.;
Hajnal, Z.; Di Carlo, A.; Suhai, S. J. Phys.:
Condensed Matter 2002, 14, 3015.

[32] Elstner, M.; Porezag, D.; Jungnickel, G.; Elsner, J.;
Haugk, M.; Frauenheim, Th.; Suhai, S.; Seifert, G.
Phys. Rev. B 1998, 58, 7260.

[33] Elstner, M.; Hobza, P.; Frauenheim, Th.;
Frauenheim, S.; Kaxiras, E. J. Chem. Phys. 2001,
114, 5149.

[34] Ordejon, P.; Artecho, E.; Soler, J.M. Phys. Rev. B
1996, 53, 10441.

[35] Soler, J.M.; Artecho, E.; Gale, J.D.; Garcya, A.;
Jungera, J.; Ordejon, P.; Sanchez-Portal, D. J.
Phys.: Condens. Matter 2002, 14, 2745.

[36] Perdew, J.P.; Burke, K.; Ernzerhof, M. Phys. Rev.
Lett. 1996, 77, 3865.

[37] Gowtham, S.; Scheicher, R.H.; Pandey, R.; Karna,

S.P.; Ahuj, R. Nanotechnology 2008, 19, 125701.

Ganji, M.D. Phys. Lett. A 2008, 372, 3277.

Ganji, M.D. Nanotechnology 2008, 19, 025709.

Gholami; M.R. Ganji, M.D. Iran JOC. 2009, 2, 5.

Ganji, M.D. Phys. E 2009, 41, 1406.

Ganji, M.D. Diamond Related Mater. 2009, 18, 662.

260



