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Abstract
The effective parameters of (5, 0) and (5, 5) single-wall carbon
nanotubes during the interaction with carbon dioxide as sensors
are determined. The interaction of carbon dioxide molecules
with internal and external walls of the nanotubes is studied using
Gaussian 03 coding by density functional theory (DFT) at the
B3LYP/6-311G level of theory. CO2 rotation around tube axles
vertically and parallel to the internal and external walls has been
investigated. The carbon dioxide molecule is predicted to bind
only weakly to nanotubes, and the tube-molecule interactions
can be identified as physisorption. CO2 adsorption is stronger on
external wallsthan on internal walls, and adsorption on the
external wall of (5, 0) is stronger than on the external wall of (5,
5); the adsorption energies are exothermic and equal to -0.8884
and -0.0528 kcal/mol, respectively. The rotation energy barrier
for (5, 5) is lower than that for (5, 0) in all rotations, therefore in
these interactions (5, 5) is more active. The energy gap
significantly changes in the presence of carbon dioxide
molecules on the inside surface of (5, 0) and the electric
conductivity is affected, but no remarkable change is observed in
the electronic structure of (5, 5).
2012 JNS All rights reserved
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1. Introduction
The special geometry and unique properties
of carbon nanotubes offer great potential
applications,
including
nanoelectronic
devices, energy storage, chemical probes and
sensors, field emission displays, etc. [1]. The
electronic properties of single-wall carbon
nanotubes (SWNTs) can be considerably
affected by the presence of adsorbed

The electronic properties of SWNTs are
sensitive to the adsorption of NO2 and O2
molecules, which are charge acceptors. Based
on the calculations, the effects due to most
charge donor molecules in the air, such as N2,
CO2, and H2O, are relatively weak. Therefore,
the interaction between nanotubes and these
gas molecules is weak and does not have
significant influence on the electronic

molecules. This has important consequences
for device applications that use SWNTs as the

structure of SWNTs [9].
Adsorption of CO2 on purified SWNTs was

bases of chemical sensors. Advantages of
carbon nanotubes (CNTs) over other materials

studied computationally and experimentally
by Martin Cinke et al. [10]. The

as good sensors are due to their small size,
high strength, high electrical and thermal

computational study was carried out using
second-order Moller-Plesset perturbation

conductivity, and high specific area. The
effects of absorbance of gas on SWNTs were
studied theoretically and experimentally [2–
6].

theory (MP2), whereby several base sets
ranging from the 6–31G* set to the augmented
correlation-consistent polarized valence triple
zeta set were used to study CO2 interaction

The interaction of various gas molecules
with carbon nanotubes has been investigated
in several recent theoretical studies [7–11].
Zhao et al. [9] used self-consistent field (SCF)
electronic structure calculations based on
density functional theory (DFT) with either
localized basis (DMol) or plane-wave basis
(CASTEP) to study adsorption of various
gases (NO2, O2, NH3, N2, CO2, CH4, H2O, H2,
and Ar) on SWNTs and bundles. Most of the
molecules adsorb weakly on (10, 0), (17, 0),
(5, 5), and (10, 10) SWNTs and can be either

with (9, 0) SWNT. The computational results
yielded a binding energy similar to the
experimental value, 2303 J/mol (0.24 ev), and
they showed that CO2 was physisorbed sideon the nanotube.
Recently, Lithoxoos et al. [11] used Monte
Carlo (MC) simulation of N2, CH4, H2, CO,
and CO2 adsorbed gas on (9, 9) SWNT in the
grand cononical ensemble. They reported that
the experimental and the simulated adsorption
showed the same qualitative behaviour,
namely, it followed the order CO2 > CO > N2

charge donors or acceptors to the nanotubes.
Short unit cell length, namely one molecule
per two-unit cell, was used. The gas
adsorption bundle interstitial and groove sites
are stronger than those on individual tubes.

and CH4 > H2 of the adsorption in SWNTs.
Although, there is a lot of published research
about the interaction of long-diameter SWNTs
with CO2 molecules using supercomputers
with large amounts of memory [9, 10], not
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much research on this subject has been carried
out using ordinary personal computers. In the
present study, density functional calculation
atthe B3LYP/6-311G level of theory is used
to determine effective parameters of (5, 0) and
(5, 5) SWNT as carbon dioxide sensors.
Adsorption on both inner and outer surfaces
of nanotubes and CO2 rotation are examined.
2. Computational Method
The CO2-nanotube interactions were studied
using Gaussian 03 coding [12] by DFT at the
B3LYP/6-311G level of theory [13–18]. The
basis set superposition errors (BSSE) were
estimated for the counterpoise correction [19].
The (5, 0) SWNT containing 50 carbon atoms
of length 8.5 Å and diameter 4 Å, saturated
with 10 hydrogen atoms, and the (5, 5) SWNT
containing 80 carbon atoms of length 7.4 Å
and diameter 6.8 Å, saturated with 20
hydrogen atoms were selected for this
purpose. CO2 molecule on the internal and
external walls of the SWNTs was fully
optimized
without
any
symmetrical
constraints in the parameters, such as the
height above the surfaces or CO2 location and
orientation. The adsorption energies were
determined according to the expression:
E ads  E tot (CO 2  nanotube)  E tot ( nanotube)
 E tot (CO 2 )

where Etot(CO2-nanotube) is the total energy
of the optimized CO2-nanotube system,
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Etot(nanotube) is the total energy of the
optimized nanotube and Etot (CO2) is the total
energy of the isolated CO2 molecule. By this
explanation, Eads < 0 corresponds to
exothermic adsorption, which leads to a stable
structure.
The rotation of carbon dioxide molecule in
different directions on the internal and
external walls of the carbon nanotubes was
investigated. Active sites and stable structures
were determined. Adsorption energy was
estimated as a function of tube-molecule
distance and tube-molecule angle.
3. Results and Discussion
Table 1 summarizes the results for the total
energy (Etot), equilibrium distance, energy
gap, adsorption energy (Eads), dipole moment,
and some bond distances. The CO2 molecule
is weakly bound to nanotubes and the tubemolecule interactions can be identified as
physisorption. The calculations show that the
adsorption of carbon dioxide molecule on the
outer surface of (5, 0) nanotube is stronger
than on the inside surface of (5, 0) nanotube,
with a calculated adsorption energy of -0.8884
kcal/mol, exothermic, and 304.9699 kcal/mol,
endothermic, respectively. The energy gap
changed significantly after CO2 adsorption on
the inside surface of (5, 0) nanotube, therefore
there was a change in the conductivity due to
CO2 adsorption.
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Table 1. Calculated structural parameters and adsorption energy values of CO2 adsorbed on
internal (a) and external (b) of (5, 0) and (5, 5) nanotubes surfaces.
Dipole
Bond distance (Aº)
Etot
Eads
Energy gap
d
System
moment
RC1-C2
RC3-H4
(kcal/mol)
(ev)
(A˚)
(Hartree)
(Debye)
(5,0)

-1910.5207
a

1.7244

0.0000

1.4215

1.0825

CO2-(5,0)

-2098.5919

304.9699

0.8310

2.00

0.0589

1.4154

1.0822

CO2-(5,0)b

-2099.0794

-0.8884

1.7187

3.47

0.4359

1.3810

1.0819

(5,5)

-3060.4923

0.0000

1.4152

1.0810

1.7571

a

-3249.0461

2.1626

1.7522

3.40

0.0122

1.4159

1.0808

b

-3249.0496

-0.0528

1.7576

3.57

0.1673

1.4160

1.0810

CO2-(5,5)
CO2-(5,5)

a
b
Fig. 1. Adsorption configuration of CO2 molecule on a) inside and b) outside surface of (5, 0) nanotube.

a

b

Fig. 2. Adsorption configuration of CO2 molecule on a) inside and b) outside surface of (5, 5)
nanotube .
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The adsorption configuration of CO2
molecule on the inside surface of (5, 0)
nanotube is shown in Fig. 1a; the depicted
CO2 molecule is optimized in the middle of
nanotubes, and the equilibrium distance from
the internal wall is 2 Å. The adsorption
configuration of CO2 molecule on the outer
surface of (5, 0) nanotube is shown in Fig. 1b,
where the equilibrium distance from the

adsorption, corresponding to the calculated
values of 0.1673 Debye for the outer surface
and 0.0122 Debye for the inner surface. Bond
distances don't change significantly after CO2
adsorption. Furthermore, the adsorption
energy value for the outer surface of (5, 5)
nanotube, -0.0528 kcal/mol, is less than for
the inside surface, 2.1626 kcal/mol, which
show exothermic and endothermic adsorption,

external wall is 3.47 Å. The values of dipole
moment significantly change after CO2

respectively. There are no significant changes
in energy gap values on the inner and outer

adsorption on the outer surface of (5, 0)
nanotube, with calculated values of 0.4359

surfaces of (5, 5) nanotube after CO2
adsorption.

Debye, with no significant changes for the
inner surface. Bond distances beside

The variations of the adsorption energy as
a function of CO2 molecule angle and CO2

interaction areas don't significantly change
after CO2 adsorption.
The values of the adsorption energy for the
outer surface of (5, 5) nanotube are less than

molecule distances were investigated. After

for the inside surface, corresponding to the
calculated energy of -0.0528 kcal/mol,
exothermic,
and
2.1626
kcal/mol,
endothermic, respectively. There are no
significant changes in the energy gap values
on the inner and outer surfaces of (5, 5)
nanotube after CO2 adsorption. The optimized
adsorption configurations of CO2 molecules
on the inside and outside surfaces of (5, 5)
nanotube are shown in Figs. 2a and 2b,
respectively. The equilibrium distances from
internal and external walls are 3.40 and 3.57

invertical and horizontalto the tube axle

Å, respectively. The values of dipole moment
don't change significantly after CO2

optimizing CO2 distance to the tube walls,
rotation of the carbon dioxide molecule

were studied. We investigated four rotations
as follows: rotations 1 and 2 are the
rotations of CO2 molecules on the internal
wall vertically and horizontally around the
tube axle, respectively; rotations 3 and 4 are
the rotations of CO2 molecules on the
external wall vertically and horizontally
around the tube axle, respectively, which are
depicted in Fig. 3 at zero and 90 o angles.
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a

b

c

d

Fig. 3. Vertical (a, b) and horizontal (c, d) rotations around the tube axle at 0 o (a, c) and 90 o (b, d)
angles.
Table 2 summarizes our results for the
adsorption energy (Eads) with rotation of CO2
molecule. In rotation 1, the adsorption energy

the repulsion energy decreases, resulting in the
minimum adsorption energy and the most
stable structure, then the adsorption energy

has the minimum value, corresponding to the
expression (1), and this leads to a stable

increases up to 180 ° angle. In rotation 3, the
adsorption energy increases up to 100 ° angle,

structure. During the vertical rotation, the
adsorption energy increases up to 80 ° angle, the
CO2 molecule is close to the carbon atoms of
the tube wall, and the repulsion energy
increases, causing less stable structures, whereas
the parallel rotations of the CO2 molecule
decrease the repulsion energy and the
adsorption energy up to 180 ° angle, which
leads to a stable structure. In rotation 2, the
adsorption energy has the maximum value,
which leads to a less stable structure. During the
parallel rotation, the adsorption energy
decreases up to 100 ° angle, the CO2 molecule is
far from the carbon atoms of the tube wall, and

the CO2 molecule is close to the carbon atoms
of the tube wall, and the repulsion energy
increases and causes less stable structures.
After this point, the interaction of CO2
decreased, thus the repulsion energy and the
adsorption energy decreased up to 180 ° angle,
leading to a stable structure. In rotation 4, the
adsorption energy increases up to 60 ° angle,
but the values are under zero, then the
adsorption energy decreases up to 160 ° angle,
which leads to the most stable structure, and
the adsorption energy has the minimum value,
-1.6025 kcal/mol.
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Table 2. Adsorption energy of CO2 on internal (a) and external (b) of (5, 0) SWNT as a function of
tube-molecule angle (˚).
Rotation
Rotation1a
Rotation2 a
angle

Etot

(degree)

(Hartree)

0

Eads

Etot

BSSE

(Hartree)

(kcal/mol)

(Hartree)

(Hartree)

(kcal/mol)

-2098.2916

0.0293

493.4766

-2096.6042

0.0423

1552.2907

20

-2098.1972

0.0305

552.6577

-2097.3510

0.0388

1281.9984

40

-2097.9258

0.0331

722.9975

-2097.4895

0.0365

996.7865

60

-2097.5955

0.0381

930.2492

-2097.6566

0.0343

891.9312

80

-2097.2548

0.0397

1144.0639

-2097.8200

0.0334

789.3505

100

-2097.3050

0.0332

1112.5624

-2097.8741

0.0331

755.4090

120

-2097.4971

0.0333

991.9873

-2097.7219

0.0344

850.9124

140

-2097.8274

0.0320

784.7620

-2097.4768

0.0398

1004.7151

160

-2098.1655

0.0298

572.5541

-2097.1061

0.0439

1237.3291

180

-2098.2910

0.0292

493.7986

-2096.6584

0.0421

1518.1751

BSSE

Eads

Table 3. Adsorption energy of CO2 on internal (a) and external (b) of (5, 0) SWNT as a
function of tube-molecule angle (˚).
Rotation3b

Rotation
angle

Etot

(degree)

(Hartree)

(Hartree)

0

-2099.0791

20

Rotation4 b
Etot

BSSE

(kcal/mol)

(Hartree)

(Hartree)

(kcal/mol)

0.0024

-0.7130

-2099.0799

0.0014

-1.1974

-2099.0785

0.0014

-0.3694

-2099.0798

0.0013

-1.1488

40

-2099.0763

0.0020

1.0415

-2099.0795

0.0012

-0.9516

60

-2099.0716

0.0033

3.9990

-2099.0794

0.0011

-0.9025

80

-2099.0636

0.0032

8.9955

-2099.0794

0.0010

-0.9227

100

-2099.0609

0.0037

10.6992

-2099.0796

0.0010

-1.0271

120

-2099.0669

0.0036

6.9539

-2099.0796

0.0010

-1.0287

140

-2099.0740

0.0018

2.4975

-2099.0794

0.0015

-0.9322

160

-2099.0777

0.0014

0.1319

-2099.0805

0.0013

-1.6025

180

-2099.0791

0.0024

-0.7130

-2099.0802

0.0013

-1.3782

BSSE

Eads

Eads
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According to the results obtained for BSSE
correction energy, it is negligible in all
structures; its maximum value is 0.0439
Hartree for rotation 2, which proves that the
selected basis set and the method are
appropriate.
The same steps were repeated for (5, 5)
nanotube and the results are reported in Table
3. During rotation 1, the adsorption energy

values are less than those for a similar rotation
in the CO2-(5, 0) system. Finally, in rotation
4, the system has local minimum energy
values at 80, 120, and 160 ° and local
maximum energy values at 60, 100, and 180
°. Maximum and minimum points are at 140
and 0 °, with calculated energy values of
0.7736 kcal/mol and -0.2838 kcal/mol,
respectively. The BSSE correction energy in

change is similar to this rotation for the CO2(5, 0) system, but the adsorption energy and

all structures is negligible; the maximum
value is 0.0130 Hartree in rotation 2, which

barrier energy values are less. In rotation 2,
the adsorption energy has the maximum

proves that the selected basis set and the
method are appropriate.

value, which leads to a less stable structure;
the adsorption energy decreases up to 60 °

Figs. 4 and 5 show the adsorption energy
versus the tube-molecule distance for CO2-(5,

angle, the local minimum energy point, then
the adsorption energy increases and reaches
the minimum adsorption energy at 120 °,
which it is the most stable structure in this

0) and CO2-(5, 5) systems, respectively. By
scanning CO2 molecule distance from the wall
of the tube, the repulsion energy decreases,
and the minimum adsorption energy and the

rotation. Then, during this rotation, the
adsorption energy increases up to 180 ° angle.
The adsorption energy and barrier energy
values are less than those for a similar rotation
in the CO2-(5, 0) system. In rotation 3, the
adsorption energy increases up to 80 ° angle,
the CO2 molecule is close to the carbon atoms
of the tube wall, and the repulsion energy
increases, causing a less stable structure. After
this point, the CO2 molecule is parallel to the
direction of the tube axle, the interaction of
CO2 and carbon atoms of the tube wall

most stable structures are found in the middle
of (5, 0) and (5, 5) SWNT, as expected. The
most stable interactions with CO2 molecules
occur in the middle of (5, 0) and (5, 5) SWNT
(Table 1) with minimum adsorption energy
values. The results of this work can be
compared with the aforementioned theoretical
and experimental investigations on gas
adsorption on (9, 0) [10] and (9, 9) [11]
SWNTs.

decreases, and the repulsion energy and
adsorption energy decrease up to 180 ° angle,
leading to a stable structure. Barrier energy
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Table 4. Adsorption energy of CO2 on internal (a) and external (b) of (5, 5) SWNT as a function of
tube-molecule angle (˚).
Rotation1a

Rotation

Rotation2 a

angle

Etot

BSSE

Eads

Etot

BSSE

Eads

(degree)

(Hartree)

(Hartree)

(kcal/mol)

(Hartree)

(Hartree)

(kcal/mol)

0

-3249.0423

0.0067

4.5176

-3248.9671

0.0132

51.7658

20

-3249.0386

0.0070

6.8858

-3248.9833

0.0124

41.5482

40

-3249.0254

0.0089

15.1576

-3249.0127

0.0103

23.1283

60

-3248.9984

0.0113

32.0691

-3249.0311

0.0078

11.5617

80

-3248.9707

0.0129

49.4979

-3249.0263

0.0080

14.5941

100

-3248.9714

0.0129

49.0422

-3249.0256

0.0081

15.0412

120

-3248.9995

0.0112

31.4182

-3249.0332

0.0076

10.2614

140

-3249.0255

0.0088

15.0634

-3248.9812

0.0108

42.8760

160

-3249.0387

0.0070

6.8041

-3248.9542

0.0125

59.8283

180

-3249.0442

0.0067

3.3611

-3248.9468

0.0130

64.4588

Table 5 Adsorption energy of CO2 on internal (a) and external (b) of (5, 5) SWNT as a function of
tube-molecule angle (˚).
Rotation3b
Rotation4 b
Rotation
angle

Etot

BSSE

Eads

Etot

BSSE

Eads

(degree)

(Hartree)

(Hartree)

(kcal/mol)

(Hartree)

(Hartree)

(kcal/mol)

0

-3249.0500

0.0012

-0.2838

-3249.0500

0.0011

-0.2838

20

-3249.0489

0.0011

0.4302

-3249.0495

0.0011

0.0465

40

-3249.0472

0.0008

1.4843

-3249.0493

0.0011

0.1246

60

-3249.0434

0.0023

3.8616

-3249.0486

0.0014

0.6207

80

-3249.0418

0.0028

4.8458

-3249.0489

0.0012

0.3948

100

-3249.0424

0.0056

4.4935

-3249.0489

0.0012

0.4209

120

-3249.0443

0.0022

3.3009

-3249.0490

0.0011

0.3705

140

-3249.0475

0.0045

1.3010

-3249.0483

0.0012

0.7736

160

-3249.0487

0.0012

0.5267

-3249.0496

0.0012

-0.0459

180

-3249.0495

-0.0060

0.0282

-3249.0495

0.0011

-0.0278
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5) SWNTs have the potential to act as
carbon dioxide sensors.

Fig. 4. Adsorption energy of CO2 on internal
of (5, 0) as a function of tube-molecule
distance

Fig. 5. Adsorption energy of CO2 on internal of
(5, 5) as a function of tube-molecule distance.
Experimental data yield a heat of adsorption
of 0.024 eV for CO2 on (9, 0), and the lower
bound of computed binding energy is very
similar (0.023 eV). This may have potential
for
greenhouse
gas
detection
and
bioremediation [10]. The experimental and
simulated investigations on adsorbed gas on
(9, 9) show the same qualitative behaviour,
following the order CO2 > CO > N2 and
CH4>H2 of adsorption in SWNTs [11].
Therefore, it is predictable that (5, 0) and (5,

4. Conclusion
CO2 adsorption on (5, 0) and (5, 5)
SWNTs has been studied at various sites
and tube-distances by DFT. The CO2
molecule is weakly bound to nanotubes,
and the tube-molecule interactions can be
identified as physisorption. In the case of
external walls, CO2 adsorption is
exothermicand is stronger for (5, 0) than for
(5, 5), at -0.8884 and -0.0528 kcal/mol,
respectively. The rotation energy barrier for
(5, 5) is lower than for (5, 0) in all rotations,
therefore (5, 5) is more activein these
interactions. The energy gap changes
significantly in the presence of carbon
dioxide molecules on the inside surface of
(5, 0) and conductivity is affected, but no
remarkable change is observed in the
electronic structure of (5, 5). It is predicted
that CO2 adsorption in bundle interstitial
and groove sites may be stronger, and (5, 0)
and (5, 5) SWNTs would be good sensors.
References
[1] P. M. Ajayan, O. U. Zhao, Topics Appl.
Phys. 80 (2001) 391-425.
[2] N. V. Popove, Mater. Sci. Eng. 43
(2004) 61-102.
[3] H. Dai, Surf. Sci. 500 (2002) 218-241.
[4] N. Shinha, J. Ma, J. Yeow,
Nanoscience & Nanotechnology 6
(2006) 573-590.

M. Oftadeh et al./ JNS 1 (2012) 213-223

223

[5] M. Paradise, T. Gowami, Materials and
design 28 (2007) 1477-1489.
[6] R. H. Baughman, A. A. Zakhidov, r W.
A.De Hee, Sci. 297 (2002) 787-792.
[7] D. C.Sorescu, K. D. Jordan, J. Phys.
Chem. B 105 (2001) 11227-11232.
[8]J. F. Espinal, A. Montoya, F. Mondragon.,
T. N.Troung, J. Phys. Chem. B 108 (2004)
1003-1008.

M.C. Strain, O. Farkas, D.K. Malick,
A.D. Rabuck, K. Raghavachari, J.B.
Foresman, J. V. Ortiz, Q. Cui, A.G.
Baboul, S. Clifford, J. Cioslowski, B.B.
Stefanov, G. Liu, A. Liashenko, P.
Piskorz, I. Komaromi, R.L. Martin, D.J.
Fox, T. Keith, M.A. Al-Laham, C.Y.
Peng,
A.
Nanayakkara,
M.
Challacombe, P.M.W. Gill, B. Johnson,

[9] J. Zhao, A. Buldum, J. Han, J. Ping Lu,
Nanotechnology 13 (2002) 195-200

W. Chen, M.W. Wong, C. Gonzalez,
J.A. Pople, Gaussian 03, Revision B.05,

[10] M. Cinke, J.Li, W. C.Bauschlicher,
A.Ricca, M. Meyyappan, Phys. Chem. Let.

Gaussian, Inc., Wallingford CT, 2004.
[13] I. N.Levine, Quantum Chemistry, 5th

376 (2003) 761-766
[11] P. G. Lithooxoos, A. Labropoulos, D. L.

Ed, Prentice Hall, New York, 2000.
[14] R. G.Parr, W.Yong, Density-

Peristeras, N. Kanellopoulos, J. Samios, G.
L.Economou, J. of Supercritical Fluids 55
(2010) 510-523
[12] M. J. Frisch and et. al. , G. W. Trucks, H.

Functional Theory of Atoms and
Molecule, Oxford University Press,
New York, 1989.
[15] C.Lee, R. G.Parr, W.Yong, Phys. Rev.

B. Schlegel, G. E. Scuseria, M. A. Robb,
J.R. Cheeseman, J.A. Montgomery Jr., T.
Vreven, K.N. Kudin, J.C. Burant, J.M.
Millam, S.S. Iyengar, J. Tomasi, V.
Barone, B. Mennucci, M. Cossi, G.
Scalmani, N. Rega, G.A. Petersson, H.
Nakatsuji, M. Hada, M. Ehara, K. Toyota,
R. Fukuda, J. Hasegawa, M. Ishida, T.
Nakajima, Y. Honda, O. Kitao, H. Nakai,
M. Klene, X. Li, J.E. Knox, H.P.
Hratchian, J.B. Cross, V. Bakken, C.
Adamo, J. Jaramillo, R. Gomperts, R.E.

B 37 (1988) 785-789
[16] A. D.Becke, J. Chem. Phys. 98 (1993)
5648-5652.
[17] D. J.Wales, Chem. Phys. Lett. 217
(1994) 302-310
[18] M. J.Frisch, J. A.Pople, J. Chem.
Phys. 80 (1984) 3265-3269.
[19] G.Lendvay, I. Mayer, Chem. Phys.
Lett. 297 (1998) 365-373

Stratmann, O. Yazyev, A. J. Austin, R.
Cammi, C. Pomelli, J.W. Ochterski, P.Y.
Ayala, K. Morokuma, G. A. Voth, P.
Salvador, J. J. Dannenberg, V.G.
Zakrzewski, S. Dapprich, A. D. Daniels,

