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This work reports a theoretical study of nicotine molecules interacting with single wall carbon nanotubes
(SWCNTs) through ab initio calculations within the framework of density functional theory (DFT). Differ-
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ent adsorption sites for nicotine on the surface of pristine and defective (8,0) SWCNTs were analyzed and
the total energy curves, as a function of molecular position relative to the SWCNT surface, were evalu-
ated. The nicotine adsorption process is found to be energetically favorable and the molecule–nanotube
interaction is intermediated by the tri-coordinated nitrogen atom from the nicotine. It is also predicted
the possibility of a chemical bonding between nicotine and SWCNT through the di-coordinated nitrogen.
icotine
b initio

. Introduction

Carbon-based materials have been widely studied in the last
ecades. The discovery of new carbon forms such as fullerenes,
arbon nanotubes and graphene have brought a big interest of the
cientific community because these materials exhibit remarkable
roperties with high potential to be applied in several technolog-

cal areas [1]. In particular, carbon nanotubes (both multi-walled
MWCNT) and single walled (SWCNT)) are promising materials for
everal applications such as high performance composites [2–4],
omponents in water filters [5,6], environmental sensors [7], build-
ng blocks for electronic nanodevices [8], drug delivers [9], among
thers.

In the same way, carbon nanotubes curvature presents an addi-
ional level of quantum confinement in comparison with graphene,
eading to one-dimensional (1D) materials. These 1D systems have

lower strain on their side walls than fullerenes, which make
hem less reactive and less susceptible to chemical modification
han fullerenes. The electronic confinement in the circumferential
irection renders to the SWCNTs the metallic or semiconducting
ehavior depending on how the carbon honeycomb lattice is rolled
p to build the tubular structure [1]. The characteristic SWCNTs
lectronic structure and its selective sensitivity to the interaction

ith different compounds make SWCNTs suitable for applications

s nanosensors and to be used as component materials for toxic
ompounds filters. The interaction between carbon nanotubes and
ome of these hazardous molecules is the subject of several exper-

∗ Corresponding author. Tel.: +55 85 33669008; fax: +55 85 33669450.
E-mail address: agsf@fisica.ufc.br (A.G.S. Filho).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.08.091
© 2010 Elsevier B.V. All rights reserved.

imental and theoretical studies in the literature [10–17]. Recently,
it was reported in the literature the experimental realization of
using carboxylated carbon nanotubes as an additive in filter tips
to increase nicotine and tar sorption [18]. It was pointed out that
a greater amount of nicotine and tar were adsorbed on the nan-
otube surfaces than by traditional materials like activated carbon
and zeolites.

Health hazard caused by cigarette smoking is a worldwide
discussed issue. Cigarette smoke contains several toxic and
carcinogenic compounds including various polycyclic aromatic
hydrocarbons (collectively called tar), nicotine, among others
[19,20]. The development of systems for removing nicotine and tar
is important because the passive smokers are also affected by inhal-
ing the tobacco smoke which dissipates in the environment [21].
Besides its carcinogenic potential, tobacco has a strong capability to
induce chemical dependence which is mainly due to nicotine [22].
Hence, the development of filters tips or even air-conditioning fil-
ters with improved sorption of those compounds is a desirable task
with impact in public health.

The goal of this study is to investigate the interaction process
of nicotine with the SWCNT surface and understand the influence
of specific structural defects in the adsorption route. The nico-
tine interaction with pristine and defective SWCNTs was simulated
using the DFT framework. Depending on the nicotine molecule
interaction with pristine or defective SWCNT it is predicted chem-
ical or physical adsorption.
2. Methodology

The calculations were performed using the SIESTA code [23]
which solves self-consistently the Kohn–Sham equations [24] in

dx.doi.org/10.1016/j.jhazmat.2010.08.091
http://www.sciencedirect.com/science/journal/03043894
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Fig. 1. (a) Nicotine and (8,0) nanotube structures. Cartoon illustrating the procedure
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displacement is relative to the position in which the molecule
sed for constructing static energy curves (SECs) in the (b) radial, (c) axial and (d)
ircumferential directions. In lower panels we show the optimized structures for
he studied conformations listed in Table 1.

he DFT framework. Troullier–Martins norm-conserving pseudopo-
entials [25] were used to represent the core electrons while the
alence wave functions were expanded in a series of localized
seudoatomic orbitals as proposed by Sankey et al. [26] within a
ouble-� plus a polarization (DZP) scheme with an energy shift
f 0.05 eV for all species. The local density approximation (LDA),
s parameterized by Perdew and Zunger [27], was used to take
nto account the exchange and correlation energy. The total energy

inimization was performed within a conjugated gradient proce-
ure. The systems were relaxed until the residual forces were below
.05 eV/Å.

The nicotine molecule and the (8,0) SWCNT structures are
hown in Fig. 1a. We previously relaxed these two systems sep-
rately. The molecule is then put in a certain conformation in an
nitial position near to the tube surface and the total energy is calcu-
ated without relaxing the structure. Afterwards the radial distance
from the molecule to the tube is varied by steps of 0.1 Å as outlined
n Fig. 1b, and at each position the total energy is calculated. We
nterpolate the data using cubic splines method and construct static

nergetic curves (SEC) for the total energy as a function of radial dis-
ance. We fix the radial position for the lowest energy point of this
urve and vary the molecule position a along the tube axis by steps
f 0.3 Å, as shown in Fig. 1c, and a new SEC is then constructed for
Materials 184 (2010) 678–683 679

this axial direction. Once the most stable point is found, we addi-
tionally fix the axial position and vary the molecule angular position
˛ along the circumference centered in the SWCNT axis by steps of 5◦

(Fig. 1d). The lowest energy point from this curve in the circumfer-
ential direction is then relaxed and from this calculation we extract
the relevant physical properties. It should be pointed out that this
procedure does not give us the global minimum energy point for
the potential surface. In fact this is done in order to make a less
arbitrary choice for the initial point for the geometry optimization.
Pristine, vacancy defective and carboxylated (8,0) SWCNTs were
used as a model to study the nicotine–SWCNT interaction process.
The optimized structures for all arrangements are presented in the
lower panel in Fig. 1.

Different conformations were simulated for the pristine
SWCNT–nicotine: (i) “Pristine 1” where the nicotine molecule is
placed parallel to the tube axis with the hexagonal ring parallel to
the SWCNT surface; (ii) “Pristine 2” that is obtained from the previ-
ous one (“Pristine 1”) by performing a 90◦ rotation on the nicotine
molecule with respect to an axis perpendicular to the molecular
hexagon crossing through its center site.

The SWCNT with a vacancy was approached to the nicotine
molecules in different conformations: (i) “Vacancy 1” conformation
in which the molecule hexagon is over the vacancy; (ii) “Vacancy
2” where the tri-coordinated nitrogen from nicotine is adsorbed
directly over the dangling bond of the SWCNT carbon atom; (iii)
“Vacancy 3” conformation with the nicotine position similar to that
in “Pristine 2”, but with the nicotine hexagon orthogonal to the tube
axis with the nitrogen atom close to the vacancy.

Finally, for the carboxylated SWCNT, we simulate a conforma-
tion labeled “Carboxyl” in which the di-coordinate nitrogen from
the molecule approaches the oxygen from the OH– group from the
carboxyl.

All calculations were performed using four unit cells of (8,0) nan-
otube. The supercell contains 128 atoms (for the pristine case) and
a separation of 30 Å between the tube centers was set in order to
make sure that the periodic images do not interact with each other.
We also have used a 1 × 1 × 8 Monkhorst–Pack sampling for inte-
gration in the reciprocal space. Charge transfer between nicotine
and nanotube is estimated by means of Mülliken population.

The binding energies were calculated by the standard equation:

Eb = E(SWCNT–Nicotine) − E(SWCNT–NicotineGhost)

− E(SWCNTGhost–Nicotine), (1)

in which E(SWCNT–Nicotine) is the total energy of the SWCNT–
Nicotine interacting system, while E(SWCNT–NicotineGhost)
[E(SWCNTGhost–Nicotine)] is the total energy of the nanotube
[nicotine] alone but including the nicotine [nanotubes] basis func-
tions in its corresponding positions without any atomic potential.
This is the so called counterpoise method [16,28] which avoids
an artificial lowering in the binding energy due to the smaller
basis used in the energy calculation of the isolated nanotube and
nicotine. This procedure has little effect on strongly interacting
systems but it is fundamental in computing binding energies for
weakly interacting systems.

3. Results and discussion

Fig. 2a–c shows the SECs for “Pristine 1” conformation. In these
curves the radial distance is defined between the geometrical cen-
ter of the nicotine hexagon and the SWCNT surface. The axial
hexagon is over a nanotube ring. Radial and circumferential SECs
show a preferential site (minimum energy) while for axial dis-
placement there is an energy curve with several minimal values.
The energy barriers (EBs) for these wells are of the order of 0.1 eV,
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ig. 2. SEC for radial, axial and circumferential directions for “Pristine 1” (a–c) and
Pristine 2” (d–f) conformations, respectively. The energy values are relative to the
inimum value obtained from the interpolation in the circumferential curve for

ach conformation.

ndicating that the nicotine molecule has a limited mobility over
he tube surface since these values are significantly higher than
he thermal energy (kBT) at room temperature. A similar behavior
ccurs for “Pristine 2” conformation (Fig. 2d–f) except for the cir-
umferential curve. Nicotine has a larger mobility along this line
ince this curve presents more than one stable site with EBs of the
rder of kBT. This larger mobility of nicotine over the tube surface
uggests a weak interaction in this conformation.

The smallest distances from one molecule atom to a SWCNT
tom (da–a) and the distance from the classical molecular center of
ass (CM) to the SWCNT surface (dCM) are listed in Table 1. Despite

a–a gives us the smallest distance between atoms from the two
ystems, the dCM value is a more appropriated parameter to eval-
ate how close the molecule is to the tube surface in this case.
he nicotine in “Pristine 1” is overall closer to the SWCNT surface
han in “Pristine 2” due to its smaller value for dCM, even though
t presents a larger da–a. These geometrical factors suggest a more
table adsorption in the “Pristine 1” conformation. However, more

mportant aspects related to the interaction, like binding energy
nd charge transfer, are necessary to confirm this assumption. In
act, the binding energy and charge transfer are more intense in the
Pristine 1” case (Table 1) as compared with “Pristine 2”, revealing

able 1
mallest distance between a nicotine atom and a carbon nanotube atom (da–a),
etween the classical nicotine center of mass and the tube surface (dCM), binding
nergy (Eb) and charge transfer (�q) from the molecule to the SWCNT (positive
alues indicate that the nanotube is accepting charge).

Conformation da–a (Å) dCM (Å) Eb (eV) �q (e−)

“Pristine 1” 2.15 3.49 −0.37 −0.09
“Pristine 2” 3.16 3.81 −0.27 −0.02
“Vacancy 1” 2.51 3.48 −0.37 −0.08
“Vacancy 2” 2.50 3.31 −0.63 +0.11
“Vacancy 3” 1.36 4.13 −2.74 +0.39
“Carboxyl” 2.38 4.07 −0.34 +0.05
Materials 184 (2010) 678–683

a more strong interaction of nicotine with pristine nanotube in the
former conformation. Moreover, these small binding energy val-
ues reveal a physisorption process of the nicotine over the SWCNT
surface. Such adsorption is similar to those which occur between
several other compounds and SWCNTs [16,17,29,30].

Fig. 3a–c presents the electronic band structure for the pristine
SWCNT and the “Pristine 1” and “Pristine 2” conformations, respec-
tively. An electronic level resulting from the interaction between
the systems appears about 0.3 eV below the Fermi energy. The
local density of states (LDOS) plot confirms that these levels (Fig. 3,
lower panel) are localized over a nitrogen atom from the nicotine
molecule. These results suggest that this nitrogen atom mediate the
interaction process. Since this N atom is closer to the tube surface
in “Pristine 1” as compared with “Pristine 2”. This level presents a
higher re-hybridization degree in the former conformation, thus
strengthening the binding and increasing the charge transfer as
listed in Table 1.

By using similar procedure, two nicotine molecules were con-
sidered interacting with one carbon nanotube in order to identify
the best conformation to adsorb subsequent molecules, considering
“Pristine 1” as the start point. The goal is to evaluate if the addi-
tional molecule is preferentially adsorbed directly over the SWCNT
surface in an opposite site (labeled “Pristine 3”) or through the first
one in graphite like conformation (labeled “Pristine 4”). For this last
scheme we previously construct a SEC to find the distance between
the hexagons which was found to be 3.0 Å. The “Pristine 3” arrange-
ment shows to be the better route since each molecule has little
influence on the interaction between the first molecule and the
SWCNT. In this case, each molecule interacts with the rest of the
structure with a binding energy of −0.32 eV and a charge trans-
fer of about 0.09e− from the tube to each nicotine molecule. In the
“Pristine 4” scheme, the second molecule presents a binding energy
of −0.17 eV to the remaining structure.

The SWCNT surface with structural defects like single vacancies
can play an important role in the interaction of several compounds
with the nanotubes. Such defects present a high reactivity and can
act as active sites for chemical reactions as well as start points
in functionalization processes [31,32]. Then, in order to evaluate
the importance of the vacancy on the adsorption process, the nico-
tine interacting with single-vacancy SWCNT were calculated. After
optimizing the vacancy-SWCNT structure, two of the di-coordinate
carbons, from the defect, combine to form a pentagonal site in a
symmetric geometry, thus leaving the third one with a dangling
bond. This is already expected for (8,0) SWCNT from theoretical
calculations [33,34]. It is pertinent to remember that the pres-
ence of vacancies introduces uncoordinated atoms on the SWCNT
[30] and this defect can give rise to magnetic properties similar
to edge-effects in the graphene nanoribbons [35]. In addition, sys-
tems with unpaired electrons require attention to spin-polarization
since non-spin-polarized calculations can lead to imprecise binding
energies [36,37]. Therefore, we take into account the influence of
the spin-polarization effects on the SWCNT with one vacancy and
we did not observe changes on the final results for the binding ener-
gies and electronic properties compared with the non-polarized
system.

In the most stable position from the SECs for “Vacancy 1”
(Fig. 4a–c) the nicotine molecule tends to escape from the vacancy,
while the minimum for the radial curve (Fig. 4a) occurs at 3.5 Å, sim-
ilarly to the “Pristine 1” case. In fact, for the lowest SEC point, the
axial displacement from the initial position is about 3.0 Å far from
the defect (Fig. 4b) and, consequently, the molecule is adsorbed

out of the defect. This is reflected in binding energy (−0.37 eV) and
charge transfer (0.08e−) which are very similar to the “Pristine 1”
case as well as in the presence of a slightly dispersed nicotine level
around 0.3 eV below the Fermi energy (Fig. 3e) in comparison to
the isolated defective nanotube (Fig. 3d).
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ig. 3. (Upper panel) Electronic band structure for the (a) pristine (8,0) tube, (b) “P
nd (g) “Vacancy 3” conformations close to the Fermi level (at 0.0 eV). (Lower panel
evel. The contour isosurfaces are 0.01e−/Bohr3 for the pristine cases and 0.005e−/B

For the “Vacancy 2” system the SECs (Fig. 4d–f) indicate that the
olecule has a reduced freedom over the tube surface in compar-

son to the pristine tube cases. Besides the radial curve (Fig. 4d),
he circumferential one (Fig. 4f) also presents an unique and well
efined minimum, while the axial equilibrium (Fig. 4e) is limited
y only two minima which are separated by ∼0.7 Å. This higher sta-
ility can be viewed as a consequence of the significantly stronger
nteraction revealed by a more intense binding energy (−0.63 eV)
etween tube and the molecule and by the transfer of 0.11e− from
icotine to the tube. This is expected since the molecule approaches
o the tube through the tri-coordinated nitrogen, which was shown
o be the interaction channel by the calculations involving pristine

Fig. 4. SEC curves for radial, axial and circumferential directions for “Vacancy 1”
e 1”, (c) “Pristine 2”, (d) (8,0) tube with a vacancy, (e) “Vacancy 1”, (f) “Vacancy 2”
l density of electronic states (LDOS) for some nicotine related levels near the Fermi
or the single-vacancy cases.

tubes. The electronic structure of the defective nanotube also shows
significant changes due to the interaction with nicotine (Fig. 3d and
f). The dispersion of the vacancy level above the Fermi energy is
raised from 0.02 eV to nearly 0.1 eV, while the bands, around −1 eV,
are strongly perturbed. The LDOS for the level around −0.7 eV
(Fig. 3) is mainly localized on the tri-coordinate nitrogen but it also
spreads over the nanotube atoms near the adsorption site, revealing

re-hibridization between nicotine and SWCNT levels.

In the “Vacancy 3” scheme the system presents a well defined
and very stable adsorption site revealed by a global minimum in
all SECs, as shown in Fig. 4g–i. All EBs are about 1 eV and the
NNicotine–CNanotube distance is only 1.36 Å. This last distance is com-

(a–c), “Vacancy 2” (d–f) and “Vacancy 3” (g–i) conformations, respectively.
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ig. 5. SEC curves (a–c) for “Carboxyl” conformation along three mutually orthog-
nal axes (d) and electronic band structures for the carboxylated (8,0) SWCNT (e)
nd for the “Carboxyl” conformation (f), respectively.

arable to the others C–N bond length involving this nitrogen in the
solated molecule, which are 1.34 Å. The binding energy between
ube and molecule is −2.74 eV while nicotine presents a strong
onor character transferring 0.39e− to the tube, characterizing a
hemisorption process. The electronic structure show that the dou-
le degeneracy from the nicotine valence band is broken and a large
harge transfer to the tube shifts down by about 0.4 eV (Fig. 3g). The
icotine molecule interaction increases to 0.2 eV the dispersion of
he original vacancy level. Below the Fermi energy a localized level
s observed, mainly, on the dangling bonds SWCNT atom, as can be
een in the LDOS (Fig. 3g).

Carboxylated SWCNTs have been used as sorbents for nicotine
nd tar [18]. In order to see how a carboxylated SWCNT influences
he interaction with nicotine molecule we simulate the conforma-
ion labeled as “Carboxyl”. For this case the three SECs (Fig. 5a–c)
ere constructed with steps of 0.2 Å along of the three coordinate

xes for the nicotine displacement from the O atom of the carboxyl
roup (Fig. 5d). In the preferential interaction site, the dCM value
as 4.07 Å, while the da–a distance (between the O from carboxyl

nd an H atom from nicotine) was 2.38 Å. The dCM value is signif-
cantly greater than the corresponding values in the “Pristine 1,2”
nd “Vacancy 1,2” cases (Table 1), where there is no chemical bond.

The binding energy was found to be −0.34 eV and an amount of
0.05e− was transferred from the molecule to the tube (Table 1).
hese values reveal a slightly less intense interaction compared
o the “Pristine 1” conformation and notably weaker than the
Vacancy 1,2” cases. The effect of nicotine on the electronic band
tructure of the carboxylated SWCNT is the introduction of a flat
evel around −0.5 eV (Fig. 5e and f).

. Conclusions

The calculations predict that nicotine presents a more strong
nteraction with SWCNTs containing a single vacancy rather than
ith pristine or carboxylated tubes. Nicotine adsorbs over the
erfect SWCNT surface through a physisorption process and the
imulations indicate that this interaction is mediated by the
ri-coordinated nitrogen atom from the molecule. For the SWC-
Ts containing a single vacancy the interaction depends on the

[

[
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molecule arrangement over the tube surface resulting in either
physisorption or chemisorption regimes. This conclusion is based
on the considerable values for binding energies and reduced free-
dom of movement for nicotine over nanotube surface. The resulting
systems suggest that SWCNT, in pristine or defective form, can be
used as nicotine sensors due to the sensitivity of the electronic
levels around the Fermi energy.
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