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Ab initio study of aspirin adsorption on
single-walled carbon and carbon
nitride nanotubes

Yongju Lee,a Dae-Gyeon Kwon,†a Gunn Kim*b and Young-Kyun Kwon*a

Using density functional theory, we investigate the adsorption properties of acetylsalicylic acid (aspirin)

on the outer surfaces of a (10,0) carbon nanotube (CNT) and a (8,0) triazine-based graphitic carbon

nitride nanotube (CNNT). The adsorption energies for the CNNT and CNT are 0.67 and 0.51 eV,

respectively, and hence, the aspirin molecule binds more strongly to the CNNT. The stronger adsorption

energy for the binding to the CNNT is ascribed to the high reactivity of its nitrogen atoms with high

electron affinity. The CNNT exhibits local electric dipole moments that cause strong charge

redistribution in the adsorbed aspirin molecule. The influence of an external electric field on the

adsorption of aspirin on the nanotubes is explored by examining modifications in their electronic band

structures, partial densities of states, and charge distributions. An electric field applied along a particular

direction is found to induce molecular states of aspirin that lie within the in-gap region of the CNNT.

This implies that the CNNT can be potentially utilized for the detection of aspirin.

1 Introduction

Acetylsalicylic acid (ASA), also known as aspirin, has been one
of the most widely used medications in the world because of its
well-known ability to reduce fevers and relieve aches and pains.
Aspirin has been used to help prevent heart attack, stroke, and
blood clot formation. Aspirin also suppresses prostaglandins
owing to its ability to decrease platelet aggregation (antiplatelet
effect), resulting in the inhibition of thrombus formation.1

Moreover, aspirin has been reported to have anticancer
properties2 and is used as a precautionary medicine for stroke.3

Despite its beneficial properties, the famous non-prescription
medicine may be associated with some adverse effects. Conse-
quently, there are warnings advising people to avoid its drug abuse
and misuse. It is recommended that people with gastroenteric
disorders, such as gastritis and peptic ulcers, seek medical advice
before using aspirin, because aspirin may instigate stomach
bleeding even in healthy individuals, especially when taken
with alcohol. Therefore, it is important to be able to measure
the amount of ASA in the human body.

There have been reported studies on aspirin adsorption
on various surfaces. For instance, Abbasi et al. studied the

adsorption energy of aspirin on a hydroxylated (001) a-quartz
surface,4 and Mphahlele et al. experimentally investigated the
adsorption and removal of aspirin from aqueous solutions by
using carbon nanotubes/b-cyclodextrin nanocomposites.5 Few
studies have, however, been performed on the detection of aspirin
as well as its adsorption over various nanostructures such as
carbon nanotubes.

Carbon nanotubes (CNTs) are thin, long tubular macro-
molecules formed from graphitic carbon. The discovery of
CNTs6 has attracted huge academic and industrial interest
because of their unique physical and chemical properties,7–17

to develop high performance devices. Researchers have been
investigating the potential of CNTs in a wide range of applications:
nanoelectronics, displays, batteries, polymer composites, and
electrodes.18–21 Recently, it has been reported that CNTs represent
a new type of host sensor material capable of detecting small
concentrations of various molecules with high sensitivity because
of their unique characteristics. One of the attractive characteristics
of a CNT is its very large adsorption surface area22–24 compared to
that of carbon-based adsorbents (such as activated carbon) used
commercially. Its binding properties with several molecules have
been studied theoretically and experimentally25–31 to better under-
stand their potential applications. Owing to their large adsorption
surface area, CNTs can be used to filter or detect molecules. Since
some molecules such as ammonia (NH3),32 nitrogen dioxide
(NO2),32 alcohol,33 and other molecules34–37 have been reported
to be detectable by CNT-based devices, a wide range of molecules
have been studied for chemical sensing by CNTs. Owing to the
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modification of the intrinsic electronic structures of semi-
conducting CNTs by adsorption, it is possible to detect the
type and concentration of specific target molecules.

Carbon nitride compounds have been studied in various
areas such as in electronic devices, humidity sensors, and
coatings because of their electronic and chemical properties.38–40

Their structures vary depending on the carbon to nitrogen atomic
ratio and arrangement. In this study, we focus on a triazine-based
graphitic carbon nitride (g-C3N4) nanotube (CNNT). Recent studies
have reported the synthesis of the g-C3N4 nanotube, as well as
ab initio calculations.41–44 Various adsorption properties are
expected because of the unique porous structure of the CNNT.

In this paper, we present a first-principles study of the
binding properties of ASA on a bare CNT and a bare CNNT.
We found that ASA binds to pristine CNT (CNNT) with a
binding energy of 0.51 eV (0.67 eV), and no practical charge
transfer takes place. According to our analyses of the electronic
structure, the ASA-adsorbed CNT does not show significantly
different characteristics from the bare CNT; on the other hand,
the analogous ASA-adsorbed CNNT is noticeably different from
those of the bare CNNT. Because of the structure of the CNNT,
local electric dipole moments are created, which interrupt the
exchange of electrons between the ASA molecule and the CNNT.
Finally we discuss the effects of a homogeneous external
electric field (E-field) on the ASA-adsorbed CNNT. The response
of the nanotube to the E-field is appealing for its application to
electric devices.

2 Computational details

Using a computational study based on density functional
theory (DFT),45,46 we examined the CNT and the CNNT with
respect to the adsorption of ASA. Electronic wavefunctions were
expanded into plane waves to a cutoff energy of 450 eV, and the
ion–electron interactions were described using the projector
augmented wave method implemented in the Vienna ab initio
simulation package (VASP),47,48 within the generalized gradient
approximation (GGA) method.49 To better describe the inter-
action between ASA and nanotubes, we included van der Waals
interaction using Grimme’s method (DFT-D2).50 All the model
structures were optimized until the Hellmann–Feynman forces
were less than 0.03 eV Å�1.

We chose host materials for molecular adsorption that satisfy
the following two conditions. One is that sensor applications
require semiconductor devices, and we focused only on semi-
conducting nanotubes. The other is that nanotubes should not
only be large enough to be observed or synthesized experimentally,
but should also be small enough for computational calculations.
Hence, we chose a (10,0) CNT and a (8,0) CNNT as host materials
for molecular adsorption.

For the calculation of the ASA molecule in a vacuum,
we used a cubic supercell with a length of 30 Å. The G point
was used in the calculations of the isolated ASA molecule.
For the systems containing nanotubes, we also used supercells
with lengths of 16.05 Å for the CNT, and 15.72 Å for the CNNT,

respectively, along the tube axis and 30 Å along the other two
lateral directions. After a careful convergence test of the k-point
sampling, we used the G point and 10 k points in the axial
direction for the geometry optimization and the electronic
structure calculations, respectively.

For each adsorption configuration, we calculated the binding
energy (Eb) defined as

Eb = E[tube + ASA] � (E[tube] + E[ASA]), (1)

where E[tube + ASA] is the total energy of the CNT or the CNNT
bound to an ASA molecule, E[tube] is the total energy of each
nanotube without an ASA molecule, and E[ASA] is the energy of
the isolated ASA molecule, respectively.

To explore the E-field effect, we generated the E-field by
applying a sawtooth-shaped potential along a certain periodic
direction. In order to prevent the effect of discontinuity of
the sawtooth potential, we can only apply an E-field along
non-periodic directions containing a vacuum region between
neighboring supercells. We also performed the geometry
optimization under an external electric field.

3 Results and discussion

Fig. 1(a) shows the most stable structure of the ASA molecule
(C9H8O4) in a vacuum. It consists of an aromatic ring, ester, and
carboxylic acid. Fig. 1(b) shows its highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(HOMO). Its HOMO–LUMO gap is calculated to be 3.75 eV. In
both the HOMO and the LUMO of ASA, the electron densities
are distributed over the entire molecule, as shown in Fig. 1(b).
Two types of nanotubes were chosen for the investigation of
their ability to detect ASA molecules: the (10,0) CNT and the
(8,0) CNNT. As shown in Fig. 2(a) and (b), the bare (10,0) CNT
was calculated to have a band gap of 0.88 eV, while the band
gap of the bare (8,0) CNNT was calculated to be 2.73 eV. These
calculated band gaps are in good agreement with previous
results.51,52 The ASA-adsorbed (10,0) CNT and the ASA-adsorbed
(8,0) CNNT were also calculated to have band gaps of 0.87 and
2.66 eV, respectively.

When an ASA molecule is adsorbed on a nanotube, many
configurations are possible. After exploring various configurations,
we found that p–p stacking configurations are more stable

Fig. 1 (a) Model structure of an ASA molecule. (b) Electronic energy
levels of an ASA molecule showing the HOMO and LUMO wavefunctions.
The HOMO–LUMO gap is 3.75 eV.
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compared to the other stacking configurations. In this study,
therefore, we show and discuss only p–p stacking configurations.
The total energy of each configuration was computed to obtain
the lowest energy adsorption site. For visual clarity, the carbon
atoms of the ASA molecule in Fig. 2 are shown in yellow, while
those of the CNT and the CNNT are represented in black. When
ASA is bound to the (10,0) CNT, the lowest energy configuration
resembles that of Bernal stacking (AB stacking) in graphite,
as can be seen in Fig. 2(a). The electronic band structure of
the ASA-adsorbed CNT shows no clear change near the Fermi
level compared with that of the bare CNT, even when flat bands,
of around �2 and +2 eV, originating from the ASA molecule, are
considered. Fig. 2(b) shows the three lowest energy binding
structures of the CNNT with an ASA adsorbate. The band gap
of the CNNT decreases by about 70 meV when ASA is bound to
the CNNT. Since p–p interaction is mainly responsible for the
molecular binding, a noticeable charge transfer does not occur.
Consequently, no molecular state of ASA contributes to the band
gap of either the CNT or the CNNT. We conclude that it would be
difficult to detect ASA using a CNT or a CNNT in the absence of
an external E-field. Table 1 summarizes the adsorption energy
and the distance between the ASA molecule and the tube wall for
each adsorption configuration. We find that ASA binds more
strongly to the CNNT over the CNT. To check the dependence of
the binding energy on the tube diameter, we also performed
first-principles calculations of aspirin adsorption on a (16,0) CNT
and a (5,0) CNNT, which have similar diameters to a (8,0) CNNT
and a (10,0) CNT, respectively. Our calculation shows that indeed

ASA adsorption on the CNNT is stronger than that on the CNT,
as summarized in Table 2.

To understand this difference in adsorption energy, we
examined the interaction between the ASA molecule and the
CNT and CNNT in further detail. Fig. 3(a) and (b) show charge
difference plots [r(tube + ASA) � r(tube) � r(ASA)] for two
ASA-adsorbed nanotubes: the (10,0) CNT and the (8,0) CNNT,
respectively. r(tube + ASA) indicates the charge density of ASA
adsorbed nanotubes. r(ASA) and r(tube) indicate the charge
densities of only ASA and nanotubes, respectively. These differ-
ences show charge difference caused by adsorption. As shown
in Fig. 3(a), the electrons in the ASA molecule tend to move
away from the CNT as the cyan and yellow colors seem to split,
whereas from Fig. 3(b), the cyan and yellow colors seem to be
much more mixed, implying a more complicated charge
redistribution in the ASA molecule on the CNNT. As mentioned
above, there is no charge transfer between the ASA molecule
and either nanotube. Interestingly, we observe that a much greater
charge redistribution is observed in the ASA molecule bound to
the CNNT than in the ASA molecule bound to the CNT. What is

Fig. 2 Atomic structures and electronic bands of ASA-adsorbed (a) CNT
and (b) CNNT. The lowest energy adsorption sites among the possible
configurations (left) and the band structures of the bare nanotube (middle)
and the ASA-bound nanotube (right). The flat bands in the rectangles
originate from the ASA molecule adsorbed on the tube.

Table 1 The binding energy and distance between the adsorbed mole-
cule and nanotubes

Structure Binding energy (eV) Distance (Å)

CNT + ASA �0.54 2.59
C3N4 + ASA 1 �0.66 2.70
C3N4 + ASA 2 �0.68 2.68
C3N4 + ASA 3 �0.67 2.72

Table 2 Comparison of the binding energies (B.E.) of an ASA molecule on
CNTs and CNNTs with similar diameters (D)

D (Å) Structure B.E. (eV) Structure B.E. (eV)

7.8 C3N4 (5,0) + ASA �0.61 CNT (10,0) + ASA �0.54
12.2 C3N4 (8,0) + ASA �0.67 CNT (16,0) + ASA �0.58

Fig. 3 Two different views of charge density differences between (a)
the bare CNT and the ASA-adsorbed CNT, and (b) the bare CNNT and
the ASA-adsorbed CNNT. Cyan and yellow colors represent electron
accumulation and electron depletion, respectively. (c) Local electric dipole
moments in the pristine CNNT are given in Debye (D): red, blue and green
arrows indicate different types of local electric dipole moments. Carbon
and nitrogen atoms are denoted by gray and blue balls.
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responsible for charge redistribution in ASA? Because of the
electronic configuration of the C and N atoms, the CNNT forms
a buckled structure in contrast to the CNT. Lone-pair electrons,
which are localized at the N atoms, result in buckling of the
tube surface. In addition, local electric dipole moments within
the CNNT are also involved in charge redistribution in the ASA
molecule. The differences in the electron affinities of the C and
N atoms cause the local electric dipole moments, which are
expressed by eqn (2). Electric dipole moments within the CNNT
are shown in Fig. 3(c). These local electric dipole moments,
together with buckling and vacancies, bring about the charge
redistribution observed when ASA is bound to the CNNT.

pðrÞ ¼
ð
V

rðr0Þðr0 � rÞdr0; (2)

where r locates the point of observation, dr indicates an
infinitesimal volume in V, and r is the charge density. V is
selected as a local volume which has the same amount of
electron charge as a neutral isolated N atom in the CNNT.
There is charge accumulation around the N atom caused by the
electronegativity difference between C and N atoms in the
CNNT. r(r) is the charge density within this local volume.

Fig. 3(c) depicts the local electric dipole moments on the
surface of the CNNT. It should be noted that the nitrogen atoms
with red arrows are more severely buckled in different directions
from those with green and blue arrows. The dipole moments
denoted by green and blue arrows have almost identical values of
1.64 D and 1.65 D (1 D E 3.336 � 10�30 C m E 0.2082 e Å),
respectively, while those with red arrows are larger (1.88 D). As a
result of the local electric dipole moments, the ASA molecule
interacts with the CNNT through dipole–dipole interaction. ASA
in a vacuum has an electric dipole moment of 1.51 D, but ASA
bound to the CNNT has a larger electric dipole moment of 2.25 D.
If a simple dipole–dipole interaction (Vdd in eqn (3)) is applied
with the aforementioned dipole moments, the interaction energy
is calculated to be about �0.1 eV; this explains the difference in
the binding energies listed in Table 1. We conclude that the
aspirin molecule binds more strongly on the CNNT than the CNT
owing to the dipole–dipole interaction

Vdd ¼
1

4pe0

~p1 �~p2
~r1 �~r2j j3

� 3 ~r1 �~r2ð Þ �~p1f g ~r1 �~r2ð Þ �~p2f g
~r1 �~r2j j5

" #
; (3)

where Vdd is a potential energy for dipole–dipole interaction,
and -

pi and -
ri (i = 1, 2) are the i-th electric dipole moment and its

position, respectively.
To check whether the nanotubes can be applied in devices

for detecting ASA molecules, we investigated the effects of
external E-fields on the electronic properties of the bare CNNT
as well as the ASA-adsorbed CNNT. In a single-gated field effect
transistor, the E-field is generated by an applied bias between
a gate and a nanotube. Our computational results reveal
differences between the electronic structure of the bare CNNT
and the ASA-adsorbed CNNT. In particular, the band gap of the
bare CNNT is calculated to be much smaller than that of the
ASA-adsorbed CNNT.

Not only is there a difference in the band gap but there
are also different electronic properties in four directions. The
electronic structure of the ASA-adsorbed CNNT is not affected
much by an E-field perpendicular to the tube axis. In contrast,
the ASA-adsorbed CNNT shows remarkable characteristics in its
band structure that are dependent on the direction of the
transverse E-field, as shown in Fig. 4. We chose four directions
for the E-field (�x and �y), which were all perpendicular to the
CNNT axis. E-fields in �y directions enhance the electronic
coupling between the ASA molecule and the CNNT, whereas

Fig. 4 (a) External electric field on the ASA-adsorbed CNNT. (b) Band
gaps for the bare CNNT and the ASA-adsorbed CNNT as a function of the
external electric field direction. The x direction is also perpendicular to the
CNNT, but horizontal to the ASA molecule. The y direction is perpendicular
to both the ASA molecule and the CNNT.

Fig. 5 (a–d) PDOS plots and electron density differences of the ASA-
adsorbed CNNT under the external E-fields in +x,�x, +y and�y directions,
respectively. The arrows indicate the directions of the E-fields. Red lines
indicate the PDOS of the CNNT and blue lines indicate the PDOS of the
ASA molecule, respectively. Charge transfer only occurs when the external
E-field is applied. Cyan and yellow colors represent electron accumulation
and electron depletion, respectively.
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fields applied in the �x directions show only weak ASA–CNNT
coupling. Fig. 4(b) shows that the external E-field can modulate
the electronic structure of the ASA-adsorbed CNNT.

The partial densities of states (PDOS) of the ASA-adsorbed
CNNT were determined, and are shown in Fig. 5. As the CNNT
has a higher electric potential than the ASA adsorbate, when an
E-field is applied in the �y direction, electrons are donated
from the adsorbed ASA molecule to one part of the CNNT.
Fig. 5(a) shows that as the strength of the transverse E-field in
the �y direction increases, the localized states of the ASA
molecule are upshifted. At the same time, the conduction band
of the tube moves down toward the Fermi level. On the other
hand, E-fields applied in +y and �x directions have similar
effects; the band gap decreases, but the states originating from
ASA do not appear as in-gap states. In both �x directions, the
external E-field does not cause a strong ASA–CNNT coupling
enhancement, which is a consequence of reflection symmetry.
It is well-known that DFT may give incorrect gap values,
especially for insulators and molecules, but the tendency of
the HOMO state moving toward the in-gap region under the
E-field in the �y direction may still be valid. The band gap of
the bare CNNT is also reduced under an external E-field, but
there is no localized state in the energy band gap in this case.
Under the real conditions, the CNNT would be randomly coated
with ASA molecules, and hence, any E-field direction results in
ASA states that occur within the forbidden band. Such in-gap
states could give rise to the scattering in the electron transport,
which would be experimentally reflected in the current–voltage
curve. Consequently, a C3N4 nanotube-based sensor device
could detect ASA molecules using a gate bias voltage (or an
external E-field).

4 Conclusions

We performed ab initio calculations to investigate the adsorption
properties of an aspirin molecule on a CNT and a CNNT.
Considering various adsorption configurations, it was found
that aspirin is more strongly bound to the CNNT than to the
CNT with a similar diameter. For instance, Eb = �0.68 eV for a
(8,0) CNNT and Eb = �0.58 eV for a (16,0) CNT. We assigned
such binding enhancement on CNNTs to the intrinsic local
electric dipole moments existing in CNNTs due to the electro-
negativity difference and structural properties of the C and N
atoms, resulting in the dipole–dipole interaction between the
CNNT and the ASA molecule. When a homogeneous external
electric field is introduced, the band gap in the CNNT
decreases dramatically in the presence of the aspirin adsorbates,
especially when the E-field is applied in the �y direction,
resulting in the in-gap states of the aspirin molecule. This
result indicates that CNNTs may be used to detect ASA mole-
cules in the presence of an external E-field showing that CNNT-
based field effect transistors could be equipped with aspirin
sensors. To obtain more concrete results, we plan to investigate
the electronic properties of ASA adsorption on the CNT and
CNNT in a solution environment, as well as the charge transport.
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