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Abstract The adsorption behavior of ethyl acetylene
(C4Hg) molecule with external surface of (5, 0), zigzag
aluminum nitride nanotube (AINNT) was studied using
density functional calculation, and it was found that the
adsorption energy (E,q) of ethyl acetylene on the surface of
pristine nanotubes is about —10.85 kcal/mol. However,
when nanotubes have been doped with a P atom, the ad-
sorption energy of ethyl acetylene molecule was decreased.
Calculation showed when the nanotube is doped by P atom,
the adsorption energy range is about —8.05 to —10.64
kcal/mol, and the amount of HOMO/LUMO energy gap
(Eg) will reduce significantly. Pristine AINNT is a suitable
adsorbent for ethyl acetylene and can be used in separation
processes or adsorption of ethyl acetylene toxic gas from
environmental systems. Also the AINNT doped by P in the
presence of ethyl acetylene, an electrical signal is gener-
ated directly and therefore can potentially be used for ethyl
acetylene toxic gas sensors for detection in environmental
systems.
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Introduction

Ethyl acetylene can be used in the synthesis of more
complex organic molecules. Ethyl acetylene is very dan-
gerous for nature and human thus ethyl acetylene detection
and separation is very important. Since the discovery of
carbon nanotube (CNT) by lijima [1], the properties and
applications of this novel material have been investigated
extensively [2—4]. CNTs have recently emerged as a
promising substitute for materials of different properties
and various applications in hydrogen storage, gas sensors,
textiles and many more [5, 6]. While a few studies have
been conducted into the adsorption of ethyl acetylene on
nanotubes and semiconducting surfaces further study of the
ethyl acetylene adsorption on nanotubes remains of inter-
est. Aluminum nitride nanotubes (AINNTSs) are inorganic
analog carbon nanotubes (CNTs). They are isoelectronic
with CNTs, and have been successfully synthesized by
different research groups [7-9]. These nanotubes have
good physical properties for a broad variety of applications
such as use in adsorption of small compounds [10]. Unlike
carbon nanotubes (CNTs), AINNTs exhibit electronic
properties and semiconductor behavior independent of its
length, tubular diameter and chirality. Tuning the elec-
tronic structures of the semiconducting AINNTSs for
specific application is important in building specific elec-
tronic and mechanical devices. Improving the sensing
performance of the pristine nanotubes and nano sheets by
manipulating their structure is too expensive, thus finding
highly sensitive pristine nanotube is of scientific interest.
To the best of our knowledge, a quantum mechanical study
of the interaction of the ethyl acetylene with AINNT sur-
face has not been reported. Therefore, it is important to
understand the advantages and disadvantages of the ethyl
acetylene adsorption on the nanotube. All the above-
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mentioned problems have motivated us to verify aluminum
nitride nanotube (AINNT) as an adsorbent, investigating
their interactions with ethyl acetylene using DFT
calculations.

Computational methods

Geometry optimizations and density of states (DOS) ana-
lysis were performed on a (5, 0) zigzag AINNT (constructed
of 40 Al and 40 N atoms) and different ethyl acetylene/
AINNT complexes at B3LYP level of theory with 6-31G (d)
basis set as implemented in the GAMESS suite of program
[11]. The length and diameter of the optimized pristine
AINNT were computed to be about 21.71 A and 5.28 A,
respectively. B3LYP is a popular functional that has been
commonly used for nanotube structures [12-16]. Atoms at
the open ends of the tube were saturated with Hydrogen
atoms to reduce the boundary effects. E,q of the ethyl
acetylene molecule is defined as follows:

Ead = E(AINNT/Ethyl acetylene) — | E(Ethyl acetylene) +E(AINNT)
+ OBssE

(1)

where Egnyl acetylene/aINNT) 18 the total energy of the ad-
sorbed ethyl acetylene molecule on the AINNT surface,
and Eannt) and Egmy acetyleney are the total energies of
the pristine AINNT and the ethyl acetylene molecule, in
addition, Jdpgsg is representing the basis set super position
error. We made ethyl acetylene molecule to be close to the
nanotube, and its adsorption has been calculated using
Eq. (1). In the following steps P atom in the nanotube
structure have been doped to examine the ethyl acetylene
adsorption on the nanotube and conductivity which has
been doped with P atom. Finally from the optimized
complexes, the quantum molecular descriptors [17, 18]
including hardness (1) and electrophilicity index (w) [19]
were calculated as follows:

n = —(Enomo — Erumo) / 2 (2)
w = 1*/2n (3)

where HOMO and LUMO are the highest occupied
molecular orbital and the lowest un-occupied molecular
orbital (LUMO) of the structures, respectively.

Results and discussion
Figure 1 shows a partial structure of the optimized AINNT
and its DOS plot, indicating that it is considered as semi-

conductor with a HOMO/LUMO gap (E,) of 4.11 eV. Two
types of Al-N bonds can be found: one with the bond length
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Fig. 1 Partial structural model and density of states (DOSs) of the
studied zigzag AIN nanotube

of 1.81 A (A11-N2 bond, for example) and in parallel with
the tube axis, and another with the bond length of 1.83 A
(N2-AI3 bond, for example), but not in parallel with the
tube axis. Tomic et al. [20] have shown that the B3LYP
provides an efficient and robust basis for the calculations of
III-V semiconductors, capable of reliably predicting both
the ground-state energies and the electronic structure. It has
been already been shown that all zigzag AINNTSs are
semiconductors [21] with E, values ranging from 2.84 to
3.95 eV. It has also been shown that E, slightly increases
with increasing the diameter of the tube and saturates at a
value corresponding to the gap of an AIN hexagonal sheet.
The experimental value of E, has been reported to be about
6.20 eV, which belongs to bulk AIN [22]. It is noteworthy to
mention that DFT underestimates the E, of semiconductors
and molecules [23], and this aspect must be kept in mind
during the following considerations.

In order to determine the most stable structures for the
adsorption of ethyl acetylene on the (5, 0) zigzag AINNT,
the structure was allowed to relax by all atomic geomet-
rical parameters in the optimization at the DFT level of
B3LYP exchange-functional and 6-31G (d) standard basis
set (Fig. 2).

The most stable configuration is shown in Fig. 2, where
the carbon atom of ethyl acetylene is 2.69 A far from
aluminum atom of the nanotube. Adsorption energy (E.q)
for mentioned configuration of ethyl acetylene and nan-
otube is about —10.85 kcal/mol. This strong interaction
means that the AINNT is a suitable adsorbent for adsorp-
tion of ethyl acetylene molecule or separation of this gas
from the environmental systems. We then calculated the
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Fig. 2 Ethyl acetylene adsorption on the AINNT and DOS diagram
for observing E, of nanotube

HOMO/LUMO energy gap (E, = 4.43 V) for pristine
nanotube since the ethyl acetylene molecule is adsorbed on
the nanotubes. The diagram which shows E, has been
obtained using density of state (DOS) software. After ad-
sorption of the ethyl acetylene molecule on the surface on

AINNT the bond length of AlI-N2 was 1.83 A and the
bond length of N2-Al3 was 1.81 A. In the optimized
complex nanotube and molecule, the All atom is projected
out of the surface nanotube to reduce stress on other atoms
in nanotube. The sensitivity of the adsorption of ethyl
acetylene on surface of AINNT has been examined twice,
once with N atom doped by P (Fig. 3a) and in the other Al
atom by P atom has been doped (Fig. 3b).

When N atom in AINNT doped by P (Fig. 3a) and ethyl
acetylene closed on surface of AINNT, the carbon atom of
ethyl acetylene is 5.61 A far from P atom of the nanotube.
Adsorption energy (E,q) for mentioned configuration of
ethyl acetylene and nanotube is about —10.64 kcal/mol and
then we calculated the HOMO/LUMO energy gap
(Ey = 4.08 eV) as shown in Table 1. After adsorption the
ethyl acetylene molecule on the surface on AINNT the
bond length of Al1-P2 was 2.29 A and the bond length of
P2-Al13 was 2.33 A. In Fig. 3b, Al atom in AINNT doped
by P and ethyl acetylene closed on surface of AINNT,
where the carbon atom of ethyl acetylene is 5.46 A far
from P atom of the nanotube. Adsorption energy (E,q) for
mentioned configuration of ethyl acetylene and nanotube is
about —8.05 kcal/mol and the E, = 3.02 eV (Table 1), the
bond length of P1-N2 was 1.57 A and the bond length of
N2-Al3 was 1.83 A. When P doped in AINNT the ad-
sorption energy range is —8.05 to —10.64 kcal/mol and
this range is lower than pristine nanotube so the AINNT
doped by P is not better than pristine AINNT for adsorption
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Fig. 3 a Ethyl acetylene adsorption on the AINNT (N atom doped by P) and DOS diagram for observing E, of nanotube. b Ethyl acetylene
adsorption on the AINNT (Al atom doped by P) and DOS diagram for observing E, of nanotube
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Table 1 Calculated adsorption energy (E,q), HOMO energies (Exomo), LUMO energies (Eymo), HOMO-LUMO energy gap (E,), hardness

(1), and electrophilicity (w) of systems, E,q (kcal/mol), eV for the others

SYSTEM EHOMO ELUMO Eg Ead n w

AINNT —6.31 —2.21 4.11 - 2.05 4.43
C4Hg on AINNT —6.5 —2.07 4.43 —10.85 2.21 4.14
C4Hg on AINNT (P/Al) —-5.01 —-1.99 3.02 —8.05 1.51 4.05
C4Hg on AINNT (P/N) —6.16 2.08 4.08 —10.64 2.04 4.15

of ethyl acetylene molecule. However, these types of in-
teractions are suitable for gas detection in sensors because
according to Eq. 4 as long as adsorption energy (E,q) de-
creases, the recovery time (t) becomes shorter and that is
suitable for gas sensor.

© = vy exp (—Eaa/kT) )

where T is the temperature, k is the Boltzmann's constant,
and v, is the attempt frequency. After adsorption of ethyl
acetylene on the mentioned nanotube that has been doped
by P, the HOMO/LUMO energy gap (E, = 3.02-4.08 eV)
will decrease the pristine nanotube (E, = 4.43 ¢V) and
therefore a substantial increase will occur in conductivity
and this phenomenon can be explained as Eq. (5).

o o exp (—Ey/2kT) (5)

where ¢ is conductance, T is temperature, k is Boltzmann
constant. According to this equation as long as E, is
smaller, the conductivity will increase; therefore it can be
concluded that if we want to use the AINNT for ethyl
acetylene toxic gas detection in environmental systems the
P atom is suitable for doping in AINNT.

In order to consider the influence of ethyl acetylene
adsorption on electronic properties of the AINNT, the
hardness (1) and electrophilicity (w) of the complexes are
analyzed. The results of Table 1 show that the ethyl acet-
ylene adsorption on the AINNT leads to lower hardness
values than pristine AINNT. Consequently, the stability of
the complexes is lowered and their reactivity increased.
The electrophilicity index is a measure of the electrophilic
power of a molecule. When two molecules react with each
other, one molecule behaves as a nucleophile, and the other
as an electrophile. A higher electrophilicity index shows
higher electrophilicity of a molecule. In ethyl acetylene
adsorbed AINNT the electrophilicity of the complexes is
lower than that of the pristine forms. Therefore, adsorption
of ethyl acetylene can increase the reactivity of the
nanotubes.

Conclusions

DFT calculations were employed to investigate the ad-
sorption of an ethyl acetylene molecule on the exterior
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resurface of AINNT. On the basis of our calculations, it
seems that pristine AINNT can significantly detect ethyl
acetylene and the pristine AINNT can be a potential effi-
cient adsorbent for adsorption of the ethyl acetylene from
the environmental systems. When the AINNT was doped
by P atom the HOMO/LUMO energy gap (E,) values and
the adsorption energy (E,q) values were lower than pristine
nanotube. Thus, AINNT doped by P can potentially be used
for ethyl acetylene toxic gas sensors for detection in en-
vironmental systems. These results may open new doors to
expanding nano applications in industry and technology.
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