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In this research, the effects of Al, S and Al & S atoms doped on the HCN interaction with beryllium oxide nanotube (BeONTSs) are
investigated by using density functional theory at the cam-B3LYP/6-31G(d) level of theory. Inspection of computational results reveals that
the adsorption energies of all considered models are in the range of -1.39 to -31.84 Kcal mol ' and exothermic in view of thermodynamic
approach. Due to doping Al and Al & S atoms, the adsorption energy, and the gap energy of BeONTs/HCN complex alter significantly
from the original values, and so the conductivity and activity of the nanotube increase significantly from the original values. The natural
bonding orbital (NBO), and molecular electrostic potential (MEP) results demonstrate that the HCN molecule has a donor electron effect.
The computational results indicate that doping of Al, S and Al & S increase the sensivity of the BeONTs to detect and adsorb the HCN

molecule.
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INTRODUCTION

In recent years a novel nano materials including

nanoparticle, nano clusters, nanotubes, nanoplat, and
nanowires have attracted considerable interest due to their
special structural, thermal, mechanical, optical and electrical
properties. These novel materials have a wide range of
application in nano sensor, nano electronics, storage of
fuels, and removal of hazardous pollutants, nano drug
delivery, and nano filter for poisonous substance [1-6].

Hydrogen cyanide (HCN) is one of the poisonous and
pollutant compounds and extremely harmful to the human
body and environmental systems, because it inhibits cellular
oxidative processes. It is commonly used in chemical
warfare agents known as blood agents. In the recent years,
detecting, monitoring and adsorbing hydrogen cyanide in
the air and environmental system require a sensitive,
reliable, and specific method [7-12].

For this purpose, the extensive studies have been carried
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out on the detecting and adsorbing HCN gas by nano
materials. Zhang et al. [3], Bahestein et al. [13], Ahmadi
Peyghan et al. [14] and Srivastava et al. [15] showed that
the pristine CNTs, AINNTs and BC2NNT can weakly
adsorb HCN molecule. Whereas, Zhao et al. [12] and Marvi
et al. [10] demonstrate that HCN molecule can be adsorbed
on the surface of graphene with oxygen-containing group
and on the external surface of the BeONTs. The recent
theoretical and experimental research about beryllium oxide
nanotube [16-19] reveal that this nanotube has the
structural, optical, thermal and
mechanical properties. The large iconicity of the beryllium
and oxygen bonds and its large gap energy make the

remarkable electrical,

beryllium oxide nanotubes proper materials to be widely
used in the electronics industry and nano-filters [20-23].
Following our previous research on the electrical and
structural properties of doping and adsorbing BPNTs,
AINNTs and AIPNTs [24-27], in this research, we
investigate the capability of the pristine and Al, S and Al&S
doped BeONTs for adsorbing or detecting HCN molecule.
Up to now, no experimental or theoretical investigations
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have been reported on the adsorption of the HCN gas on the
Al, S, and Al & S doped BeONTSs surfaces. At the first step
of this research, we consider different orientations and
configurations for the HCN adsorption on the exterior and
interior surface of nanotube, and then all models are
optimized at the B3LYP/3-21G level of theory. The sixteen
stable configuration models for HCN/BeONTs complexes
are selected and named with the Al to DIV models (see Fig.
1). The A and B models are used to denote the vertical
adsorption HCN gas from N and H atom on the exterior
surface of nanotube, respectively. The C and D models are
used to denote the horizontal adsorption of HCN gas from C
atom on the exterior and interior surface of the nanotube,
respectively. In each model, the indexes I, II, III and IV are
applied for pristine, Al, S and Al&S-doped, respectively.

However, the reason for the selection of aluminum and
sulfur atoms in this project is that Al atom has three
electrons in its valence layer while beryllium atom has two
electrons, and this additional electron of Al atom changes
the electrical behavior of the BeONTs. On the other hand,
the sulfur atom has a larger radius than the oxygen atom of
the nanotubes, which can also change the electrical and
structural behavior of the nanotubes.

The structure and electrical properties, adsorption
energy, highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) parameters,
the quantum molecular descriptors, density of state (DOS),
NBO and MEP plots for all adsorption models from Al to
DIV are calculated by using DFT method. The results of
this research may be useful for making a sensor or adsorbent
of HCN molecule.

COMPUTATIONAL METHODS

The structures of the Al to DIV presented models are
individually optimized by using DFT methods at the cam-
B3LYP/6-31G(d) of theory [28] embedded in
GAMESS [29]. After the
optimization, the adsorption energy (E.q) of HCN gas on
the surface of pristine, Al, S and AIS doped BeONTs is
calculated as follows:

level
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Here, E and E,o are obtained from

BeONTs/HCN ~ ° EBe()NTx
the scan of the potential energy of the BeONTs/HCN
complex, BeONTSs and HCN respectively.

The gap energy (Eg,) , electro chemical potential (u),
global hardness (), electronagivity of nanotube (),
electrophilicity index (w), global softness (S) and charge
transfer parameters (AN) of the nanotubes are calculated by
the Egs. ((2)-(9)) [23,25,27].
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where I (-Exomo) is the ionization potential, and A
(-Erumo) is the electron affinity of the molecule.

RESULTS AND DISCUSSION

The Structural and Geometrical Properties

The optimized structures of the Al to DIV models are
shown in Fig. 1, and the geometrical parameters involving
bond length, and bond angle are given in Table S1 in
supplementary data. In the all adsorption models, the length
and width of the nanotube is 5.86 and 9.43, respectively,
and included 32 Be and 32 O atoms with chirality C1. Based
on the results, it is found that the calculated mean Be-O
bond length and mean O-Be-O or Be-O-Be bond angle of
pristine BeONTs are 1.55 A and 118°. This result is in
agreement with other research results [20-22]. With doping
Al, S and Al & S, the bond length of the neighbor of doping
position increases significantly from 1.55 A to 1.88, 2.02,
and 2.06 A, respectively. The investigated results show that
with doping Al, S and Al & S atoms, the surface of the
nanotubes is rippled, and the doped atom tends to the outer
surface of the nanotube. Therefore, the total energy of the
system reduces, because the electron-electron repulsion
reduces, and this result is in agreement with the other
research results [1,19-22]. According to the obtained
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Fig. 1. 2D views of adsorption of the HCN gas on the surface of pristine and Al, S and AIS doped of (4,4)
armchair model of BeONTSs for (Al to DIV).
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results, with doping Al, S and Al & S atoms, the bond
angles of Be-O-Be decrease significantly from pristine
model. The doping of Al, S and Al & S atoms causes that
the hybridization of the Be atom in the nanotube changes
from SP? to SP>. On the other hand, when a HCN molecule
is adsorbed on the surface of nanotube the Be-O bond length
and Be-O-Be bond angle alter slightly from original values.
The results of adsorption energy, dipole moment of
nanotube, NBO charge of HCN gas, and the distance
between the HCN gas and nanotube are calculated from the
optimized structures of the Al to DIV models and results are
listed in Table 1. As we can see in Table 1, the adsorption
energies of the AI-DIV models alter in a range from -1.39 to
-31.84 kcal mol”'. These results indicate that the HCN
molecule can be physically adsorbed on the surface of the
nanotube. The negative E,q values in the Al to DIV models
confirm that the adsorption process on the exterior and
interior surface of nanotube is exothermic and favorable in
view of thermodynamic approach. The adsorption energy
values of the All, AIV, CII, CIV, DII and DIV are -31.84,
-31.28, -25.87, -31.3, -22.17 and -30.21 kcal mol’,
respectively. The adsorption energy value of the AIl model
is more than that of the other models, and the distance
between HCN gas and nanotube in this model is lower than
that in other models. Comparison results demonstrate that
with doping Al and Al & S atoms, the adsorption energy of
HCN/BeONTs increases significantly from the pristine
models. From adsorption energy result, we investigate the
the
conventional transition state theory, the recovery time of the

recovery time of nanotube sensor. Based on
nanotube sensor device is dependent to the adsorption
energy: (see Eq. (10))

(~Ead /kT )

(10)

-1
T=V, exp

where T is temperature, k is the Boltzmann’s constant, and
Vo is the attempt frequency. According to Eq. (10), the more
negative adsorption energy leads to an increment in the
recovery time and the stronger interactions between
nanotube and adsorbate.

However, as seen from Table 1, the adsorption energies
of the AIl model is more negative than other models and so

the recovery time of this model is more than that of the
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other models. Therefore, the interaction of HCN gas with
nanotube in the AIl model is stronger than other models.

In the most stable configuration, A(II) model, the
transferred charge from the HCN molecule toward the
nanotube surface is about -0.8 |e|. It is notable that in the
D(IV) model, which HCN molecule is adsorbed onto the
inner surface of the nanotube, the adsorption energy and
distance of HCN molecule from nanotube is -30.21 eV and
1.12 A, respectively, and about 0.05 |e | charge is
transferred from the nanotube surface to the HCN molecule.
The calculated results demonstrate that the most charge
transferred is about -0.80 |e| for the A(TV) models, from the
HCN molecule towards the nanotube, and is about 0.98 |e|
for the D(IIT) models, from the nanotube towards the HCN
molecule. Whereas, the adsorption energy and charge
transfer between HCN molecule of the BI model are lower
than those of the other models, and the longest distance
between nanotubes and HCN molecule occurs in this model,
emphasizing that this configuration model is more unstable
than other models.

To investigate the changes in the electronic properties of
BeONTs, the NBO charge density on the Be and O atoms
around doping and adsorbing position is calculated and
results are given in Table 2. Inspection of results reveal that
the charge density in the Al, All, BI, BII, CI, CII, DI and
DII models is positive for the beryllium atoms and is
negative for the oxygen atoms. It is notable that the charge
density of Be and O atoms in the B(II) model is more than
that in the other models. On the other hand, with doping S
atom, the charge density of Be and O atoms in the AlIl,
AIV, BIII, BIV, CIII, CIV, DIII and DIV models is lower
than that in the other models. However, by substituting an
oxygen atom with a sulfur atom in the nanotubes, evidently
the NBO charge density of the beryllium and oxygen atoms
is significantly altered, in a way that the charge sign in the
beryllium and oxygen atoms changes to negative and
positive, respectively.

HOMO and LUMO Descriptions

To study the electronic structures of the Al to DIV
models, the frontier orbitals: the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) are calculated and the HOMO-LUMO plots for all
adsorption models are displayed in Fig. 2.
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B(ID)-L B(IV)-H B(IV)-L

Fig. 2. Plots of HOMO and LUMO structures for HCN adsorption on the surface of pristine and Al, S and AIS doped of
(4,4) armchair model of BeONTs for (Al to DIV).
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Fig. 2. Continued.
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The HOMO densities for the Al to DIV adsorption
models are localized around HCN molecule with most
contributions around N atoms. These results confirm that
the HCN molecule can be undergone an electrophilic attack.
In contrast, the LUMO densities of the Al, All, AIV, BI,
BII, BIII, BIV, CI, CII and CIII adsorption models are
distributed regularly inside of the nanotube. For the AIIl,
CIV, DI and DII adsorption models, the LUMO densities
are localized at the inside of the nanotube, with the most
contribution at the nanotube ends. On the other hand, for the
DIII and DIV adsorption models the LUMO densities are
localized inside of the nanotube around HCN adsorption
position. Comparison of the charge distribution of HOMOs
and LUMOs show that the electronic structure properties of
the CIV, DI and DII models are more strongly influenced
than those of the other models. Whereas, in all adsorption
models, the HOMO density is localized on the surface of the
HCN molecule and the LUMO density is localized on the
surface of nanotube, suggesting that in these complexes
HCN molecule is an electron donor species and the
nanotube is an electron acceptor one. This result suggests a
charge transfer from the HOMO to the LUMO.

To better understand the nature of the interaction of
HCN molecule with nanotube, we calculate the gap energy
(Egp) between HOMO and LUMO levels, electronic
chemical potential (1), global hardness (i), electrophilicity
index (w), electronegativity (y) and other
descriptors of the nanotubes by using Egs. ((2)-(9)), and the

quantum

calculated results before and after HCN adsorption are given
in Table 3 and Table S2 in supplementary data.

It can be found from Table S2 in supplementary data
that with doping of Al and Al & S atoms (in the II and IV
models) the HOMO and LUMO orbitals split to a and
spin. The gap energy for o spin adsorption models is in
range of 3.43 to 5.01 eV, whereas these values for B spin are
in range of 5.44 to 6.71 eV. These results demonstrate that
HCN adsorption on the Al and Al & S doped has more
influence on the energy gap of the nanotube than the pristine
nanotube. The Eg,, describes electrical transport properties
in nanotube and it is a measure of electron conductivity. It is
well known that nanotubes with high-energy gap are
kinetically stable. The BIII model with high-energy gap
7.16 eV is more stable than other models. Moreover, the
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HCN adsorption on the nanotube surface leads to decrease
in the Egyp, global hardness (#7) and the electronic chemical
potentials, while the global softness (S), charge transfer
(AN) will be increased.

It is noticeable that at all adsorption models, due to high
chemical potential of HCN molecule, a charge transfer takes
place from HCN molecule toward outer surface of the
BeONTs, thereby the stability between HCN and BeONTs
decreases and their reactivity increases.

GaussSum program [30] has been used to obtain the
density of state (DOS) plots. The DOS plots for all HCN/
BeONTs adsorption models are calculated in the range of
-15 to 10 eV (see Fig. 3). The DOS plots display that with
doping of Al and Al & S atoms and HCN adsorption, one
peak appears near the valence and conduction level of the
nanotube, and so the E,, of nanotube reduces from original
values. This phenomenon suggests that BeONTs would be a
good candidate for detecting and adsorbing the HCN
molecule.

To further study the susceptibility of BeONTs for
adsorbing HCN molecule, the work function of systems for
the charge transfer between HCN and the adsorbents are
calculated. Theoretical studies have shown that approaching
HCN molecule to the surface of nanotube might effectively
modify the field emission property which is necessary to
estimate the potential for designing efficient field emission
display [31,32]. The emitted electron current densities in a
vacuum are described by the following classical equation:

(—AP/KT )

Jj=AT*exp (11)
where A is called the Richardson constant (A m™), T is the
temperature (K) and A® (eV) is the material’s work
function. The calculated results of work function and Fermi
level energy demonstrate that at all adsorption models the
Fermi level increases and the work function decreases. The
decrement in the work function shows that the field
emission properties of the BeONTs are facilitated with the
HCN adsorption. Comparison results confirm that the All,
AlV, BII, BIV, CII, CIV, DII and DIV models are a good
strategy for improving the sensitivity of BeONTs to toxic
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Fig. 3. DOS Plots for HCN adsorption on the surface of pristine and Al, S and AIS doped of (4,4) armchair model of
BeONTs for (Al to DIV).
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Fig. 3. Continued.

HCN molecule, which is in agreement with adsorption
energy.

Molecular Electrostatic Potential (MEP)

To investigate the electrical properties and charge
distribution around adsorption position, the molecular
electrostatic potential (MEP) [33-35] is calculated for all Al
to DIV models and results are shown in Fig. 4. In the MEP
maps, the blue color represents the positive charges or the
nucleophilic regions and the red color represents the
negative charges or the electrophilic regions. It can be
clearly observed that at all adsorption models there is a
significant electron density, and negative potential, red
color, above the adsorption position. The MEP maps of A,
C and D models the
HCN/nanotube that the maximum positive

electrostatic potential occurs over the N and C atoms of

in adsorption position of

represent
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HCN and the maximum negative electrostatic potential
(blue color) occurs at the end and opposite end regions of
the nanotubes. On the other hand, in the B model, a strong
positive electrostatic potential (blue color) and weak
negative electrostatic potential (red color) occur at the
surface of nanotube and HCN molecule, respectively, where
the hydrogen atoms are located. As shown by the MEP map
in Fig. 4, in the D models, the positive charge (blue colors)
is localized on the inner layer of the nanotube, and negative
charge (red color) is localized on the outer side of the
nanotube. It indicates that a low charge transfer from the
HCN molecule results in a weak ionic bonding in the
surface of BeONTSs. This result is in agreement with HOMO
and LUMO results. Therefore, it is expected that with
adsorption of HCN molecule the exterior layer of nanotube

becomes rich of negative charge and interior layer of
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D) DD D(ID) D(IV)
Fig. 4. MEP Plots for HCN adsorption on the surface of pristine and Al, S and AIS doped of (4,4) armchair model of
BeONTs for (Al to DIV).
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nanotube becomes poor of charge.

Natural Bond Orbital (NBO)

To further survey the interaction of HCN molecule with
the pristine, Al, S, Al & S doped BeONTs, we focus on the
NBO (natural bond orbital analysis) and stabilization energy
E®@ that it is calculated from the second order perturbation
theory analysis of the Fock-matrix. The stabilization energy
E®@ is calculated by the Eq. (12) [36,37]

2

E® =g L
i
& —¢

(12)

where g, is donor orbital occupancy, ¢; and ¢; are orbital
energies and Fj is the off-diagonal NBO Fock matrix
element. The electron donor orbital i, electron acceptor
orbital j, and stabilization energy E® for all adsorption
models are listed in Tables S3-S6 in supplementary data.

It can be seen that the estimated value of E® between
donor- acceptor Lewis-type NBOs
6Be52-051—c Be41-051 in the Al, Alll, BI, BIII, CI,
CIII, DI, DIIT models are more than other Be-O bonding to
Be-O antibonding. In addition, in the BII, BIV and DIV
models the sBe52-051—n"4l donor-acceptor orbital has
the more stabilization energy E®. For the CII and DII
models, the AIl and AIV models, and the CIV model the
0Be22-022 - Bel2-O011, oC81-H83—0 Bedl-N 82
and oC81-H83—0 Al163—N82, NBOs,
respectively, have the most important common interaction
with the highest energy E“. The calculated NBO results
indicate that the E? values of Al doped BeONTSs in the All,
BII, CII and DII models are lower than those in other
models. So, doping Al atom reduces the stabilization energy

as donor-acceptor

between the donor and acceptor orbitals, while doping S
atom increases this stabilization energy from the pristine
states. These results display that the transition from donor
orbital to acceptor orbital is dependent to the position of
adsorbent and doping atom. It is notable that the doping
impurity atoms in nanotube change significantly the E®
values and charge transfer between donor and acceptor
orbitals. The interactions of some molecular orbitals of the
two constituents in the favorable adsorption systems with
the largest E® values show the more intensive interaction
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between donor and acceptor bonding or antibonding orbitals
considered.

CONCLUSIONS

In this research, we focused on the effects of Al, S, Al &
S doped on the adsorption of HCN molecule on the surface
of BeONTs. The calculated results demonstrate that the
adsorption of HCN molecule on the surface of the pristine,
Al, S, Al & S doped BeONTs is exothermic and favorable
in view of the thermodynamic approach. Comparison results
indicate that the adsorption energy of the Al, Al & S-doped
BeONTs is more than that for other models, and therefore
the adsorption of HCN molecule on the surface of Al,
Al&S-doped models is more favorable than pristine and S
doped. The HOMO-LUMO results reveal that in all
adsorption models the density of HOMOs is localized on the
surface of HCN molecule, and the density of LUMOs is
distributed around nanotube. The NBO and MEP results
indicate that the HCN molecule can undergo an electrophilic
attack and indicate that electrons transfer from HCN
molecule to nanotube surface. On the other hand, with
adsorption of HCN molecule, the gap energy, global
hardness, and electronic potential of HCN/BeONT complex
alter significantly from the original state.
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