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ABSTRACT
The interactions between boron carbide (BC) nanocluster of B16C16

and H2O, NO2, CO, and CH4 small molecules were investigated by
using density functional theory (DFT) computations to exploit the
structural and electronic properties of the adsorbate/cluster
complexes. The calculated adsorption energies of the most stable
states are -16.6, -0.17, -1.28, -0.18 eV for NO2, CO, H2O, and CH4

molecules, respectively. Meanwhile, the interactions between CO
and CH4 molecules and the cluster induce dramatic changes to the
cluster electronic properties so that the molecular orbital
(HOMO/LUMO) gap of cluster decreased its original value. It was
shown that the phenomenon leads to an increment in the electrical
conductivity of the cluster at a definite temperature. Furthermore,
it is revealed that the adsorptions of NO2 and H2O molecules have
no significant effects on the electronic properties of the cluster.
Thus, this work suggests that the investigated B16C16 nano-cage
could work as a selective gas sensor device towards CO, CH4, NO2

and H2O molecules.
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Introduction
In recent years, numerous experimental and
theoretical efforts have been devoted to study
possible fullerene-like structures and nanotubes
constructed by non-carbon elements to explore
their specific physical and chemical properties [1-
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10]. In particular, III-V fullerene-like cages and
tubular structures have been theoretically
predicted and experimentally synthesized [11-20].
Recently, several studies have been reported on
boron since they have excellent properties such as
high-temperature stability, low dielectric
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constant, large thermal conductivity and oxidation
resistance leading to a number of potential
applications regarding both of structural or
electronic functions [21-23]. Due to the dramatic
growth in industrial development and population,
the natural atmospheric environment has become
polluted and it is rapidly deteriorating. Thus,
monitoring and controlling such pollutant is
essential to prevent environmental disasters.
Therefore, the importance of environmental gas
monitoring and controlling is now recognized as an
important area and many research works have
been focused on development of suitable gas-
sensitive materials for continuous monitoring and
setting off alarms for hazardous chemical vapors
present beyond specified levels [24-27]. Carbon
monoxide (CO) is known to be extremely harmful
to the human body and also a main cause of air
pollution; therefore, effective methods are highly
demanded to monitor and suppress it to
atmospheric environmental measurements and
controls [28]. In present work, we report the
interactions between CO, H2O, NO2 and CH4

molecules and a representative B16C16 fullerene-
like cage by first-principle simulations. These

molecules are all of great practical interest for
industrial, environmental and energy applications.
Since determination of water behavior in
nanoscale environment is important for biological
activities of macromolecules, study of the water
interaction with substrate molecules is of great
interest. Therefore, numerous experimental [29-
33] and theoretical [34, 35] works have been
devoted to study the encapsulation of water
chains inside the nanoscale channels. However,
due to the extended hydrogen bonding network,
it is not easy to obtain a molecular scale
description of liquid and solid water. Hence,
exploring the structural and binding properties of
small water clusters are almost the first step of
understanding the properties of bulk water. To
this aim, several theoretical studies have been
carried out to investigate the strength of the
hydrogen bonds and their cooperativity [36, 37].
The main purpose of this study is to gain
fundamental insights into the influence of
adsorbed molecules on the electronic properties
of the cluster, and how these effects could be used
to design more effective gas sensing devices for
various gases.

Fig. 1. Geometrical presentations of pristine and small-molecule decorated B16C16 nano-clusters. Interacting
distances are shown in Å.
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Materials and Methods
We have chosen a B16C16 fullerene-like nano-cage
as the representative model adsorbent. Geometry
optimizations were performed at spin-
unrestricted M062X/6-311G(d,p) level of theory
on this cage with and without each of adsorbent
molecules. The adsorption energy (Eads) is defined
by eq. (1).

Eads=E(adsorbate@nanocluster) - E(adsorbate) - E(nanocluster) (1)

Where adsorbate represents small molecules
including CO, H2O, NO2 and CH4;
E(adsorbate@nanocluster) is the total energy of an
adsorbate adsorbed on the pristine nanocluster,

E(nanocluster) and E(adsorbate) are the total energies of
the pristine nanocluster and an adsorbate,
respectively. By the definition, a negative value of
Eads corresponds to exothermic adsorption.
Density of states (DOS), frontier molecular orbital
(FMO) and molecular electrostatic potential
surface (MEP) analyses and all energy calculations
were performed using the same mentioned level
of theory. DOS analysis was performed using
GaussSum program [38]. Our calculations were
performed using Gaussian 09 software [39]. It is
worth to note that computations could reveal
insightful information about the electronic and
structural properties of the complicated chemical
structures [40-48].

Table 1: The adsorption energies Eads, net partial charge (QT) on small gas molecules and the HOMO-
LUMO gap (Eg) of mentioned systems.
Configuration a Eads (eV) QT Eg (eV) ΔEg (eV) b

A - - 4.09 -
B -1.28 0.302 3.58 0.51
C -0.17 0.025 3.58 0.51
D -0.18 0.020 3.60 0.49
E -16.6 -0.502 3.69 0.40
a See Fig. 1.
b The change of Eg of cluster upon the adsorption process.

Results and discussion
Optimized Properties for B16C16 Nanocluster
The geometric parameters of B16C16 nanocluster
were shown in Fig. 1A; the length of shared B–C
bond is 1.54 Å between two hexagons and it is
about 1.56 Å between a square and a hexagon.
The energy difference between the highest
occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO),
called Eg, is 4.09 eV for B16C16 nanocluster,
showing a semiconducting character. As shown in
Fig. 2, the HOMO and LUMO patterns of B16C16 are
localized on the B and C atoms, respectively,
indicating that the B atoms could act as electron
deficient centers towards the electron donor
molecules.

Small Molecules Adsorptions
CO, H2O, NO2 and CH4 molecules were chosen as
target adsorbates. We carried out full structural
optimization on the B16C16 nanocluster with and
without each of molecules to examine the
energetic, equilibrium geometries and electronic
properties. For each molecule, we probed a
number of orientations as well as different
adsorption sites on the cluster surface, for
instance, the top (above the B) site in order to find
the lowest-energy configuration for the
adsorbate/adsorbent system. After full relaxation,
the obtained stable configurations (local minima)
have been summarized in Fig. 1. More detailed
information including values of Eads, equilibrium
cluster-molecule distance (defined as the center-



Adv. J. Chem. B 2020;2(1):18–25 21

© SAMI Publishing Company (SPC)

to-center distance of nearest atoms between the
cluster and small molecules), NBO charge transfer
(QT) [49] and the ΔEg (change of Eg of cluster upon

the adsorption process) are listed in Table 1. In the
next step, we explore adsorption of the small
molecules at the surface of nano-cage one by one.

Fig. 2. The HOMO and LUMO patterns of (F) B16C16, (G) H2O, (H) CO, (I) NO2, (J) CH4.

H2O at the Nano-cage Surface
Several configurations have been considered in
order to study the adsorption of H2O at the surface
of nanocluster. One H2O molecule was placed
above boron atom, with the H2O molecule
oriented perpendicular and parallel (with the O
atom pointing towards the nanocluster surface) to
the nanocluster. After full relaxation, with the
adsorbed H2O axis aligned diagonal to the
nanocluster surface was found to be stable: the
oxygen head (configuration B) of H2O adsorbed on
the top of one B atom of the nanocluster (Fig. 1).
The calculations show that the adsorption of H2O
molecule from its O head on the top of one B atom
is an exothermic process with the evaluated
negative Eads of -1.28 eV and interaction distance
of 1.60 Å (Fig. 1B). The interaction leads to charge
transfer of 0.302 |e| from the H2O to the
nanocluster (Table 1), indicating that the H2O acts
as an electron donor and the cluster as an electron
acceptor. The calculated MEP (Fig. 3, panel B)
obviously shows this phenomenon where the blue
color on the adsorbed H2O represents the positive
charge. The above mentioned suggest that in the
configuration B, the interaction between the H2O
and the cluster is stronger. To explain this result,

we performed a FMO analysis on the H2O
molecule, showing that its HOMO is slightly more
localized on the O atom (Fig. 2); therefore, the
interaction between the oxygen head of H2O and
B (LUMO of nanocluster is localized on B atom), is
stronger, indicating that the H2O is physisorbed on
the nanocluster.

CO at the Nano-cage Surface
Configurations of the adsorbed CO molecule at the
surface of nanocluster were investigated for a
complete understanding of the interaction
between CO and nanocluster. Similar to
H2O/nanocluster system, after full relaxation of
CO/nanocluster systems, configuration with the
adsorbed CO axis perpendicular to the nanocluster
surface was found to be stable including:
configuration C in which the oxygen head of CO is
closed to one boron atom of cluster (Fig. 1, panel
C). For C, the values of Eads and interaction distance
are -0.17 eV and 2.77 Å, respectively,
accompanied with a charge transfer of 0.025 |e|
from CO to the nanocluster (Table 1). Calculated
MEP plot for this configuration (Fig. 3, panel A),
demonstrates that the CO molecule functions as
an electron donor and the cluster as an electron
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acceptor. Calculated HOMO of CO molecule (Fig.
2) is mainly located on the C atom; rationalizing

the stronger interaction, indicating that the CO is
physisorbed on the nanocluster.

Fig. 3. Calculated molecular electrostatic potential surfaces for (A) H2O adsorbed on the B16C16 from its O
atom and (B) CO adsorbed on the B16C16 from its O atom, and (C) CH4 adsorbed on the B16C16 from its C atom,
and (D) NO2 adsorbed on the B16C16 from its N atom. The surfaces are defined by the 0.0004 electrons/b3
contour of the electronic density. Color ranges, in a.u.: blue, more positive than 0.050; red, more negative
than -0.050. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

CH4 at the Nano-cage Surface
Configurations of the adsorbed CH4 molecule at
the surface of nanocluster were investigated for a
complete understanding of the interaction
between CH4 and nanocluster. The stable complex
after full relaxation is shown in Fig. 1. The
configuration D is the most stable in which the CH4

is attached to the B atom of cluster surface, which
gives Eads -0.18 eV and a B–C distance of 3.09 Å
(Fig. 1, panel D). The interaction between the B
and C atom leads to a charge transfer of 0.020|e|
from CH4 to the nanocluster. To explain this result,
we performed a FMO analysis on the CH4

molecule, showing that its HOMO is slightly more
(Fig. 2, panel J); therefore, the interaction
between the carbon head of CH4 and B (LUMO) of
nanocluster is localized on B atom), is stronger,
indicating that the CH4 is physisorbed on the
nanocluster.

NO2 at the Nanocluster Surface
NO2 molecule was initially placed with orientation
to find the optimal adsorption; the favorable
configuration of NO2 on the nanocluster is shown
in Fig. 1, panel E. The interaction between the B
and N atom of NO2 molecule and nanocluster,
after full relaxation, a configuration with the

adsorbed NO2 axis aligned perpendicular to the
nanocluster surface. This process is exothermic
with Eads of -16.6 eV and the molecule nanocluster
distance is about 1.56 Å. The interaction between
the cluster and NO2 leads to amount of charge
transfer of -0.502|e| from NO2 to the nanocluster
in this configuration (Table 1). To explain this
result, we performed a FMO analysis on the NO2

molecule, showing that its HOMO is more (Fig. 2 I),
therefore, the interaction between the nitrogen
head of NO2 and B (LUMO of nanocluster is
localized on B atom), is stronger, indicating that
the NO2 is chemical bonding with the nanocluster.
From all above it can be concluded that the
energetic favorability of adsorption of the
considered molecules is in order of
CO>CH4>H2O>NO2, regarding the most stable
complexes.

Density of States for the Molecule/Nanocluster
Systems
To verify effects of the adsorption of small
molecules on the cluster electronic properties
electronic density of states (DOS) of the cluster
and adsorbates/cluster complexes were
calculated (Fig. 4). For the configuration C, it can
be found that the DOS near the Fermi level are not
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affected by the CO adsorption (Fig. 4, panel C). So
the Eg of cluster has no significant change upon the
CO adsorptions (ΔEg= 0.51 for the C). Upon the CO
adsorption in the configuration, only intensity of
the LUMO virtual state level is promoted and no
impurity state is observed in the electron
forbidden region of Eg. Thus, the B16C16

nanocluster cannot be an appropriate sensor for
CO in configuration C detection. As depicted the
DOS in Fig. 4, in the other configurations upon the
H2O, CH4 and NO2 adsorption some energy states
appear above the Fermi level so that the Fermi
level shifts to lower energy levels. The value of Eg

of the nanocluster has significant change (ΔEg=

0.51, 0.51, 0.49 and 0.40 eV in the other
configurations, respectively, (Table1). This
occurrence is expected to bring about obvious
change in the corresponding electrical
conductivity because it is well known that the Eg

(or band gap in bulk materials) is a major factor
determining the electrical conductivity of a
material and a classic relation between them is
assigned by eq. (2) [50].

–Eg

σ α exp ( ) (2)
2kT

where σ  is the electrical conductivity and k is the
Boltzmann’s constant.

Fig. 4. Calculated density of states for (A) pristine B16C16 cluster, (B) H2O@cluster, (C) CO@cluster, (D)
NO2@cluster , (E) CH4@cluster.

According to eq. (2), the smaller Eg at a given
temperature leads to the higher electrical
conductivity. However, the Eg of CO/cluster
complex is substantially reduced compared to that
of the pristine cluster. Since the conductivity is
exponentially correlated with negative value of Eg,
it is expected that it become larger with reducing
the Eg. It demonstrates the high sensitivity of the
electronic properties of B16C16 towards the
adsorption of the CO in configuration C molecule.
We believe that the B16C16 nano-cage can
transform the presence of the CO molecules
directly into an electrical signal, therefore, could

be potentially used in CO sensor devices.
However, the electronic properties of nanocluster
are not sensitive to the presence of CO gas in
configuration C. Hence, it can be deduced that
B16C16 nano-cage selectively act as a CO gas sensor
device.

Conclusion
DFT calculations were performed to study the
equilibrium geometries, stabilities, and electronic
properties of each of H2O, CO, CH4 and NO2

molecules adsorbed on the exterior surface of
B16C16 nano-cage. It was found that the CO
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molecules can be strongly adsorbed on the B16C16

surface with significant adsorption energies.
Despite the large adsorption energy of CO, the Eg

of cluster has no significant change upon this
process, but in the case of CO, it dramatically

decreases, increasing the electrical conductivity.
Thus, it was deduced that the B16C16 cluster might
selectively detect the CO molecule in the presence
of other molecules. Knowing details is the
advantage of computational chemistry studies.
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