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Adsorption of cyanogen molecule on the surface of pristine and Sc-doped B1,N;, nanocage is scrutinized using at DFT calculations to
investigating its potential as chemical nanosensors. The results show that cyanogen is weakly adsorbed on the pristine B;;Ny; and
consequently its electrical properties are changed insignificantly. In order to improve the properties of the nanocage sensor, Sc doping
process was investigated. The obtained results show that doping process changes electrical properties of B1,N;, dramatically. Furthermore,
adsorption of the cyanogen on the exterior surface of Sc-doped B1,N;, proves strong physisorption with E,gs equal to -73.20 kJ mol™. UV-
Vis spectra display new absorption peaks confirming sensing ability of Sc-doped B1,N;, for detection of the cyanogen molecule. Desired
nanosensor has short recovery time because adsorption energy of NCCN molecule is not too large. It is expected that Sc-doped B;N1; acts

as new potential nanosensor to detect toxic cyanogen molecule.
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INTRODUCTION

Cyanogen (NCCN) is colorless, toxic and flammable gas
with an odor of almonds. It was first prepared by Gay-
Lussac in 1815 by the thermal decomposition of silver
cyanide [1]. Cyanogen is an important interesting material
in the chemical industry as a high energy fuel (heat of
formation = 73.8 kcal mol™) [2] for several applications.
However, cyanogen is highly poisonous, having toxicity
comparable to hydrogen cyanide. Cyanogen gas is an
irritant to the eyes and respiratory system. Inhalation can
make a headache, dizziness, rapid pulse, nausea, vomiting,
and loss of consciousness, convulsions, and death,
depending on exposure. The maximum permissible vapor
concentration is 10 parts per million [3,4]. Thus, the design
of the cyanogen nanosensors is highly important for
monitoring cyanogen concentration in the environment.
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Boron nitride (BN) compounds are able to form
nanosize structures such as fullerene like cages, onions, and
tubes. BN nanomaterials are anticipated in future
application because they provide good stability at high
temperatures with high electronic insulation in air [5], low
dielectric constant, large thermal conductivity, and
oxidation resistance [6]. Therefore, B,N, structures have
been widely studied both theoretically and experimentally
and B;,Nj, appears to be more stable one in comparison to
others [7]. Oku et al. [8] synthesized B;,N;; nanocage,
detected by laser desorption time of the flight mass
spectrometry. They showed that B;,N;, clusters consisted of
4- and 6-membered rings of BN.

Nanotechnology is defined as the ability to manage and
control individual atoms and molecules in the nanoscale
which are leading to the design and fabrication of real-life
functional, physical, chemical and biological systems.
Nanotechnology offers a host of the new materials and
novel functionalities that can be used for biological and
chemical sensors. In many cases, materials in the nanoscale
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have unusual optical, magnetic, catalytic and mechanical
properties, greatly different from their bulk material
counterparts [9,10]. These unique properties are lead to be
utilized for the development of novel sensors and
transduction systems by improving spatial resolution,
reduced detection volumes, higher sensitivity levels, and
faster response times [11,12].

Several studies on the adsorption of different molecules
such as aniline [13], pyridine [14], urea [15], carbon dioxide
[16], nitrogen dioxide [17], ammonia [18], carbon
monoxide [19], methylamine [20], amphetamine [21],
methanol [22], hydrogen cyanide [23], alkaline earth cations
[24], fluorine atoms [25] and transition metal atom [26] on
the B;,N;, nanocage, have been reported. Recently, Li et al.
[27] have exhibited that substitution the B atom of BNNTSs
with Sc atom is the most energetically favorable among all
of the 3d transition metals. The adsorption of the cyanogen
molecules on the surface of boron nitride nanosheet
(BNNS) has been investigated on the previous study [28].
The results show that the absorption of cyanogen on Al and
Si-doped BNNS is very strong and its recovery time is
large. The main contribution of the present study is to
examine the potential possibility of pristine and Sc-doped
B12N;, nanocage as a new promising sensor for detection of
the toxic cyanogen molecule.

COMPUTATIONAL METHODS

The adsorptions of cyanogen over the pristine and Sc-
doped Bj;N;; nanocages have been studied within the
framework of density functional theory (DFT). It is
noteworthy that B3LYP is the conventional approach for
investigating the nanostructures [29-32]. Nevertheless, it is
unsuccessful at the calculation of the noncovalent
interactions, and that is the incentive of using other
mentioned functionals in this work. The Coulomb-
attenuating method CAM-B3LYP is functional taking long-
range correction to account has been proved to be
appropriate for electronic properties [33,34]. Hence, the
geometries were fully optimized using the new density
functional, = Coulomb-attenuated  hybrid  exchange-
correlation functional (CAM-B3LYP) [34] of the density
functional theory (DFT) [35] with the standard 6-31+G(d)
basis set. The harmonic vibrational frequencies were also

calculated to prove an optimized geometry properly fits to a
local minimum that has only real frequencies. The charge
transfer between the nanocage and the adsorbed molecules
was calculated by using natural bond orbitals (NBO)
analysis [36]. All calculations were carried out using the
Gaussian09 package [37].

The quantum molecular descriptors [38] including
energy gap (Eg), Fermi level energy (Eg), chemical potential
(u), hardness (n) and electrophilicity index (w), were
applied to study the considered system. The energy gap has
the following operational equation:

E,= (HOMO - LUMO) 1)

where HOMO and LUMO are the highest occupied
molecular orbital and the lowest unoccupied molecular
orbital energies, respectively. The conventional assumption
for a Fermi level (Eg) is in the middle of the energy gap
(Eg) of molecule at 0 K approximately. Indeed, Parr et al.
[39] explained that p and n could be considered as the first
and second partial derivatives of the electronic energy (E)
with respect to the number of electrons (N) at a fixed
external potential (v(r)), respectively. According to the
Janak’s approximation [40], their analytical and operational
definitions are as follows:

y:(ﬁj (Eten)
aN v(r'),T_ 2 (2)
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Parr et al. [41] has introduced an index for the
electrophilicity power of a system in connection with the
chemical potential and hardness as:

a (4)

In fact, electrophilicity index is meant to be a measure
of the energy lowering of the chemical species because of
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maximum electron flow from the environment and could be
considered as a measure of the capacity of species to receive
desired electronic charge. Total density of states (TDOS)
and partial density of states (PDOS) analyses were carried
out on the pristine and Sc-doped B;,Nj;, and different
NCCN-B;N;, complexes at the same level of theory using
the GaussSum program [42].

The adsorption energy (E.qs) of cyanogen on the surface
of pristine and Sc-doped B,N;, was defined as:

Eads = Ecomplex_ ENCCN - EBN nanocage+ EBSSE (5)

where Ecomplex, Encen @nd Egn nanocage are total energies of
pristine and Sc-doped Bj;N;, with adsorbed molecules,
isolated NCCN and the pristine and Sc-doped Bi,Nj,,
respectively. The basis set superposition error (BSSE) [43]
was also evaluated using counterpoise method to eliminate
basis functions overlap effects. Based on the Eq. (5),
negative adsorption energy indicates that the formed
complex is stable.

In order to investigate the thermodynamic feasibility of
the cyanogen adsorption on the pristine and Sc-doped
B12Ni,, We have computed the changes of the free energies
(AGas) and enthalpies (AH.) at 298.14 K and 1
atmosphere defined as follows:

AHads = Hcomplex_ HNCCN - HBN nanocage (6)

AGags = AHags =TASqgs = AHygs =T (Scomplex_ Sncen
- SBN nanocage (7)

where H and S are thermal
respectively.

To assess the stability of pristine and Sc-doped Bi,N;,
nanocages, we calculated the binding energy (E,) using the
following expression, as this trend has previously been used
by Wang et al. [44].

enthalpy and entropy,

Ep = [Etot —N(Ex))/N (8)

where Eyy is the total energy of the pristine and Sc-doped
B12Ni, nanocage, n is the number of B, N and Sc atoms
involved, Ex is the energies of an isolated B, N and Sc
atom, respectively, and N istotal of atoms involved. The

UV-Vis spectra of complex forms of NCCN/By;N;, cage
was simulated at TD-CAM-B3LYP/6-31+G(d) level of
theory [45].

RESULTS AND DISCUSSION

Structural Optimization and Geometry of Pristine
BlZle

The structural optimization of pristine BNy, s
performed at CAM-B3LYP level with 6-31+G(d) basis set.
B12N;, includes six tetragonal and eight hexagonal BN rings
with T, symmetry. B;;,N;, has two nonequivalent B-N
bonds: one is shared between a tetragonal and a hexagonal
ring and the other between two hexagonal rings. The
calculated bond lengths of these bonds are 1.481 and 1.434
A, respectively (see Fig. 1a). These results are in good
agreement with the previous studies [46]. Also, NBO
analysis shows that natural charge of N atom in B;;Ny, is
about -1.174 |e|, because of the difference between
electronegativity of N atom with respect to B atom. These
results confirm the partial ionic character of B-N bond. The
electronic properties of this nanocage are also studied. The
obtained frontier molecular orbital energies (HOMO and
LUMO) and the computed energy gap (Eg) values for the
considered nanocage are shown in Table 1. The outcome
energy gap for the B;,Ny, is about 9.58 eV (Table 1). The
total density of state (TDOS) and graphical presentation of
the HOMO and LUMO distribution of pristine By;Nj, is
present in Figs. 1c and 4. According to Fig. 4, the HOMO is
concentrated on the N atoms of the nanostructures and the
LUMO is spread over the B atoms. The calculated value of
binding energy (E,) for pristine B;;Ny, is about -577.61 kJ
mol™, suggesting that the B;;N;, may be a stable substance.
Also, the optimized structure of the cyanogen molecule is
depicted in Fig. 1b. According to this figure, the NCCN
molecule is linear; the calculated bond length of N=C and
C-C is about 1.386 and 1.156 A, respectively. These results
are quite consistent with the experimental results [47].

Cyanogen Adsorption on the Pristine Bj;N;,

In order to find the most stable configurations of the
adsorbed cyanogen on the exterior surface of the By;Ni,
nanocage, different possible adsorption structures were
examined. The molecular electrostatic potential (MEP)
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Fig. 1. Optimized structure of B;,N;,, NCCN and total density of states (TDOS) of B;;N3, (Bonds in A).

surfaces of the cyanogen are shown in Fig. 2. It can be seen
that the electron density (red color in Fig. 2) is localized on
the N atoms of cyanogen. Thus, cyanogen can be approach
to the nanocage by the N atom. Finally, two stable
adsorption configurations are observed, containing (see Fig.
3): (A) the nitrogen atom in the NCCN molecule is bonded
with B atom of the external surface of the By;Ni,, (B) C-C

bond in the cyanogen is placed in parallel on N atom of
B1sNio. The calculated E. and BSSE values for two
configurations using Eq. (5) are listed in Table 2. According
to the results of this table, E,s values for A and B
configurations are -7.06 and -4.98 kJ mol™, respectively.
Negative values of adsorption energy indicate the structures
are stable though the interaction between cyanogen
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Table 1. Highest Occupied Molecular Orbital (HOMO),

Lowest Unoccupied Molecular Orbital
(LUMO), Energy Gap (Eg), the Change of Energy gap of Nanocage after Adsorption (AEq
(%)) and Fermi Level Energies (Ef) for NCCN Adsorbed on the Pristine and Sc-doped B1,N;,

Configuration HOMO LUMO Eq AEq Er
(eV) (eV) (eV) (%) (eV)
B12N12 -9.53 0.05 9.58 - -4.74
A -9.34 -1.67 7.67 -19.91 -5.51
B -9.59 -1.31 8.28 -13.55 -5.45
ScB11Ns, -8.61 -1.82 6.79 - -5.22
C -8.30 -3.50 4.79 -29.35 -5.90
B12N11Sc -6.89 -1.79 5.10 - -4.34
D -6.52 -3.39 3.13 -38.35 -4.96

- |

-0.02

&)

0.02

Fig. 2. Molecular electrostatic potential surface of the cyanogen molecule. The surfaces are defined by the
0.0004 electrons/b® contour of the electronic density. Color ranges in a.u.
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Fig. 3. Optimized structure of A and B configurations and total density of states (TDOS) and partial density
of states (PDOS) of A configuration (Bonds in A).
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Table 2. Charge Transfer from Molecule to Cage (Qr) and Adsorption Energy (E.s), BSSE, Calculated
Thermodynamic Properties at 298 K and 1 atm (AHgs, ASags and AG,gs), Electronic Chemical Potential (p),
Hardness (n) and Electrophilicity (w) of the Pristine and Sc-doped B;,N;, A, B, C and D Configurations

Qr Eads BSSE AHags ASads AGgygs
Configuration n ®
(me)  (kJmol™) (kImol™ (kI mol™) (I mol™ k™ (kI mol™)

BNy - - - - - - -4.74 4.79 2.35
A 53 -7.06 2.82 -5.53 -75.60 17.00 -5.51 3.83 3.95
B 3 -4.98 1.51 -2.07 -57.64 15.12 -5.45 4.14 3.59
ScB11Ng - - - - - - -5.22 3.39 4.01
C 133 -73.20 3.95 -72.89 -107.72 -40.77 -5.90 2.40 7.26
B1,N1;Sc - - - - - - -4.34 2.55 3.69
D 46 -56.27 2.99 -56.07 -95.64 -27.56 -4.96 1.57 7.83

molecule and By,;N;, is very weak. In the A configuration,
the B-N distance is 2.586 A, while in the B configuration,
the N-C distances are 3.309 and 3.370 A, respectively (see
Fig. 3). As shown in Table 2, a partially charge transfer
from cyanogen to BjNjp, is occurred when cyanogen
molecule adsorbed on BisN;,. Based on the results of this
table, a small charge transfer (53 |me|) occurs in A
configuration. In addition, in B configuration, charge is
transferred slightly (3 |me|) from cyanogen to B;;Nj,. These
results indicate that the weak electrostatic interaction
between cyanogen and By;N;, is occurred and the
adsorption of cyanogen on the B;,N;, is a physisorption
process.

In order to inspect the effect of adsorption of NCCN on
the electronic properties of the B;,N;, nanocage, the
electronic properties of the nanocage/cyanogen system such
as HOMO-LUMO gap energy and Fermi level energy (Ef)
show a small change (see Table 1). Table 1 implying the Eg
in the A and B configurations are 7.67 and 8.22 eV,
respectively. The small shift of Eg (AEg) within the
adsorption process is related to the weak adsorption on the
external surface of pristine B;,Nj,. Typically, graphical
presentation of the HOMO and LUMO distribution of A
configuration are shown in Fig. 4. According to this figure,

the HOMO is concentrated on the nanocage and the LUMO
is spread over the cyanogen molecule. This phenomenon is
in agreement with the charge transfer of cyanogen to
nanocage. To examine the effects of the absorption of the
cyanogen on the electronic properties of the B;,N;,, TDOS
and PDOS calculations are analyzed for configuration A of
NCCN/By;Ny, (see Fig. 3). It is clarified from PDOS
analysis that there is an interaction between B(6) with N(14)
in A configuration (atom numbering is depicted in Fig. 3)
and small new peak is appeared farther than the Fermi level
(-1.67 eV) because of the interaction between the cyanogen
molecule and the nanocage. In this case the band gap of the
A decreases by 19.91% and the conductivity of the system
is slightly changed. Therefore, this nanocage is not sensitive
enough for sensing cyanogen molecule.

The thermodynamic possibility for an adsorption of the
cyanogen on surface of the By;N;, is investigated. The
changes of enthalpies (AH,qs), Gibbs free energies (AGags),
and entropies (AS,y) of the A and B configurations are
calculated from the frequency calculations according to Egs.
(6) and (7) which is listed in Table 2. In this table, values of
AHys for A and B configurations are -5.53 and
-2.06 kJ mol™, while the values of AG, are 17.00
and 15.12 kJ mol™, respectively. These results
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HOMO LUMO

B12N1. B1oN1,

Fig. 4. HOMO and LUMO profiles of B;,N;, and A configuration.
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Fig. 5. Optimized structures, total density of states (TDOS) and partial density of states (PDOS) of ScB;;N;, and

B1oNy;Sc (bond lengths are in A).

conform the weakly physical adsorption of cyanogen on the
exterior surface of B;,N;,. According to the global reactivity
indices of the pristine B;;Nj; and NCCN (see Table 2),
when the cyanogen molecule adsorbed on the surface of
B1,Nj, the hardness values of the A and B configurations
are decreased and the electronic chemical potential
electrophilicity of these configurations are increased,

indicating that the reactivity of the systems has been
increased.

Structural Optimization of the Sc-doped B1;N;»
Although inherent conductivity of the nanostructures

changes by physical adsorption, the weak interaction

between gases and nanostructure show the unstable
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Table 3. Selected Excitation Energies (AE), Wavelength (), Oscillator Strength (f;), and Relative Orbital
Contributions for Sc-doped By;Ny,, A, B, C and D Configurations

Excited AE

Configuration fo Assignment
State (eV) (nm)
8 5.22 237.45 0.0280 HOMO —»LUMO
ScB11N1,
©) (4.62) (268.46) (0.0142)  (HOMO—>»LUMO+2)
c 6 3.49 355.58 0.0515 HOMO -2—» LUMO+1
@ (3.13) (395.81) (0.0356)  (HOMO-1—>» LUMO)
B NS 4 2.39 519.74 0.0132 HOMO —»LUMO+1
c
i ®) 2.72) (456.07) (0.0130)  (HOMO-1—»LUMO+5)
D 9 2.65 467.67 0.0072 HOMO-2 —» LUMO

configuration at room temperature and small change of
electronic structure [48]. The doping process can make a
great impact on changing the electrical properties and gas
sensing of the nanostructures [49,50]. It is suggested that
Sc-doped BNNTs may be used as a promising gas sensor
for monitoring the phosgene [51]. In order to improve the
efficiency of the cyanogen nanosensor, we have examined
the effect of scandium doping in B;;,Nj; nanocage. To this
end, in B;;Ny, nanocage two separate locations (B or N) for
doping with Sc atom are measured. In this nanocage a boron
and nitrogen atom are substituted by Sc atom. The
optimized structures of these doped B;,N;, nanocage at the
CAM-B3LYP/6-31+G(d) level of theory are displayed in
Fig. 5. It should be noted that the process of doping causes
the local deformation of the all nanoclusters and the doped
atoms are driven out of the plane due to reduce of torsional
strain. The results show that in two doped nanocages, N-Sc
and B-Sc bonds are larger than B-N bond, confirming the
spread of geometries in optimized structures. Also, the
bonding energy (E,) was calculated for Sc-doped Bj;Nj,.
The calculated values for ScB1;1N1, and B1,N1;Sc are about -
570.53 and -548.73 kJ mol™, respectively, suggesting that
Sc-doped  Bi;Nj, could be thermodynamically stable

likewise pristine By;Nj,. The obtained frontier molecular
orbital energies (HOMO and LUMO) and the computed
energy gap (Eg) and Fermi level energies (Ef) values of the
doped nanocages are listed in Table 1. The results of this
table obviously show that doped atom narrows the wide
energy gap (Eg) of By;N;, nanocage in the range of 2.69-
4.38 eV; the total density of state (TDOS) and partial
density of state (PDOS) of doped nanocages are represented
in Fig. 5. According to this figure, doping of B and N with
Sc in BNy, leading to HOMO orbital with the upper
energy and LUMO orbital with the lower energy, so the
energy gap between HOMO and LUMO are reduced. The
results of PDOS display that new HOMO level is appeared
from none-doped part of the nanocage while Sc-doped atom
forms new LUMO level (Fig. 5). Therefore, doping Sc atom
can effectively reduce the energy gap of B;;Ny,. The TD-
DFT calculations are performed to get the crucial excited
states of Sc-doped B;,Nj, with the largest oscillator
strength. The results are summarized in Table 3 and Fig. 7.
The TD-DFT results display that its crucial excited
state is composed of many components, atwhich the
main components are the HOMO—»LUMO and
HOMO —» LUMO + 2 transitions for ScB1;N1, as well as
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Fig. 6. Optimized structure, total density of states (TDOS) and partial density of states (PDOS) of C and D

configurations ( bond lengths are in A).

the HOMO —» LUMO+1 and HOMO-1 —» LUMO+5
transition for B;,N;;Sc. Obviously, small transition energy
is a determining factor and leads to a considerably reduced
energy gap of Sc-doped By;Ni,. The calculated linear
absorption spectra of ScBy;N;, and B;;N;;Sc are depicted in
Fig. 8. There is significant different between UV-Vis

spectrum of these two structures. For ScBy;Nj,, the major
absorption peak is at 268.46 nm in the UV, while in the
B1,N1;Sc spectrum, the strongest peak at 519.74 nm is in the
visible  region, corresponding to the transition
of HOMO —» LUMO and HOMO —» LUMO+1,
respectively (see Fig. 8). Moreover, for ScBy;Ni,, thereis
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an additional peak at 237.45 nm in the UV region
corresponding to the transitions of the HOMO —» LUMO
+ 2. For B1,Ny;Sc, another peak can be seen at 456.07 nm in
the visible region, that is proportional to the
HOMO-1—» LUMO + 5 transitions. Moreover the results
of hardness and electrophilicity values for these doped
B1;Ni, nanocage display the chemical stability and
electrophilic character of these systems. Because of doping
Sc atom, the reactivity and electrophilic power of these
nanocage are enhanced compared with those of pristine
B12Ni, (see Table 2).

Cyanogen Adsorption on the Sc-doped B;,N;,

In the following, we investigate the NCCN adsorption
on the Sc-doped Bi;Ni, in several positions. After relax
optimization of initial structures, only two stable structures
were obtained: C and D configurations at which the nitrogen
atom in the NCCN molecule is bonded to Sc atom of the
external surface of the Sc-doped B;,Nj,. For better vision,
optimized structures are shown in Fig. 6. In the C and D
configurations, the Sc-N distance are 2.393 and 2.404 A,
respectively (see Fig. 6). The computed E,, and BSSE
values for two configurations using Eg. (5) are summarized
in Table 2. The results of this table, E,4 values for C and D
configurations are -73.20 and -56.27 kJ mol™, respectively.
Negative values of the adsorption energy indicate that the
structures are stable; however the interaction between
cyanogen molecule and Sc-doped BjNj; is a strong
physisorption process. According to the obtained results
above, the adsorption process in the configuration C is
stronger than that of the D one. It is clear that Sc-doped
Bi2Ni, and cyanogen molecule are natural and after
adsorption of cyanogen on the exterior surface of Sc-doped
B12N;, charge transfer occurs. According to the results
reported in Table 2, charge transfer of 133 and 46 |me|
occurs from cyanogen to the Sc-doped Bi,Nj,, confirming
the stronger interaction.

To investigate the effect of NCCN adsorption on the
electronic properties of the Sc-doped B;,N;, nanocage, the
electronic properties of C and D configurations such as
HOMO, LUMO, energy gap and Fermi level energy (Ef)
show a significant change (see Table 1). As shown in Table
1, Eg of the C and D configurations are 4.79 and 3.13 eV,
respectively. During the adsorption process, the significant

shift of Eg (AEg) has been occurred proportional to the
strong adsorption on the external surface of Sc-doped
B12Ni,. In order to inspect the effects of the absorption of
cyanogen on the electronic properties of the Sc-doped
B12Ni,, TDOS and PDOS calculation are analyzed for C and
D configurations (see Fig. 6). It is obvious that interaction
between Sc(1l) with N(14) and N(13) in C and D
configurations, respectively, is confirmed from PDOS (atom
numbering is depicted in Fig. 6). New band is appeared near
to the Fermi level of ScBy;Nj, and By;Ni Sc (-3.59 and
-3.39 eV, respectively) because of the interaction between
cyanogen molecule and the Sc-doped nanocage. Also we
can see from TDOS plots that their valence and conduction
levels in both of the C and D configurations significantly
shift upwards and downwards, respectively. In addition, the
results of PDOS show that Sc-doped atom is more involved
in the production of new LUMO level (Fig. 6), so that the E,
value of the Sc-doped B;,Nj, is significantly decreased by
28.35 and 38.35%, respectively, and the conductivity of the
system significantly is changed. Therefore, Sc-doped
nanocage especially ScBy;Ny,, can be good candidate for
physisorption sensing cyanogen molecule.

The crucial transition state with the largest oscillator
strength and transition energies (AE) of the C and D
configurations obtained at the TD-CAM-B3LYP/6-31+G(d)
level of theory are illustrated in Table 3 and Fig. 7.
According to this figure, the electron cloud in LUMO and
LUMO+1 are dominant over the cyanogen molecule, while
electron clouds in HOMO-1 and HOMO-2 orbitals are
spread over the Sc-doped Bj;Nj; nanocage. The small
transition energies (AE) of the crucial excited states for C
and D configurations lead to a considerably reduced energy
gap of these configurations. Furthermore, UV-Vis spectra
for the C and D configurations are given in Fig. 8. Look at
these spectra, there is a considerable difference in those two
spectra with Sc-doped nanocage. Compared with the
absorption strength of ScB;,N;,, the absorption strength of
C configuration significantly increases with red shift effects,
which corresponds to the transition of
HOMO-2—»LUMO+1 at 355.58 nm in the UV region and
HOMO-1— LUMO at 395.81 nm in the visible region.
It is obvious that in spectrum of D configuration two
absorption peaks at 519.74 and 456.07 nm are removed and
one new peak is generated at 467.67 nm in visible region
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after adsorption of cyanogen molecule. This new
observation peak corresponds to HOMO-2 —» LUMO
transition. This observation implies to interaction between
cyanogen and nanocage and charge transfer from cage to
cyanogen molecule.

Also in this study, the thermodynamic possibility of
adsorption cyanogen on the surface of Sc-doped BNy, is
inspected. The changes of enthalpies (AH,g), Gibbs free
energies (AG,gs), and entropies (AS.s) of the C and D
configurations are computed from the frequency
calculations according to Egs. (6) and (7), and the results

LUMO +2

LUMO

HOMO
ScByiNia

are summarized in Table 2. According to this table, values
of AH,q4s for C and D configurations are -72.89 and -56.07
kJ mol™and corresponding AGayss are -40.77 and -27.56 kJ
mol™, respectively. These results are indicative of physical
adsorption of cyanogen on the exterior surface of Sc-doped
B1,Nj, while adsorption on the ScBy1;N;, (C configuration)
is stronger than that for the others. According to the global
reactivity indices of the Sc-doped B;,N;; and NCCN (see
Table 2), when the cyanogen molecule adsorbed on the
surface of Sc-doped Bi,Nj, the hardness values of the C
and D configurations are decreased and the electronic

LUMOH5

HOMO

HOMO-1

BizNuSc

Fig. 7. Crucial transition states of ScB;;N1,, By,Ni:Sc, C and D configurations with the largest component coefficient

marked.
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E

LUMO
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17

Fig. 7. Continued.

chemical potential and electrophilicity of
configurations are significantly increased,
the reactivity of the systems are increased.

It is noteworthy that an important characteristic of the
gas sensor is its recovery time. Such a strong interaction

these
indicating that

might be due to the difficulty and prolonged recovery time
sensor for desorption of the adsorbate. With a significant
increase in absorption energy, it is expected that the
recovery time of sensor is prolonged. According to the
conventional transition state theory, the recovery time can
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Fig. 8. UV-Vis spectra of the pristine ScB11N12, B;,N;;Sc, C and D configurations.

be expressed by the following equation [52]:
T :Val exp (_Eads /kT) (9)

where T is the temperature, k is the Boltzmann’s constant,
and vp is the attempt frequency. According to this equation,
more negative E,q values will lengthen the recovery time in
an exponential manner. According to the results of this

study, as a utility, the adsorption energy of the cyanogen is
not too large to prevent the recovery of Sc-doped Bi,Ni,
and the recovery time may be is short according to the
mentioned equation.

CONCLUSIONS

Using density functional theory, the adsorption of
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cyanogen molecule on the pristine and Sc-doped B;,Ny; is
investigated. The geometrical structures, electronic
properties and NBO analysis are performed in the presence
and absence of a cyanogen molecule to predict the
adsorption properties of these complexes. The obtained
results exhibit that cyanogen molecule interacts with the
pristine B;,Ny, through weak van der Waals interactions
implying the weak physisorption process. Interaction
between Sc-doped Bi,N;, and the cyanogen molecule is
strong physical adsorption with considerable changes in its
electrical conductance. Accordingly, Sc-doped Bi,Nj, is
introduced as a promising nanosensor for detecting of
cyanogen, due to some features such as short recovery time,
high sensitivity and also energetic favorability. UV-Vis
spectra display that cyanogen adsorption on the exterior
surface of Sc-doped B;,N;, leads to the change in the
absorption peaks associated with the sensing of the
cyanogen molecule.
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