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In this study, adsorption of 1-butyl-4-methylpyridinium bromide (BMPB) on the B12N12 nano-cage have been in-
vestigated by density functional theory (DFT) at 298.15 K. Provided data clearly indicate that the adsorption be-
havior of this ionic liquid on B12N12 nano-cage is electrostatic in nature with an energy of −0.283 eV.
Furthermore, the value of dipole moment in B12N12 fullerene interacting with ionic liquid 1-butyl-4
methylpyridinium bromide was increased from zero to 13.64 Debye, while the dipole moment value in BMPB
is 9.68Debye. Thereupon, it is simulated to calculate the geometric optimized structure, electronic properties, nu-
clear quadrupole resonance (NQR), nuclear magnetic resonance (NMR) studies and the natural bond orbital
(NBO) analysis are conducted separately for both B12N12-BMPB and BMPB. The sensitivity of B12N12 nano-cage
to BMPB was investigated and the calculated data indicate that this nano-cage is sensitive to the presence of
this ionic liquid.

© 2018 Published by Elsevier B.V.
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1. Introduction

To define the concept of ionic liquids, these compounds are known
as room temperature molten salts. These are merged with mostly of or-
ganic ions, which undergo approximately infinite various structure [1].
This amazing category of chemical compounds presumes as the ionic
liquid,while they have somenoticeable and striking characteristics. Fur-
thermore, water and carbon dioxide are considered as green solvents,
therefore they can be utilized in several green chemical processes [2].
In other words, these room temperature ionic liquids thus may be as-
sumed as an appropriate bunch of substitution of the volatile organic
solvents in different extraction processes, such as liquid-liquid extrac-
tions [3]. Mentioned compounds, are include the massive cation and a
mineral anion. Not only at a low temperature, but also in normal situa-
tions, they exist in the liquid state [4]. These particular featureswill lead
to an extremely powerful polarmedium,which demonstrates a pioneer
category of green solvents to accomplish an extensive group of various
chemical processes.

One of the most remarkable features of nanotechnology is its signif-
icant potential application in almost any field. The nanoparticles discov-
ery with the different size, shape, and composition has stretched the
).
boundaries of science in ways that scientists would never have imag-
ined a century ago. Recently, boron nitride nanotubes (BNNTs), have
attracted extreme attention. The theoretically predicted BNNTs (1994)
were successfully synthesized in 1995 [5–7].

To beginwith, themost noticeable features or characteristics of ionic
liquids is that if the kind of anions and cations changes, their physical
features will change in the following andwill conduce to a planable sol-
vents [8,9]. In normal conditions (temperature), ionic liquids not only
have almost zero vapor pressure, but also are thermally stable or
established over a vast range of various different temperature. Due to
these amazing features, they are investigated as the friendly organic sol-
vents. Thermogravimetric analysis (TGA) phrase manifests information
about thermal stability. Regarding to the definition, thermal stability is
closely related to the nature of the compound. To compare the conden-
sation between water and ionic liquids, all ionic liquids are more con-
densed than water at room temperature [10,11]. Firstly, for a better
perception, there is a need to understand the definition of each item.
HOMO,means the highest occupiedmolecular orbital, while, the lowest
emptymolecular orbital is called LUMO. These conceptions are the basic
and essential orbitals that take part in different chemical reactions.
Based on the definition, theHOMOenergy defines the electron donating
capability, so LUMO distinguishes the electron accepting ability, conse-
quently. The boundary orbital gap is used to explain some features,
such as chemical reactivity, polarization, chemical hardness-softness
of a molecule. One of the fundamental definitions for stability index of
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Table 1
Calculated EHOMO, ELUMO, Eg, and EFl for BMPB adsorbed upon B12N12 surface.

Compounds BMPB (eV) B12N12 (eV) BMPB-B12N12 (eV)

EHOMO −5.19 −7.85 −5.04
ELUMO −2.06 −1.11 −2.88
Eg 3.13 6.74 2.16
EFl −3.63 −4.48 −3.96
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a molecule is HOMO–LUMO energy gap. An electron acceptor (LUMO)
illustrates the ability of molecular orbital to acquire one or some several
electrons. The HOMO concept, demonstrates the ability of this molecu-
lar orbital to donate one or several electrons [12,13].Most of the electric
features of molecules are because of the effect of the rivalry of nuclei
with different charges or the competition between the effect applied
by a nucleus and the effect of a field which has applied externally.
Based on these facts, one of the most important properties is the dipole
moment of a molecule. For instance, the dipole moment is widely uti-
lized to realize many physical events such as diffraction and also inter-
molecular forces.

If the electron cloud of a target atomwill move under influence of an
external charge and the electron cloud not be no longer centered over
the nucleus, this atom is polarized. Some data, such as static polarizabil-
ities are achievable from above-mentioned methods using the various
and practical analytical methods [14–16]. It should be considered that,
the consequences of computation of polarizabilities have deeply
appertained to the level of exchange and relation [17,18]. It is evident
from provided previous results of ab-initio calculations of the polariz-
abilities that it would be unsuitable and in addition, it could not be
able to check or review all of them properly [19]. One of the fundamen-
tal stages in Kohn-Sham (KS) type density functional theory calculation
is the construction of thematrix of the KS operator. Developing an algo-
rithm for this process measure linearly with system size is desired. Fur-
thermore, an upward trend in enhancing procedure of high-throughput
density functional theory (DFT) in computational plan and hence opti-
mization of materials entail how much softer and transferable
pseudopotentials are feasible [20–23]. In fact, DFT is extensively used
in solid state physics because of not only the high accuracy, but also re-
producibility. Various practical methods, which are relying on DFT are
utilized widely with very promising final results. The desired com-
pound, 1-butyl-4 methylpyridinium bromide (BMPB) is a member of
the ionic liquids group. The main purpose of this study is trying to
carry out a systematic form in HOMO, LUMO, energy gaps, ionization
potentials, polarizability, and also how the distance from the nucleus
over 1-butyl-4 methylpyridinium bromide (Scheme 1) will impact
using the DFT method.

2. Computational methods

All the calculations are based on Gaussian 09 program package [24].
In this project, the structure of ionic liquid 1-butyl-4 methylpyridinium
bromide has optimized to achieve an optimized configuration and also
the most suitable distance between the constituent atoms. Regarding
to Eq. (1), the adsorption energy (Eabs), HOMO and LUMO energies,
Fermi level (EF), and energy gap (Eg) of C10H16BrN, B12N12 and BMPB-
B12N12 structures are calculated and reported using B3LYP quantum
chemical level and 6-311G** basis set as summarized in Table 1.
B3LYP method is indicated to be a dependable and is the usual method
used in the study of boron nitride systems [25–28]. The adsorption en-
ergy of this ionic liquid on a boron nitride is considered to be a negative
number and within the range of physical adsorption. However, accord-
ing to other features and thermodynamic properties, it can be clearly
Scheme 1. 1-Butyl-4 methylpyridinium bromide.
seen that a total bond between the B12N12 nano-cage and BMPB-
B12N12 does not exist.

Eads ¼ EB1 2N12−BMPB− EBMPB þ EB12N12ð Þ ð1Þ

where EB12N12-BMPB is the total energy of BMPB over the pure B12N12 ful-
lerene. EBMPB is the total energy of the BMPB molecule. EB12N12 is the
total energy of the pure B12N12 fullerene.

3. Results and discussion

3.1. Optimization

Provided diagram (Diagram 1) illustrates optimization energy in
each phase or period of calculation of ion liquid. In addition, Diagram
2 identifies the optimization energy of the target complex (BMPB-
B12N12). The optimized molecule, highest occupied molecular orbital
(HOMO), and lowest unoccupied molecular orbital (LUMO) declare
that the proposed ionic liquid is asymmetric, due to asymptotically dis-
tribution of charges (Diagram1).We find the adsorption energy of ionic
liquid on the B12N12 nano-cage is about −0.2832 eV with a transfer
about 0.141 electron charge from the nano-cage to ionic liquid. Also,
our calculations of interaction between B12N12 nano-cage and BMPB re-
sulted in the basis set superposition error (BSSE) corrected Eads of about
−0.1201 eV at the B3LYP functional. Beheshtian and co-workers have
shown the interaction of H2, NO, N2, and CH4 molecules on the B12N12

surface by using B3LYP functional. They showed that the adsorption en-
ergies of the most stable states were −0.063, −0.038, −0.014,
−0.011 eV for H2, NO, N2, and CH4 molecules, respectively [29]. Baei
and co-workers reported the physisorption of CO2 molecule on the sur-
face of B12N12 nano-cage with an energy of −0.024 eV and a charge
transfer about 0.023 e from the molecule to the cluster [30]. Beheshtian
Diagram 1. Step-by-step energy optimization of ionic liquid at B3LYP/6-311G (d,p)
quantum chemical level.



Diagram 2. Step-by-step energy optimization of ionic liquid BMPB-B12N12 complex at
B3LYP/6-311G (d,p) quantum chemical level.
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et al. found that B12N12 nano-cage has a weak bonding interaction
(physisorption) with the NO2 molecule (Eads = −0.13 eV) [31].

Furthermore, HOMO-LUMO orbitals of B12N12, HOMO-LUMO or-
bitals of BMPB, and HOMO–LUMO orbitals of BMPB/B12N12 complex
Fig. 1. Optimized configuration and H

Fig. 2. Optimized configuration and
are shown in Figs. 1, 2, and 3 respectively. In addition, the density of
states (DOS) diagram of BMPB, B12N12, BMPB/B12N12 complex is pro-
vided in Fig. 4. As displayed in Table 1, the HOMO (EHOMO) and LUMO
(ELUMO) energies was significantly changed from −7.85 and−1.11 eV
in pure B12N12 to−5.04 and−2.88 eV in the BMPB/B12N12 complex, re-
spectively. In Fig. 3, HOMO as an electron donor is more localized upon
the nitrogen atoms of the nano-cage and LUMO as an electron acceptor
is more localized on the nitrogen and carbon atoms of the BMPB. As
summarized in Table 1, the value of energy gap (Eg) for the B12N12 is
dropped from 6.74 eV to 2.16 eV in the BMPB/B12N12 complex. Compar-
ingwith the pure B12N12, the DOSs of BMPB/B12N12 complex near Fermi
level (EF) have distinct changes (see Table 1), which would lead to a
conductance change of the nano-cage on the adsorption of BMPB,
hence we conclude that pure B12N12 can be used to detect ionic liquid
BMPB, which is in agreement with the results from the other literatures
[32–34].

The distance between atoms and bonds illustrates that space be-
tween the carbon 2 (cationic region) and hydrogen 7 (cationic region)
(means pyridinium) with bromine 24 (anion part) is 3.4122 Å and
3.618 Å, respectively. Optimized bond lengths of the BMPB are pre-
sented in Supplementary information section, Table S1.

The bipolar torque of a molecule is achieved by vector summation of
bipolar torque of all bonds and sometimes non bonded pairs. If the
molecule's dipolar torque is zero, the molecule is non-polar, if not, it is
polar. Regarding to the fact that dipolar electric torque of the com-
pounds is one of the most important characteristics that can change
the charge, which is consistent with the adsorption of ionized BMPB
OMO–LUMO orbitals of B12N12.

HOMO-LUMO orbitals of BMPB.



Fig. 3. Optimized configuration and HOMO–LUMO orbitals of BMPB/B12N12 complex.

Fig. 4. DOS plots of BMPB, B12N12, BMPB/B12N12 complex.

Table 3
Thermodynamic properties of ionic liquid extracted from the frequency calculation.

Energy (hartree/particle)

Total electron energy and zero point −3019.483214
Total electrical and thermal energy −3019.469083
Sum of electronic and thermal enthalpy −3019.468139
Total electrically-free energy −3019.527327
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ions onto the nano boron nitride; the amount of dipolar electric torque
of the nanoparticles of boron nitrides has changed after the adsorption
of ionic liquid. Therefore, the direction of the dipolar torquewill change,
and the adsorption of ionic liquids will increase also the total bipolar
torque (Table 2).

3.2. The result of calculating the frequency of the molecule

This part of the calculations was used to determine the physical and
thermodynamic properties of an ionic liquid of a 1-butyl-4
methylpyridinium bromide and the complex (BMPB/B12N12), as
shown in Tables 3 and 4. The particles that constitute a substance (i.e.
atoms,molecules, or ions) have differentmovements and are constantly
moving, in other words, they all have kinetic energy. The sum of the
Table 2
Comparison of dipole moment in BMPB, B12N12 nano-cage and the complex (Debay).

Element BMPM B12N12 Complex

Dipole moment X = 1.3640 X = 0.0001 X = 13.1806
Y = −9.5792 Y = 0.0000 Y = 3.4651
Z = −0.0526 Z = −0.0001 Z = 0.5812
Total = 9.6760 Total = 0.0001 Total = 13.6408
kinetic energies of the constituent particles is called “thermal energy”.
The thermal energy in this ionic liquid was calculated and in both ab-
sence and presence of B12N12 nano-cage, the thermal energies were
160.807 kcal·mol−1 and 240.607 kcal·mol−1, respectively. The specific
heat capacity is equivalent to the amount of heatwhich is needed to en-
hance the temperature of one unit of material (it is usually 1 mol). Spe-
cific heat capacity, can be deduced from the variation of enthalpy
changes in the system. In other words, the enthalpy variation of the sys-
tem is the integral of the specific heat capacity in the desired tempera-
ture range. The specific heat capacity at a constant pressure
determined using a scaled calorimetry. This concept (amount) in solids
is more used than in liquids and also in liquids is more used than in
gases. This case is justified by the use of molecular kinetics theory.
Due to the fact that molecules in gases have high velocity, a slight
change in the temperature of a gaswill lead to an increase in its volume.
Therefore, the specific heat capacity in the gases is low, while the in-
crease of molecular movements and the volume of liquids due to the
rise in temperature are lower than gases, so the liquids have a higher
thermal capacity comparing to the gases. In the case of solids, due to
the high thermal energy which is needed to increase their volume, the
specific heat capacity of solids is greater than that of liquids. In this
Gibbs free energy 0.198019

Table 4
Thermodynamic properties of complex extracted from the frequency calculation.

Energy (hartree/particle)

Total electron energy and zero point −3974.777678
Total electrical and thermal energy −3974.758514
Sum of electronic and thermal enthalpy −3974.757570
Total electrically-free energy −3974.824367
Gibbs free energy 0.317578



Table 5
The NMR parameters calculated for the isomerized chemical containment (σiso), aniso-
tropic chemical condensation (Δσ) and ησ parameter in the ionic liquid structure.

Atoms σ11 σ22 σ33 σiso Δσ ησ

C1 45.4209 78.7826 29.7979 51.3338 −32.3038 −1.549
C5 51.7779 78.1442 −2.3805 42.5139 −67.3415 −0.587
N10 −4.4171 122.0405 59.6164 59.0799 0.8047 235.720
Br24 1298.9252 2953.6760 1548.3836 1933.6616 −577.917 −4.295
H6 20.1587 23.7605 21.5148 21.8113 −0.44445 −12.154
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study, the thermal capacity of the ionic liquid BMPB was calculated
49.619 cal·mol−1·K−1 and the entropy was calculated
124.571 cal·mol−1·K−1. The thermal capacity of complex and entropy
were 88.698 cal·mol−1·K−1and 140.578 cal·mol−1·K−1, respectively
(all calculations were carried out in the gas state). Gibbs free energy is
a thermodynamic quantity exhibits the amount of spontaneous re-
sponse to the reaction [35]. A thermodynamic process is possible
when the Gibbs free energy variation is negative. While nano boron ni-
tride was closer to BMPB ionic liquid, the Gibbs energy variation of this
complex was calculated 0.026154 hartree. Thus, it demonstrates an en-
dothermic reaction.

Based on quantum mechanics, the electron will be near the bottom
of the valley and will never stay calm. This continuous movement is
called the zero point movement. In this way, the energy of an electron
cannot be zero, but it must have a minimal energy called zero-point en-
ergy. Total energy and electrical energy and other thermodynamic
properties of ionic liquid and complex are presented in Tables 3 and 4,
respectively. The infrared (IR) spectra of BMPB ionic liquid interacting
with the B12N12 nano-cage is investigated using B3LYP/6-311 G** level
of theory (see Fig. 5). In this study, the scaling factor employed from
the B3LYP method is with value of 0.970 [36]. The IR spectra of
B12N12 nano-cage have two major peaks, one peak is observed at
803 cm−1 which is mainly involve the radial motion of the eight
squares and the other one show the bonds involving squares in the
region of 1201 and 1421 cm−1 [36,37]. The computed vibrational
frequencies for BMPB/B12N12 complex are in the range of
17–3275 cm−1. When BMPB interacting with B12N12 nano-cage, a
peak at 1447 and 1538 cm−1 is related to symmetric and asymmetry
C_C stretching [38]. The peak at around 1684 cm−1 is assigned to
the symmetric vibrations of C\\N [39]. In the IR spectra, the bands
in the 3009–3199 cm−1 region are the C\\H stretching vibrations
and those in the 1420–1480 cm−1 region relate to sharp bands due
to the stretching vibrations of B\\N in the BMPB interacting with
the B12N12 nano-cage.

3.3. The result of calculating NBO, NMR, and NQR

Comparison of chemical-shielding tensors value (σii) around the
cores of the cation and structural anion specifies that the chemical con-
tainment values around the core have the highest isotropic for anionic
section of this ionic liquid (Br24), and the lowest amount of isotropic is
for the cationic section of this ionic liquid (H6) (see Table 5). In other
words, it shows that the chemical-shielding tensor of NMR is 13C.
Fig. 5. IR spectra of B12N12 an
According to Eq. (2), the anisotropy of chemical shielding (Δσ) is, Br24
b C5 b C1 b H6 b N10. Furthermore, the ησ parameter is determined
based on Eq. (3).

Δσ ppmð Þ ¼ σ33−
1
2

σ11 þ σ22ð Þ ð2Þ

ησ ¼ 3
2

σ22−σ11

Δσ

� �
ð3Þ

Formation of a bond can have a significant impact on the electron
population in participating orbits of the participant. Depending on the
incoming changes and an inversion in the electron population of the
atomic orbitals, a large variation in the magnitude of the values and
also the tensor vectors can be observed. Amodern and advanced branch
of radio-frequency spectroscopy together with magnetic resonance ab-
sorption in crystals is called nuclear quadrupole resonance (NQR). This
adsorption is because of reorientation of the non-spherical atomic nu-
clei against crystalline electric fields [40].

Four-pole (quadrupole) resonance spectroscopy is one of the most
useful methods for determining the distribution of electron and identi-
fication of chemical compounds [41]. Table 6 and Fig. 6 illustrate the cal-
culation and a 3D plot of the asymmetric parameter of ionic liquid
extracted from the calculation of NQR, which describes the process of
changing the quadrupole resonance spectrum ionic liquid atoms in dif-
ferent scales. Comparison of the asymmetric parameter presents the
highest value for H6 and Br24 [42,43].

Natural bond orbital (NBO) calculations of the charges in the ionic
liquid, complex, total charge and natural population, including the
core charge and the core charge capacity of Rydberg, are given in tables
S2 and S3. Fig. 7 has illustrated various parameters of table S3 (intrinsic
charge, charge, core charge and capacity charge) as a 3D plot. The NBO
calculations provide information on a large variety of interactions that
d BMPB/B12N12 systems.



Table 6
Asymmetric parameters of ionic liquid extracted from the calculation of NQR.

Atom qxx qyy qzz ηQ

C1 −0.395017 −0.010964 0.405981 0.94599
C2 −0.241036 −0.080446 0.321483 0.49953
Br24 −1.928275 0.825854 1.102421 2.5476691
H6 −0.320069 0.139755 0.180314 2.55013
N10 −0.24779 −0.203841 0.451633 0.097311
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may occur between the orbitals individually. TheNBOmethod is helpful
to understand which main orbital interactions are involved in the elec-
tronic distribution [44]. In fact, provided data clearly exhibits the intrin-
sic charge of ionic liquid and the complex is zero. When the ionic liquid
interactswith a B12N12 fullerene, it was observed that the total charge of
complex increased remarkably.

Frequency calculations have performed at B3LYP level and 6-311G
(d,p) basis orbital set. The calculated data of chemical potential (μ),
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hardness (η), softness (S), ΔNmax (a.u.), and electrophilicity (ω) of 1-
butyl-4-methylpyridinium bromide adsorbed on B12N12 surface by the
B3LYP level is classified in Table 7. The electrophilicity concept was
stated for the first time in 1999 by Parr et al. [45,46] and μ is defined ac-
cording to the following equation (Eq. (4)):

μ ¼ −χ ¼ −
I þ A
2

ð4Þ

where χ is the Mulliken electronegativity. Furthermore, η can be ap-
proximated using the Koopmans' theorem [47]. I (−EHOMO) is the ioni-
zation potential and A (−ELUMO) is the electron affinity of the molecule.
While EHOMO is the energy of the Fermi level and ELUMO is the first given
value of the conduction band.

η ¼ I−A
2

ð5Þ
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Table 7
Chemical potential (μ), hardness (η), softness (S), ΔNmax (a.u.), and electrophilicity (ω) of
1-butyl-4 methylpyridinium bromide absorbed on nanoboron nitride surface and calcu-
lated at B3LY level.

Property BMPB B12N12 BMPB/B12N12 complex

[I = −EHOMO] (eV) 5.19 7.85 5.04
[A = −ELUMO] (eV) 2.06 1.11 2.88
[η = (I − A) / 2] (eV) 1.57 3.37 1.08
[μ = −(I + A) / 2] (eV) −3.63 −4.48 −3.96
[S = 1 / 2η] (eV) 0.32 0.15 0.46
[ω = μ2 / 2η] (eV) 4.20 2.98 7.26
[ΔNmax = −μ / η] 2.32 1.33 3.67
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The chemical softness S and electrophilicityω are defined as follow-
ing equations, respectively.

S ¼ 1
2
η ð6Þ

ω ¼ μ2

2η
ð7Þ

The maximum amount of electronic charge, ΔNmax, that the system
may accept is given by Eq. (8).

ΔNmax ¼ −
μ
η

ð8Þ

We calculated quantum molecular descriptors of μ, η, ω, and S in
vacuum phase, whose values are displayed in Table 7. For the B12N12

nano-cage, the values of η and S were found to be 3.37 and 0.15 eV,
while these values for the BMPB were 1.57 and 0.32 eV, respectively.
The η value (1.08 eV) for the nano-cage indicates a significant decrease
when BMPB adsorbed upon B12N12 surface that demonstrates higher
chemical activity for both structures [48,49], while the S value for the
B12N12 shows a significant increase on the adsorption of BMPB. The en-
hancement in chemical reactivity is electrophilic in nature since theω of
BMPB/B12N12 complex (7.26 eV) is higher than the B12N12 nano-cage
(2.98 eV) [50,51].

4. Conclusions

The calculated results illustrate that the energy gap of the complex is
0.07629 eV, which is not only less than the ionic liquid but also less than
the nano boron nitride, therefore, the reactivity of the complex is
greater than its constituents. The decrease in the energy gap of ionic
liquid-nano boron nitride (BMPB/B12N12 complex) and easy displace-
ment of HOMO-LUMO orbitals in the complex makes it more unstable.
The highest bipolar torque was observed on the x-axis. Adsorption en-
ergy of ionic liquid on nano boron nitride is −0.2832 eV
(−27.324 kJ·mol−1). The adsorbed energy of this ionic liquid on
B12N12 nano-cage was observed to be a negative number in the range
of physical adsorption, however, regard to positive process in the
Gibbs free energy, non-intrusiveness of the reaction and also according
to the thermodynamic properties, it could be found that therewas not a
perfect bond between nano boron nitride and ionic liquid. Comparison
of anisotropic chemical shielding around the cores of cationic and an-
ionic sections of ionic liquids, clearly shows that the anisotropy of chem-
ical shielding is in the order of Br24 b C5 b C1 b H6 b N10. The process of
variations in four-polar (quadrupole) resonance spectrums of the nu-
cleus in the ionic liquid at different scales is classified in Table 6. Regard
to comparing asymmetric parameters, the highest value is observed for
H6 and Br24. Finally, the intrinsic charge of ionic liquid and complex was
calculated.
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