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ABSTRACT
This paper investigated boron nitride nanocage performance as an adsorbent and sensing material 
for removal and detection of trinitroanisole by density functional theory. The calculated adsorption 
energies, Gibbs free energy changes (ΔGad), adsorption enthalpy changes (ΔHad), and thermodynamic 
equilibrium constants (Kth) revealed the adsorption process is experimentally feasible, spontaneous, 
exothermic and Irreversible. The highly negative adsorption energy values and bond lengths between 
B12N12 and trinitroanisole indicated the interaction between the adsorbate and the adsorbent is a 
chemisorption process and the NBO results also confirmed covalent bonds are formed between 
trinitroanisole and the adsorbent in all of the evaluated conformers. The N-O and C-N bond 
lengths and the density values showed that trinitroanisole complexes with boron nitride cage have 
higher explosive velocity and detonation pressure than the pure trinitroanisole without B12N12. 
The frontier molecular orbital parameters such as bandgap, chemical hardness, electrophilicity, 
chemical potential, and charge capacity were also studied and the findings proved B12N12 is an 
excellent sensing material for fabricating novel electrochemical and thermal sensors for detection of 
trinitroanisole. All of the performed computations in this study were done in very similar situations 
to the real operational conditions such as considering water as the solvent and checking the effect 
of temperature on the adsorption efficiency. In addition, all of the calculations were done using the 
DFT method and B3LYP/6-31G(d) level of theory which its results are usually inadmissible following 
the experimental findings.
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INTRODUCTION
Nitroaromatic explosives are potential 

environmental contaminants which their 
removal and detection are very important [1-3]. 
Trinitroanisole (Fig. 1) is a nitroaromatic energetic 
compound that causes several problems to the 
people exposed to it including different types of 
cancer, cataracts, skin rashes, nose bleeds, anemia, 
hepatotoxicity, vomiting, vitiligo and weight loss 
[4-6]. The former researches proved that the 
people who live or work near the ammunition 
plants, drowned warships, military munition sites, 

and war-torn countries are potential victims for 
diseases associated with nitroaromatic explosives 
[7-9]. When a nitroaromatic compound enters 
the body of a living organism, nitroanion radicals 
synthesized in the body which causes oxidation 
stress by their redox recycling and induce their 
mutagenic and carcinogenic effects by this 
mechanism [10]. 

Several techniques have been reported for 
quantitation of nitroaromatic explosives including 
high-performance liquid chromatography (HPLC),  
gas chromatography (GC), fluorescence spectros-
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copy, and mass spectrometry (MS) [11-13]. 
Unfortunately, these methods require a very 
expensive instrument and sophisticated operators. 
Moreover, they are time-consuming and consumes 
a lot of organic solvents. On the other hand, 
thermal and electrochemical sensors are small, 
portable, simple, and economical devices that 
have gained huge attention in the recent decade to 
themselves [14-17]. These sensors are applicable 
for colored specimens and their analysis time is 
too short. Sensors consist of a recognition element 
and a transducer. When the analyte interacts 
with the recognition element a physicochemical 
parameter like potential, temperature, conductivity 
and pH experience a sharp change in the 
microenvironment near the surface of the sensor 
then this phenomenon is altered to an electrical 
signal by the transducer which has a linear 
relationship with the analyte concentration [18-
22]. Therefore, the first step in the construction of 

a new sensor is to find a sensing material that has 
a strong and selective interaction with the analyte. 
Some adsorbents have also been synthesized for the 
removal of nitroaromatic explosives but most of 
them suffer from low adsorption capacity and low 
recycling numbers [23-25]. Hence, finding a new 
adsorbent and sensing material for removal and 
detection of nitroaromatic energetic compounds is 
very important [26-29].

Moreover, boron nitride cage is a nanostructure 
with special features like high thermal stability, low 
dielectric constant, great thermal conductance, 
oxidation resistance, specific surface/area ratio, 
and prominent structural stability which make 
it an appropriate adsorbent for the removal of 
environmental contaminants and a good candidate 
for the quantitation of several analytes so that the 
adsorption of HCN, OCN-, amphetamine, proline 
amino acid and tetryl on the surface of boron 
nitride cage has been investigated [30-32]. 

 

Fig. 1. The optimized structures of boron nitride cage and its complexes with trinitroanisole  

  

Fig. 1. The optimized structures of boron nitride cage and its complexes with trinitroanisole



36

M. R. Jalali Sarvestani and R. Ahmadi / Trinitroanisole Adsorption on the Surface of B12N12

J. Water Environ. Nanotechnol., 5(1): 34-44 Winter 2020

The next matter that supports evaluating the 
adsorption of trinitroanisole on the surface of B12N12 
is that some of the previously reported studies 
indicated nanomaterials can improve the reactivity 
and energetic features of explosives and reduce their 
heat sensitivity in some cases [33-37]. Therefore, the 
aim of this study is to investigate the adsorption of 
trinitroanisole on the surface of B12N12 by density 
functional theory, for the first time.

COMPUTATIONAL DETAILS
GuassView 6 and Nanotube modeler 1.3.0.3 

software was used for designing the structures of 
trinitroanisole, B12N12, and their complexes [35]. 
In order to find the most stable configuration, 
the adsorption process was evaluated at four 
different configurations. At first, all of the designed 
structures were optimized geometrically. Then, 
IR and frontier molecular orbital (FMO) and 
natural bond orbitals (NBO) computations were 
performed on them [3]. All of the computations 
were performed by Gaussian 16 software using the 
density functional theory method in the B3LYP/6-
31G (d) level of theory [36]. This level of theory was 
chosen because in previous researches its results 
were inadmissible following the experimental 
findings. GuassSum software was employed for 
obtaining density of states (DOS) diagrams [37]. 
All of the calculations were done in the aqueous 
phase in the temperature range of 278.15-378.15 at 
10˚ intervals. 

The studied processes were as follows:

Trinitroanisole+B12N12⟶ Trinitroanisole-B12N12                                                                                                    (1) 

𝐸𝐸𝑎𝑎𝑎𝑎 = (𝐸𝐸(Trinitroanisole−B12N12) − (𝐸𝐸(Trinitroanisole) + 𝐸𝐸(B12N12)))                                                             (2) 

𝛥𝛥𝐻𝐻𝑎𝑎𝑎𝑎 = (𝐻𝐻(Trinitroanisole−B12N12) − (𝐻𝐻(Trinitroanisole) + 𝐻𝐻(B12N12)))                                                     (3) 

Δ𝐺𝐺𝑎𝑎𝑎𝑎 = (𝐺𝐺(Trinitroanisole−B12N12) − (𝐺𝐺(Trinitroanisole) + 𝐺𝐺(B12N12)))                                                       (4) 

𝐾𝐾𝑡𝑡ℎ = exp(− Δ𝐺𝐺𝑎𝑎𝑎𝑎
𝑅𝑅𝑅𝑅 )                                                                                                              (5) 

HLG = 𝐸𝐸𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 − 𝐸𝐸𝐻𝐻𝐿𝐿𝐿𝐿𝐿𝐿                                                                                                         (6)                                                                                                         

η = (𝐸𝐸𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 − 𝐸𝐸𝐻𝐻𝐿𝐿𝐿𝐿𝐿𝐿) 2⁄                                                                                                         (7) 

μ = (𝐸𝐸𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 + 𝐸𝐸𝐻𝐻𝐿𝐿𝐿𝐿𝐿𝐿) 2⁄                                                                                                         (8) 

ω = 𝜇𝜇2
2𝜂𝜂⁄                                                                                                                                (9) 

Δ𝑁𝑁𝑚𝑚𝑎𝑎𝑚𝑚 = −𝜇𝜇 𝜂𝜂⁄                                                                                                                      (10) 

𝐷𝐷¼ = 1.01(𝑁𝑁𝑁𝑁½𝑄𝑄½)1/2(1 + 1.30𝜌𝜌)                      (11) 

𝑃𝑃¼ = 1.558𝑁𝑁𝑁𝑁½𝑄𝑄½𝜌𝜌2                                                                                                 (12) 

   (1)

Equations 2-5 were employed for calculating 
adsorption energy values (Ead) and thermodynamic 
parameters of the evaluated process including 
adsorption enthalpy changes (ΔHad), Gibbs free 
energy changes (ΔGad) and thermodynamic 
equilibrium constants (Kth) [3, 29, 30]. Trinitroanisole+B12N12⟶ Trinitroanisole-B12N12                                                                                                    (1) 

𝐸𝐸𝑎𝑎𝑎𝑎 = (𝐸𝐸(Trinitroanisole−B12N12) − (𝐸𝐸(Trinitroanisole) + 𝐸𝐸(B12N12)))                                                             (2) 

𝛥𝛥𝐻𝐻𝑎𝑎𝑎𝑎 = (𝐻𝐻(Trinitroanisole−B12N12) − (𝐻𝐻(Trinitroanisole) + 𝐻𝐻(B12N12)))                                                     (3) 

Δ𝐺𝐺𝑎𝑎𝑎𝑎 = (𝐺𝐺(Trinitroanisole−B12N12) − (𝐺𝐺(Trinitroanisole) + 𝐺𝐺(B12N12)))                                                       (4) 

𝐾𝐾𝑡𝑡ℎ = exp(− Δ𝐺𝐺𝑎𝑎𝑎𝑎
𝑅𝑅𝑅𝑅 )                                                                                                              (5) 

HLG = 𝐸𝐸𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 − 𝐸𝐸𝐻𝐻𝐿𝐿𝐿𝐿𝐿𝐿                                                                                                         (6)                                                                                                         

η = (𝐸𝐸𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 − 𝐸𝐸𝐻𝐻𝐿𝐿𝐿𝐿𝐿𝐿) 2⁄                                                                                                         (7) 

μ = (𝐸𝐸𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 + 𝐸𝐸𝐻𝐻𝐿𝐿𝐿𝐿𝐿𝐿) 2⁄                                                                                                         (8) 

ω = 𝜇𝜇2
2𝜂𝜂⁄                                                                                                                                (9) 

Δ𝑁𝑁𝑚𝑚𝑎𝑎𝑚𝑚 = −𝜇𝜇 𝜂𝜂⁄                                                                                                                      (10) 

𝐷𝐷¼ = 1.01(𝑁𝑁𝑁𝑁½𝑄𝑄½)1/2(1 + 1.30𝜌𝜌)                      (11) 

𝑃𝑃¼ = 1.558𝑁𝑁𝑁𝑁½𝑄𝑄½𝜌𝜌2                                                                                                 (12) 

       (2)
Trinitroanisole+B12N12⟶ Trinitroanisole-B12N12                                                                                                    (1) 

𝐸𝐸𝑎𝑎𝑎𝑎 = (𝐸𝐸(Trinitroanisole−B12N12) − (𝐸𝐸(Trinitroanisole) + 𝐸𝐸(B12N12)))                                                             (2) 

𝛥𝛥𝐻𝐻𝑎𝑎𝑎𝑎 = (𝐻𝐻(Trinitroanisole−B12N12) − (𝐻𝐻(Trinitroanisole) + 𝐻𝐻(B12N12)))                                                     (3) 

Δ𝐺𝐺𝑎𝑎𝑎𝑎 = (𝐺𝐺(Trinitroanisole−B12N12) − (𝐺𝐺(Trinitroanisole) + 𝐺𝐺(B12N12)))                                                       (4) 

𝐾𝐾𝑡𝑡ℎ = exp(− Δ𝐺𝐺𝑎𝑎𝑎𝑎
𝑅𝑅𝑅𝑅 )                                                                                                              (5) 

HLG = 𝐸𝐸𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 − 𝐸𝐸𝐻𝐻𝐿𝐿𝐿𝐿𝐿𝐿                                                                                                         (6)                                                                                                         

η = (𝐸𝐸𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 − 𝐸𝐸𝐻𝐻𝐿𝐿𝐿𝐿𝐿𝐿) 2⁄                                                                                                         (7) 

μ = (𝐸𝐸𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 + 𝐸𝐸𝐻𝐻𝐿𝐿𝐿𝐿𝐿𝐿) 2⁄                                                                                                         (8) 

ω = 𝜇𝜇2
2𝜂𝜂⁄                                                                                                                                (9) 

Δ𝑁𝑁𝑚𝑚𝑎𝑎𝑚𝑚 = −𝜇𝜇 𝜂𝜂⁄                                                                                                                      (10) 

𝐷𝐷¼ = 1.01(𝑁𝑁𝑁𝑁½𝑄𝑄½)1/2(1 + 1.30𝜌𝜌)                      (11) 

𝑃𝑃¼ = 1.558𝑁𝑁𝑁𝑁½𝑄𝑄½𝜌𝜌2                                                                                                 (12) 

     (3)

Trinitroanisole+B12N12⟶ Trinitroanisole-B12N12                                                                                                    (1) 

𝐸𝐸𝑎𝑎𝑎𝑎 = (𝐸𝐸(Trinitroanisole−B12N12) − (𝐸𝐸(Trinitroanisole) + 𝐸𝐸(B12N12)))                                                             (2) 

𝛥𝛥𝐻𝐻𝑎𝑎𝑎𝑎 = (𝐻𝐻(Trinitroanisole−B12N12) − (𝐻𝐻(Trinitroanisole) + 𝐻𝐻(B12N12)))                                                     (3) 

Δ𝐺𝐺𝑎𝑎𝑎𝑎 = (𝐺𝐺(Trinitroanisole−B12N12) − (𝐺𝐺(Trinitroanisole) + 𝐺𝐺(B12N12)))                                                       (4) 

𝐾𝐾𝑡𝑡ℎ = exp(− Δ𝐺𝐺𝑎𝑎𝑎𝑎
𝑅𝑅𝑅𝑅 )                                                                                                              (5) 

HLG = 𝐸𝐸𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 − 𝐸𝐸𝐻𝐻𝐿𝐿𝐿𝐿𝐿𝐿                                                                                                         (6)                                                                                                         

η = (𝐸𝐸𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 − 𝐸𝐸𝐻𝐻𝐿𝐿𝐿𝐿𝐿𝐿) 2⁄                                                                                                         (7) 

μ = (𝐸𝐸𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 + 𝐸𝐸𝐻𝐻𝐿𝐿𝐿𝐿𝐿𝐿) 2⁄                                                                                                         (8) 

ω = 𝜇𝜇2
2𝜂𝜂⁄                                                                                                                                (9) 

Δ𝑁𝑁𝑚𝑚𝑎𝑎𝑚𝑚 = −𝜇𝜇 𝜂𝜂⁄                                                                                                                      (10) 

𝐷𝐷¼ = 1.01(𝑁𝑁𝑁𝑁½𝑄𝑄½)1/2(1 + 1.30𝜌𝜌)                      (11) 

𝑃𝑃¼ = 1.558𝑁𝑁𝑁𝑁½𝑄𝑄½𝜌𝜌2                                                                                                 (12) 

 (4)

Trinitroanisole+B12N12⟶ Trinitroanisole-B12N12                                                                                                    (1) 

𝐸𝐸𝑎𝑎𝑎𝑎 = (𝐸𝐸(Trinitroanisole−B12N12) − (𝐸𝐸(Trinitroanisole) + 𝐸𝐸(B12N12)))                                                             (2) 

𝛥𝛥𝐻𝐻𝑎𝑎𝑎𝑎 = (𝐻𝐻(Trinitroanisole−B12N12) − (𝐻𝐻(Trinitroanisole) + 𝐻𝐻(B12N12)))                                                     (3) 

Δ𝐺𝐺𝑎𝑎𝑎𝑎 = (𝐺𝐺(Trinitroanisole−B12N12) − (𝐺𝐺(Trinitroanisole) + 𝐺𝐺(B12N12)))                                                       (4) 

𝐾𝐾𝑡𝑡ℎ = exp(− Δ𝐺𝐺𝑎𝑎𝑎𝑎
𝑅𝑅𝑅𝑅 )                                                                                                              (5) 

HLG = 𝐸𝐸𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 − 𝐸𝐸𝐻𝐻𝐿𝐿𝐿𝐿𝐿𝐿                                                                                                         (6)                                                                                                         

η = (𝐸𝐸𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 − 𝐸𝐸𝐻𝐻𝐿𝐿𝐿𝐿𝐿𝐿) 2⁄                                                                                                         (7) 

μ = (𝐸𝐸𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 + 𝐸𝐸𝐻𝐻𝐿𝐿𝐿𝐿𝐿𝐿) 2⁄                                                                                                         (8) 

ω = 𝜇𝜇2
2𝜂𝜂⁄                                                                                                                                (9) 

Δ𝑁𝑁𝑚𝑚𝑎𝑎𝑚𝑚 = −𝜇𝜇 𝜂𝜂⁄                                                                                                                      (10) 

𝐷𝐷¼ = 1.01(𝑁𝑁𝑁𝑁½𝑄𝑄½)1/2(1 + 1.30𝜌𝜌)                      (11) 

𝑃𝑃¼ = 1.558𝑁𝑁𝑁𝑁½𝑄𝑄½𝜌𝜌2                                                                                                 (12) 

                                                                                                              (5)

In the above-mentioned equations, E stands for 
the total electronic energy of each structure, H is 
the sum of the thermal enthalpy and total energy of 
the evaluated materials. The G also denotes the sum 
of the thermal Gibbs free energy and total energy 
for each of the studied structures. R is the ideal gas 
constants and T is the temperature [3, 33].

Frontier molecular orbital parameters such as 
bandgap (HLG), chemical hardness (η), chemical 
potential (µ), electrophilicity (ω) and the maximum 
transferred charge (ΔNmax) were calculated via 
equations 6-10 [28-31]. 

Trinitroanisole+B12N12⟶ Trinitroanisole-B12N12                                                                                                    (1) 

𝐸𝐸𝑎𝑎𝑎𝑎 = (𝐸𝐸(Trinitroanisole−B12N12) − (𝐸𝐸(Trinitroanisole) + 𝐸𝐸(B12N12)))                                                             (2) 

𝛥𝛥𝐻𝐻𝑎𝑎𝑎𝑎 = (𝐻𝐻(Trinitroanisole−B12N12) − (𝐻𝐻(Trinitroanisole) + 𝐻𝐻(B12N12)))                                                     (3) 

Δ𝐺𝐺𝑎𝑎𝑎𝑎 = (𝐺𝐺(Trinitroanisole−B12N12) − (𝐺𝐺(Trinitroanisole) + 𝐺𝐺(B12N12)))                                                       (4) 

𝐾𝐾𝑡𝑡ℎ = exp(− Δ𝐺𝐺𝑎𝑎𝑎𝑎
𝑅𝑅𝑅𝑅 )                                                                                                              (5) 

HLG = 𝐸𝐸𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 − 𝐸𝐸𝐻𝐻𝐿𝐿𝐿𝐿𝐿𝐿                                                                                                         (6)                                                                                                         

η = (𝐸𝐸𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 − 𝐸𝐸𝐻𝐻𝐿𝐿𝐿𝐿𝐿𝐿) 2⁄                                                                                                         (7) 

μ = (𝐸𝐸𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 + 𝐸𝐸𝐻𝐻𝐿𝐿𝐿𝐿𝐿𝐿) 2⁄                                                                                                         (8) 

ω = 𝜇𝜇2
2𝜂𝜂⁄                                                                                                                                (9) 

Δ𝑁𝑁𝑚𝑚𝑎𝑎𝑚𝑚 = −𝜇𝜇 𝜂𝜂⁄                                                                                                                      (10) 

𝐷𝐷¼ = 1.01(𝑁𝑁𝑁𝑁½𝑄𝑄½)1/2(1 + 1.30𝜌𝜌)                      (11) 

𝑃𝑃¼ = 1.558𝑁𝑁𝑁𝑁½𝑄𝑄½𝜌𝜌2                                                                                                 (12) 

 (6)

Trinitroanisole+B12N12⟶ Trinitroanisole-B12N12                                                                                                    (1) 

𝐸𝐸𝑎𝑎𝑎𝑎 = (𝐸𝐸(Trinitroanisole−B12N12) − (𝐸𝐸(Trinitroanisole) + 𝐸𝐸(B12N12)))                                                             (2) 

𝛥𝛥𝐻𝐻𝑎𝑎𝑎𝑎 = (𝐻𝐻(Trinitroanisole−B12N12) − (𝐻𝐻(Trinitroanisole) + 𝐻𝐻(B12N12)))                                                     (3) 

Δ𝐺𝐺𝑎𝑎𝑎𝑎 = (𝐺𝐺(Trinitroanisole−B12N12) − (𝐺𝐺(Trinitroanisole) + 𝐺𝐺(B12N12)))                                                       (4) 

𝐾𝐾𝑡𝑡ℎ = exp(− Δ𝐺𝐺𝑎𝑎𝑎𝑎
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 (10)

ELUMO and EHOMO in equations 6 to 8 denote the 
energy of the lowest unoccupied molecular orbital 
and the energy of the highest occupied molecular 
orbital respectively. 

RESULTS AND DISCUSSION
Structural Properties

As can be seen from Fig. 1, trinitroanisole was 
inserted near the boron nitride cage at four different 
positions, for a more convenient understanding, 
each configuration was remarked by an abbreviated 
name. The naming method is explained in the 
following:

The A-Isomer abbreviation stands for the 
derivative in which the sixth carbon atom of 
trinitroanisole is inserted near the surface of 
the boron nitride cage. The B-Isomer symbol is 
considered for the derived product in which the 
explosive is placed near the adsorbent from its 
methyl group. C-Isomer also denotes the derivative 
in which the trinitroanisole was situated close 
to the B12N12 from its nitro group (the second 
nitrogen) and the D-Isomer abbreviation was 
selected for the complex in which the benzene ring 
of trinitroanisole is placed in parallel form near the 
surface of nanostructure.

The reported adsorption energy values in 
Table 1, were calculated via equation 2. As can be 
seen from the table, this parameter is considered 
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negative for all of the configurations, therefore, 
it can be deduced that the adsorption process of 
trinitroanisole is experimentally feasible [26, 30]. 
Therefore, this nanostructure can be applied for the 
removal of trinitroanisole from the environmental 
specimens [3]. The highly negative adsorption 
energy values and the short bond lengths between 
the nanostructure and trinitroanisole indicate 
the interaction with the boron nitride cage and 
trinitroanisole is chemisorption and the results of 
NBO calculations also confirmed this finding. As 
it is obvious from the presented NBO results in 
Table 1. A covalent bond with SP3 hybridization is 
formed between the adsorbate and BN nanocage 
in all of the evaluated conformers. Therefore, the 
interaction between trinitroanisole and B12N12 is 
not a Physisorption.

Because N-O, N-NO2, and C-NO2 bond lengths 
are appropriate standards for estimating the 
blasting power in the nitroaromatic explosives, after 
implementing geometrical optimization on the 
studied structures, the mentioned bond lengths were 
measured and tabulated in Table 1. As the provided 
data in Table 1 reveal, the N-O, N-NO2, and C-NO2 
bond lengths have increased in trinitroanisole after 
the adsorbing on the surface of the boron nitride 
cage at all of the evaluated configurations. The 
incrementing of the referred bond lengths exhibits 
that the existed bonds between nitrogen and oxygen 
as well as nitrogen and carbon have become much 
weaker and they can be ruptured more easily by 

interacting with boron nitride cage. In other words, 
trinitroanisole complexes with B12N12 can take part 
in the combustion reaction more conveniently 
in comparison to the pure trinitroanisole and its 
blasting power have ameliorated substantially [30-
33].

Density was the next investigated structural 
parameter which was obtained by dividing the 
weight of the structures to the calculated volumes 
after the optimization step. According to equations 
11 and 12, density has a direct and obvious 
relationship with explosion velocity and detonation 
pressure [34]. 
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In these formulas, D is the explosion velocity, P 
is the detonation pressure, M represents the average 
molecular weight of gaseous products, N stands for 
the number of moles of gaseous explosion products 
per gram of explosives, Q is the blasting Heat and ρ 
is the density of blasting material. As it can be seen 
from the table, the density of trinitroanisole has 
enhanced after adsorbing on the surface of B12N12. 
Among the studied derived products, D-isomer 
has the greatest one. Hence, coating trinitroanisole 
on the surface of the boron nitride cage leads 
to a significant rise in the explosion velocity and 
detonation pressure of the inspected blasting 

 

Fig. 2. The effect of temperature on the adsorption enthalpy changes (ΔHad) values in the 
temperature range of 278.15-378.15 at 10˚ intervals.  
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material in all of the configurations [3, 34, 30].  

Thermodynamic Parameters of the Adsorption 
Process

The calculated ΔHad values and the effect of 
temperature on this parameter are depicted in Fig. 
2. As can be seen, trinitroanisole adsorption on the 
surface of B12N12 is extremely exothermic at all of the 
conformers. In fact, the heat or energy is transferred 
from the system to the environment in the 
adsorption process. Therefore, this nanostructure 
can be used as a new sensing material for the 
construction of trinitroanisole thermal sensors. 
This type of sensors measures the amount of analyte 
by measuring the changes in the environmental 
temperature by a sensitive thermistor [31, 32]. 
Among the complexes, C-Isomer has the least 
enthalpy alterations values in comparison to other 
configurations. Hence, this derivative is more stable 
than others. The influence of temperature on this 
parameter was also investigated. As it is obvious 
from the table, by increasing temperature, ΔHad 
does not experience any tangible changes. Hence, 
based on this parameter, the optimum temperature 
for the adsorption process cannot be determined 
[3]. 

The presented ΔGad values in Fig. 3. shows 
that the trinitroanisole adsorption on the surface 
of B12N12 is spontaneously at all of the conformers 
due to the achieved negative Gibbs free energy 
changes. It seems the formation of C-Isomer is 
more spontaneous than other derived products 
because of its most negative ΔGad value. moreover, 
the highest Gibbs free energy is observed at 

D-Isomer. So, the interaction of trinitroanisole 
with adsorbent is weaker in this situation [24]. 
The influence of changing the temperature on 
this parameter was also evaluated and the results 
proved that by increasing temperature, ΔGad 
has incremented gradually. In other words, the 
adsorption process has become less spontaneous 
with temperature increasing. Hence, 278.15 K 
was selected as the optimum temperature for the 
adsorption of trinitroanisole on the surface of the 
adsorbent [25]. This phenomenon was expectable 
because trinitroanisole is more reactive at higher 
temperatures and it has more tendency to take 
part in combustion reactions. However, in lower 
temperatures, it is more stable and consequently can 
participate in other interactions more conveniently 
[26]. 

As can be observed from the presented thermo-
dynamic equilibrium constants in Fig. 4, the 
trinitroanisole interaction with B12N12 is irreversible 
and non-equilibrium. The main advantage of 
Kth is that it shows the influence of temperature 
more sharply than other parameters. As it is 
obvious from Fig. 4, this parameter decreased 
remarkably by increasing temperature. Therefore, 
the adsorption process has become less irreversible 
and more equilibrium by increasing temperature. 
Hence, it can be concluded that 278.15 K is the best 
temperature for the adsorption of trinitroanisole 
on the surface of B12N12 [27, 28]. However, it should 
be noted that the adsorption process was evaluated 
only thermodynamically in this study and in order 
to obtain more definitive results, kinetic studies 
should also be carried out. 

 

 

 

 

 Fig. 3. The effect of temperature on the Gibbs free energy changes (ΔGad) values in the 
temperature range of 278.15-378.15 at 10˚ intervals.  
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Owing to the fact that the specific heat capacity 
has a clear relationship with heat sensitivity, this 
parameter was also calculated and the results 
presented in Fig. 5. Specific heat capacity is defined 
as the heat or energy that is needed for increasing 
the temperature of a certain amount of material 
to one Celsius degree. Hence, a compound with a 
higher CV value will have a lower sensitivity to the 
heat because it requires higher energy to increase 
its temperature. On the other hand, a molecule 
with a low specific heat capacity value will be 
more sensitive to heat because its temperature can 
increase by a lower amount of heat. As can be seen 
from Fig. 5. the specific heat capacity has enhanced 
sharply after trinitroanisole interaction with 
boron nitride cage, in all of the conformers [20-
25]. Hence, the heat sensitivity of trinitroanisole 

has declined substantially after adsorbing on the 
B12N12. The next point which can be perceived from 
Fig. 5, is that by growing temperature specific heat 
capacity values have also augmented linearly.

Frontier Molecular Orbital Analysis
As mentioned earlier, HOMO and LUMO are 

the highest occupied molecular orbital and the 
lowest unoccupied molecular orbital respectively. 
The energy discrepancy between these orbitals 
is known as an energy gap (HLG).  HLG has an 
obvious relationship between conductivity and 
electrocatalytic activity. The molecules with low 
HLG values need lower energy for transferring 
their electrons from the ground state to the excited 
one in comparison to the compounds with higher 
HLG values. Therefore, a molecule with a little 
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HLG value will have higher conductivity than 
a compound with a high amount of bandgap. As 
can be seen from the density of states (DOS) plots 
in Fig. 6. this parameter has experienced a sharp 
decrease after trinitroanisole adsorption on the 
B12N12 surface. In other words, the electrocatalytic 
performance has improved dramatically by the 
explosive interaction with B12N12. Therefore, it can 
be deduced that this nanocage can be employed 
for the detection of this energetic compound by 
electrochemical sensors [23-27].

Chemical hardness (η) was the next evaluated 
parameter which was calculated by equation 7. 
This variable has an obvious dependency on the 
reactivity. Soft molecules that have lower values of 
η will have more reactivity because they can change 
their electron density so conveniently. After all, 
electronic transmissions that are essential for the 

implementation of reaction can be done more easily 
in them. The presented results in Table 2, indicate 
that the reactivity of trinitroanisole has improved 
considerably after adsorbing on the surface of the 
boron nitride cage [35]. 

Electrophilicity (ω) and maximum transferred 
charge (∆Nmax) are good standards for estimating 
the tendency of a molecule towards electron. If a 
material has a great and positive value of ω and ∆Nmax 
it will have more affinity for absorbing an electron. 
But, if a molecule has a low amount of these indices, 
it will act as an electron donor [27]. The obtained 
results in Table 2 exhibit that trinitroanisole can act 
as a Lewis acid or an electron acceptor because of 
its high electrophilicity and maximum transferred 
charge values. However, B12N12 can play the role of 
an electron donor because of its low electrophilicity. 
Therefore, it can be inferred that this nanocage and 
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Table 2. The calculatedEH and EL, HLG, chemical hardness (η), electrophilicity index (ω), and the maximum amount of electronic 
charge index (ΔNmax) and dipole moment for trinitroanisole and its derivatives with boron nitride cage
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Boron nitride cage -8.290 6.690 14.980 7.490 -0.800 0.043 0.107 0.000 349.518 
Trinitroanisole -8.003 4.785 12.787 6.394 -1.609 0.202 0.252 1.840 405.780 
A-Isomer -7.428 1.989 9.417 4.708 -2.720 0.786 0.578 3.990 780.230 
B-Isomer -3.183 3.160 6.343 3.172 -0.012 0.000 0.004 13.393 738.412 
C-Isomer -7.551 2.141 9.692 4.846 -2.705 0.755 0.558 3.965 749.059 
D-Isomer -3.775 2.862 6.637 3.318 -0.456 0.031 0.138 6.448 739.750 

 

Table 2. The calculatedEH and EL, HLG, chemical hardness (η) , electrophilicity index (ω), and the 
maximum amount of electronic charge index (ΔNmax) and dipole moment for trinitroanisole and its 

derivatives with boron nitride cage 

 

the explosive can participate in electron transfer 
reactions. Hence, the boron nitride cage is an 
excellent sensing material for the construction of 
new trinitroanisole electrochemical sensors [30, 33]. 
The next matter that can be understood from the 
provided data in Table 2, is that the electrophilicity 
and also maximum transmitted charge enjoy a 
substantial increase in the boron nitride cage 
complexes with trinitroanisole. Therefore, the 
pure explosive is less electrophile than its derived 
products with B12N12 [3].

The dipole moment is a key clue that shows 
the solubility of the studied structures. A molecule 
with a high dipole moment will be more soluble in 
the polar solvents like water. On the other hand, 
a low amount of dipole moment indicates the 
poor solubility in polar solvents. As it is obvious, 
the dipole moment of B12N12 is zero. Hence, this 
nanostructure is insoluble in water. This result is 
too interesting because most of the electrochemical 
sensors lose their sensitivity and reproducibility 
after a short time due to the leakage of the 
recognition element from the membrane to the 
sample solution. Therefore, sensing materials with 
a lower solubility in polar solvents are more suitable 
for the construction of new sensors. Fortunately, 
the boron nitride cage meets this requirement. In 
addition, the dipole moment of trinitroanisole has 
improved dramatically after its interaction with 
B12N12. Hence, the explosive has become more 
soluble in water after adsorbing on the boron 

nitride cage surface [33].

CONCLUSION
Trinitroanisole is a hazardous environmental 

contaminant that has adverse effects on the 
health of human beings. Therefore, its removal 
and determination are of vital importance. In 
this regard, the applicability of boron nitride 
nanocage as an adsorbent and sensing material for 
trinitroanisole was studied by the DFT method in 
the B3LYP/6-31G (d) level of theory. The results 
indicated trinitroanisole interaction with B12N12 is 
experimentally possible, spontaneously, irreversible, 
and non-equilibrium. Besides, the interaction of 
trinitroanisole with boron nitride cage is exothermic 
and this nanostructure can be used for the thermal 
detection of trinitroanisole. The temperature 
influence on the studied process was also checked 
out and it was found out 278.15 K is the optimum 
temperature. The specific heat capacity values 
demonstrated that coating trinitroanisole on the 
B12N12 surface leads to a significant decrease in 
the heat sensitivity of the evaluated explosive. The 
structural features such as bond lengths and density 
values substantiated that the B12N12 complexes 
with trinitroanisole have higher detonation 
velocity, blasting pressure, and explosive power in 
comparison to pure trinitroanisole. The frontier 
molecular orbital parameters also exhibited that 
boron nitride cage can be utilized as a sensing 
material for trinitroanisole detection.
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