
Vol.:(0123456789)

SN Applied Sciences (2020) 2:574 | https://doi.org/10.1007/s42452-020-2411-2

Research Article

Boron nitride nanoclusters as a sensor for Cyclosarin nerve agent: DFT 
and thermodynamics studies

Karim Derakhshan Karjabad1 · Sahar Mohajeri1  · Ali Shamel1 · Mohammad Khodadadi‑Moghaddam1 · 
Gholamreza Ebrahimzadeh Rajaei1

Received: 30 December 2019 / Accepted: 2 March 2020 / Published online: 7 March 2020 
© Springer Nature Switzerland AG 2020

Abstract
To find a chemical sensor for detection of Cyclosarin (GF) nerve agent, we studied its interaction with  B24N24,  AlB23N24, 
 B16N16 and  AlB15N16 nanoclusters by means of density functional theory calculations. All calculations were investigated 
whit the M06 method and 6-311G(d,p) basis set. It was demonstrated that the interaction of GF with  AlB23N24 and  AlB15N16 
is more stable than that of the  B24N24 and  B16N16. Thermodynamic parameters indicated that the  AlB23N24 and  AlB15N16 
interactions with the GF are exothermic and spontaneous. Despite both  AlB23N24 and  AlB15N16 demonstrated strong 
adsorption, the electronic properties calculation indicated that  AlB15N16 sensitive to the nerve agent adsorption. Our 
results predicted  AlB15N16 has good potential as a sensor for the detection of GF.
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1 Introduction

Detection of nerve agents is an important chemical pro-
cess for our safety and health [1]. Also, their identification 
is important for military and civilian defense resources 
[2]. Cyclosarin (GF) is a highly toxic organophosphate that 
belongs to the member of nerve used in the Gulf War (GW) 
operations [3, 4]. Various methods introduced for nerve 
agent detection including chromatography [5], mass spec-
troscopy [6], photoluminescent [7] and fluorescent sensors 
[8]. By the advent of nanotechnology, nanostructures have 
attracted an extensive attention as gas sensors because 
their surface/volume ratio is much higher than that of the 
conventional micro sensors which makes the large adsorp-
tion area available for adsorption process [9–18]. Boron 
nitride (BN) nanostructures have been introduced as a 
capable tool for the adsorption of compounds due to their 
high amount of bonding energy [19, 20]. Unlike the carbon 
nanostructures, the BN nanostructures are wide bandgap 
semiconductors, offer greater applications in electronic 

devices and sensors [21, 22]. Recently fullerene-like nano-
clusters of BN nanostructures have attracted considerable 
attention [23–27].

Oku et al. [28, 29] have synthesized  B16N16 and  B24N24 
nanoclusters, detected by laser desorption time-of flight 
mass spectrometry. Seifert et al. [30] indicated that the 
 B16N16 with 4 and 6 membered B-N rings is excellent stable 
BN nanoclusters and Wu and Jiao [31] indicated that  B24N24 
nanocluster with isolated 4, 6 and 8-membered B-N rings 
are more stable than other structures of  B24N24. Various 
applications and properties of  B16N16 and  B24N24 nanoclus-
ters have been widely studied [32–35]. For example, Shak-
erzadeh et al. have shown the adsorption of phosgene 
over the  B12N12 and  B16N16 nanoclusters using density 
functional theory (DFT) calculations. They reported that 
the  AlB11N12 and  AlB15N16 nanoclusters could be promis-
ing sensor for phosgene detection [36]. The structure and 
electronic properties of  B24N24 nanocluster functionalized 
with formaldehyde molecule was studied by Rostami et al. 
[37] using DFT calculations. They found  B24N24 is suitable 
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for formaldehyde detection. Soltani et al. have shown 
the adsorption of 5-AVA drug over the  B12N12 and  B16N16 
nanoclusters using DFT calculations. They reported that 
the nanoclusters could be suitable for 5-AVA drug delivery 
[38]. Computational methods significantly help the exper-
imentalist to understand different compounds behavior 
[39].

In this research, the interaction of GF with the  B16N16 
and  B24N24 nanoclusters were surveyed by using theoreti-
cal calculations. Moreover, we doped Al atom instead of 
B atom in the  B16N16 and  B24N24  (AlB15N16 and  AlB23N24) 
to find the suitable gas sensor of GF nerve agent (Fig. 1). 
The obtained results may provide a new insight to the gas 
sensor nanotechnology.

2  Computational method

Adsorption of GF onto the  B24N24,  AlB23N24,  B16N16 and 
 AlB15N16 surfaces was investigated using density func-
tional theory (Figs. 1, 2, 3, 4, 5 and 6). All calculations 
were carried out using GAMESS program package [40] 

with the M06 method and 6-311G(d,p) basis set. The pre-
vious reports were indicated that M06 method is appro-
priate for predict electronic and structural properties [41, 
42] and 6-311G(d,p) basis set has been known suitable 
for nanostructure systems [43, 44]. The adsorption ener-
gies  (Ead) were calculated with the following equations:

where E(GF/B24N24), E(GF/AlB23N24), E(GF/B16N16) and E(GF/
AlB15N16) are the total energies of the  B24N24,  AlB23N24, 
 B16N16 and  AlB15N16 interacted with GF, E(GF), E(B24N24), 
E(AlB23N24), E(B16N16) and E(AlB15N16) are the total energy 
of the lone GF,  B24N24,  AlB23N24,  B16N16 and  AlB15N16, 
respectively.  EBSSE is the basis set superposition error 

(1)Ead = E(GF/B24N24)−E(B24N24)−E(GF) + EBSSE

(2)Ead = E(GF/AlB23N24)−E(AlB23N24)−E(GF) + EBSSE

(3)Ead = E(GF/B16N16)−E(B16N16)−E(GF) + EBSSE

(4)Ead = E(GF/AlB15N16)−E(AlB15N16)−E(GF) + EBSSE

Fig. 1  Optimized configurations, the FMO (HOMO and LUMO) and 
MEP plots of the GF,  B24N24 and  AlB23N24. (The color scheme for 
MEP surface is red-electron rich or partially negative charge; blue-

electron deficient or partially positive charge; light blue-slightly 
electron deficient region; yellow-slightly electron rich region, 
respectively)
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(BSSE) corrected for all adsorption energy [45]. The ther-
modynamic parameters such as Gibbs free energy (ΔG), 
enthalpy (ΔH) and entropy (ΔS) (T = 298.15 K and P = 1 atm) 
were investigated with the M06 method and 6-311G(d,p) 
basis set. Furthermore, frontier molecular orbitals (FMO), 
molecular electrostatic potential (MEP), natural bond 
orbital (NBO), and density of states (DOS) analysis were 
computed [38].

3  Result and discussion

The optimized structure, FMO and MEP plots for GF were 
provided in Fig. 1. As shown in MEP plot, the negative 
charges (red color) are mainly localized over the carbonyl 
oxygen (O head), F atom (F head) and etheric oxygen (O 
head), which can be interacted with electrophile sites 
of nanocluster. The calculated P = O, P–O and P–F bond 
lengths were calculated 1.46, 1.59 and 1.59 Å, respec-
tively. The FMO plot for GF is located on all atoms in the 
HOMO and LUMO regions.

3.1  The adsorption of GF on the  B24N24 and  AlB23N24

The most stable configuration of  B24N24 and  AlB23N24 nan-
oclusters was shown in Fig. 1. The calculated B–N bond 
length between 6–8, 6–4 and 4–8 membered rings are 
1.42, 1.49 and 1.47 Å, respectively, and is completely in 
agreement with the previous reports [37, 46]. The calcu-
lated Al–N bond length in  AlB23N24 for 6–8, 6–4 and 4–8 
membered rings are 1.77, 1.83 and 1.80 Å, respectively. The 
MEP plots of the  B24N24 and  AlB23N24 indicated the electro-
static potential in the Al atom of  AlB23N24 is significantly 
more positive (blue color) compared to the B and N atoms 
which makes it the most electrophilic site for GF molecule.

The reactivity of GF with nanoclusters has been stud-
ied in the various adsorption sites (Fig. 2). The adsorption 
energies of GF with the  B24N24 in state A, B and C were 
calculated to be − 9.60 and − 5.57 and − 5.51 kcal mol−1, 
respectively (Table 1). Nejati et al. indicated the inter-
action of GF with BN nanosheet with weak adsorption 
energies of − 0.32 kcal mol−1 at the B3LYP-D method and 
6-31G* basis set [47]. Equilibrium distances between GF 
and nanocluster in state A, B and C were obtained to be 
1.62, 2.67 and 2.43  Å, respectively. These results were 

Fig. 2  Optimized configurations for the GF/B24N24 (state A, B and C) and GF/AlB23N24 (state D, E and F) at the M06 method



Vol:.(1234567890)

Research Article SN Applied Sciences (2020) 2:574 | https://doi.org/10.1007/s42452-020-2411-2

shown the interaction of state A (carbonyl oxygen) is 
stronger than that of state B (F atom) and C (etheric oxy-
gen) since adsorption energies were indicated in state B is 
more negative than that of state B and C. The adsorption 
energy of GF/AlB23N24 was calculated − 50.63, − 23.14 and 
− 30.61 kcal mol−1 with equilibrium distances 1.83, 1.88 
and 1.98 Å in state D, E and F, respectively. These results 
indicated that GF adsorption on the  AlB23N24 is stronger 
than that on the pure one. NBO charge transfers in state D, 
E and F were calculated 0.183, 0.151 and 0.160 e, respec-
tively. Positive values of charge transfers are indicated 
charge transfer from GF to the nanoclusters.

Furthermore, the thermodynamic parameters (Gibbs 
free energy (ΔG), enthalpy (ΔH) and entropy (ΔS)) were 
calculated and listed in Table 1. The ΔH values for GF/
B24N24 in state A, B and C were calculated − 12.35, 
− 6.32 and − 7.54  kcal  mol−1, respectively, and in GF/
AlB23N24 complexes were obtained − 52.88, − 27.75 and 
− 33.62 kcal mol−1 in state D, E and F, respectively. The 
negative values of ΔH indicated that the reactions are exo-
thermic. The ΔG values were calculated 0.70, 5.30, 5.60, 
− 42.54, − 12.25 and − 18.89 kcal mol−1 in state A, B, C, D, 
E and F, respectively. Therefore,  B24N24 interaction is non-
spontaneous while  AlB23N24 interaction is spontaneous. 

The calculated ΔG values are less negative compared to 
the ΔH values, indicating an entropy reduction. The cal-
culated negative values of ΔS confirm this matter. These 
results were indicated the interaction of the  AlB23N24 is 
more suitable compared to the  B24N24 nanocluster. The 
MEP plot of GF/AlB23N24 in Fig. 3, shows significant change 
after adsorption in the electrostatic potential. These results 
reinforce the fact that GF gets chemically adsorbed on the 
 AlB23N24.

Some of the electronic properties like HOMO, LUMO 
and  Eg were reported in Table 1. The  Eg is decreased from 
7.04 eV in  B24N24 to 5.55 eV in  AlB23N24. Salari investigated 
 Eg of  B24N24 7.11 eV at the M06/6-31G* level of theory [48]. 
The HOMO and LUMO values in the  B24N24 and  AlB23N24 
nanoclusters were shifted to higher energy after adsorp-
tion (except GF/B24N24 in state B). These results indicated 
that the adsorption of GF on the  B24N24 and  AlB23N24 
nanoclusters destabilizes the HOMO and LUMO levels. In 
GF/B24N24 complexes the  Eg values were revealed that no 
significant change compared with pure  B24N24 (− 4.62%, 
− 0.86% and − 0.09% in state A, B and C, respectively) but 
in GF/AlB23N24,  Eg values were increased from 5.55 eV in 
pure  AlB23N24 to 6.45, 6.60 and 6.44 eV in state D, E and 
F, respectively. The DOS plot of the pure  AlB23N24 and 

Table 1  Calculated adsorption energy  (Ead/kcal  mol−1), basis set 
superposition error  (EBSSE/kcal  mol−1), bond distance between GF 
and nanocluster (D/Å), HOMO energies (HOMO/eV), LUMO ener-
gies (LUMO/eV), energy gap  (Eg/eV), change of  Eg after adsorp-

tion (%ΔEg/%), enthalpy (ΔH/kcal  mol−1), Gibbs free energy (ΔG/
kcal  mol−1) and entropy (ΔS/kcal  K−1  mol−1) in the  B24N24 and 
 AlB23N24 nanoclusters

Name Ead EBSSE D HOMO LUMO Eg %ΔEg ΔH ΔG ΔS

B24N24 – – – − 8.10 − 1.05 7.04 – – – –
State A − 9.60 4.07 1.62 − 7.21 − 0.49 6.72 − 4.62 − 12.35 0.70 − 0.044
State B − 5.57 2.22 2.67 − 8.20 − 1.22 6.98 − 0.86 − 6.32 5.30 − 0.039
State C − 5.51 2.93 2.43 − 7.95 − 0.91 7.04 − 0.09 − 7.54 5.60 − 0.044
AlB23N24 – – – − 7.91 − 2.36 5.55 – – – –
State D − 50.63 4.02 1.83 − 7.07 − 0.62 6.45 16.30 − 52.88 − 42.54 − 0.035
State E − 23.14 4.61 1.88 − 7.57 − 0.98 6.60 18.93 − 27.75 − 12.25 − 0.052
State F − 30.61 3.89 1.98 − 7.37 − 0.94 6.44 16.05 − 33.62 − 18.88 − 0.049

Fig. 3  MEP plot for GF/AlB23N24 
in state D and the DOS plot for 
pure  AlB23N24 and GF/B23N24 in 
state D
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GF/AlB23N24 in state D indicated this change (Fig. 3). The 
change of  Eg will exponentially increase the sensitivity and 
electrical conductivity of the nanostructure [49–51]. There-
fore, it is clear that the GF/AlB23N24 is more sensitive rather 
than  B24N24. change of  Eg indicated that the  AlB23N24 can 
detect the GF.

3.2  The adsorption of GF on the  B16N16 and  AlB15N16

Furthermore, we examined adsorption of GF molecule 
on the  B16N16 and  AlB15N16 nanoclusters. The optimized 
structures, MEP and FMO plots of  B16N16 and  AlB15N16 are 
shown in Fig. 4. The B–N bond lengths of  B16N16 in 6–6 

and 6–4 membered rings were calculated 1.45 and 1.47 Å, 
respectively and Al–N bond lengths for  AlB15N16 were cal-
culated 1.80 and 1.81 Å in 6–6 and 6–4 membered rings, 
respectively.

After adsorption of GF on the  B16N16, adsorption ener-
gies were calculated − 14.30, − 1.46 and − 16.52 kcal mol−1 
in state G, H and I, respectively (Table  2). When GF is 
located from its etheric oxygen (state I) on the  B16N16 
nanocluster, it reoriented and attached from carbonyl oxy-
gen to the  B16N16 (Fig. 5). Equilibrium distances in state 
G, H and I were calculated 1.59, 2.53 and 1.57 Å, respec-
tively. The adsorption energies of  AlB15N16 complexes were 
obtained − 54.84, − 28.28 and − 35.22 kcal mol−1 in state 

Fig. 4  Optimized configurations, the FMO (HOMO and LUMO) and MEP plots of the  B16N16 and  AlB15N16

Table 2  Calculated adsorption energy  (Ead/kcal  mol−1), basis set 
superposition error  (EBSSE/kcal  mol−1), bond distance between GF 
and nanocluster (D/Å), HOMO energies (HOMO/eV), LUMO ener-
gies (LUMO/eV), energy gap  (Eg/eV), change of  Eg after adsorp-

tion (%ΔEg/%), enthalpy (ΔH/kcal  mol−1), Gibbs free energy (ΔG/
kcal  mol−1) and entropy (ΔS/kcal  K−1  mol−1) in the  B16N16 and 
 AlB15N16 nanoclusters

Name Ead EBSSE D HOMO LUMO Eg %ΔEg ΔH ΔG ΔS

B16N16 – – – − 8.06 − 1.25 6.82 − 3.15 – – –
State G − 14.30 3.98 1.59 − 6.95 − 0.35 6.60 − 0.59 − 17.86 − 3.94 − 0.047
State H − 1.46 1.53 2.53 − 7.83 − 1.05 6.77 − 2.71 − 2.19 9.80 − 0.040
State I − 16.52 4.75 1.57 − 7.12 − 0.49 6.63 – − 19.76 − 6.12 − 0.046
AlB15N16 – – − 7.65 − 3.06 4.59 – – – –
State J − 54.84 4.20 1.82 − 6.63 − 0.71 5.92 29.00 − 57.53 − 45.79 − 0.039
State K − 28.28 4.85 1.86 − 7.25 − 1.15 6.09 32.71 − 32.06 − 20.22 − 0.040
State L − 35.22 4.42 1.93 − 7.00 − 0.58 6.42 39.95 − 38.80 − 24.64 − 0.047
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J, K and L, respectively. These results were indicated the 
interaction of the  AlB15N16 nanocluster is stronger than 
that of the  B24N24,  AlB23N24 and  B16N16 nanoclusters. NBO 
charge transfer were calculated 0.190, 0.157 and 0.176 e 
and equilibrium distances were investigated 1.82, 1.86 and 
1.93 Å in state J, K and L, respectively.

The ΔH (ΔG) values of GF/B16N16 and GF/AlB15N16 were 
calculated − 17.86 (− 3.94), − 2.19 (9.80), − 19.76 (− 6.12), 
− 57.53 (− 45.79), − 32.06 (− 20.22) and − 38.80 (− 24.63) 
kcal mol−1 in state G, H, I, J, K and L, respectively. The 
negative values of ΔH and ΔG indicated the reactions are 
exothermic and spontaneous. Upon adsorption of GF on 

Fig. 5  Optimized configurations for the GF/B16N16 (state G, H and I) and GF/AlB15N16 (state J, K and L) at the M06 method

Fig. 6  MEP plot for GF/AlB15N16 
in state J and the DOS plot for 
pure  AlB15N16 and GF/B15N16 
in state J
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 AlB15N16 in state J, their MEP changes significantly. These 
results confirm the fact that GF gets chemically adsorbed 
on the  AlB15N16.

The HOMO, LUMO and  Eg values for  B16N16 and  AlB15N16 
at the M06 method were shown in Table 2. The HOMO val-
ues for the  B16N16 and  AlB15N16 were − 8.06 and − 7.65 eV 
while the LUMO values were − 1.25 and − 3.06 eV, respec-
tively. The  Eg is decreased from 6.82 eV in  B16N16 to 4.59 eV 
in  AlB15N16. Soltani et al. calculated  Eg of  B16N16 6.37 eV 
at the B3LYP method [52] and Shakerzadeh et al. inves-
tigated  Eg of  B16N16 and  AlB15N16 6.17 and 3.97 eV at the 
M06-2X method [36]. The HOMO and LUMO values after 
adsorption process were increased to higher energy and 
destabilizes the HOMO and LUMO levels.  Eg values after 
adsorption in GF/B16N16 reveal that no significant change 
compared with pure  B16N16 and indication of  B16N16 nano-
cluster cannot detect the GF. The  Eg values are increased 
from 4.59 eV in  AlB15N16 to 5.92, 6.09 and 6.42 eV in state 
J, K and L, respectively. Compared to the  B24N24,  AlB23N24 
and  B16N16, the  Eg represent more sensitivity in  AlB15N16 
(29.00% in state J, 32.71% in state K and 39.95% in state L). 
The DOS plot of  AlB15N16 and GF/B15N16 in state J in Fig. 6 
confirm this increase. The change of  Eg was indicated the 
 AlB15N16 nanocluster can detect the GF nerve agent.

4  Conclusions

In this study, the adsorption of the GF nerve agent on the 
 B24N24,  AlB23N24,  B16N16 and  AlB15N16 was investigated 
using DFT calculations. The doped atom  (AlB23N24 and 
 AlB15N16) nanoclusters facilitate the interaction of the GF 
compared to the pure  B24N24 and  B16N16 nanoclusters. 
Thermodynamic calculations were indicated adsorption 
of GF on the  AlB23N24 and  AlB15N16 in all states are exo-
thermic and spontaneous. The results of  Eg and DOS plots 
were shown that the  AlB15N16 has greater sensitivity to 
the GF than the  B24N24,  AlB23N24 and  B16N16. Therefore, the 
 AlB15N16 may be used in GA sensor devices.
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