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ABSTRACT: In this research, we studied the most stable configurations, electronic properties, and 

interactions between pristine and Al- and Si-doped boron nitride nanosheet BNNS and  

the methimazole drug MM by using Density Functional Theory (DFT) calculations. The results 

indicate that MM can be physically interacting into the pristine while chemically interacts 

with Al- and Si-doped BNNS. With the weak interaction and low change in Eg between BNNS and MM, 

this system seems is not suitable for potential sensing while Si-doped BNNS indicates a suitable 

interaction and high change in Eg during absorption of MM; showing a good candidate for a sensing 

device. The Al-doped BNNS shows a strong interaction with MM that leads to a high recovery time; 

indicating this system is suitable for decomposition of MM.  
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INTRODUCTION 

Methimazole is a thionamide antithyroid drug that 

inhibits the synthesis of thyroid hormones [1-3]. It was 

first introduced as an antithyroid agent in 1949 and is now 

commonly used in the management of hyperthyroidism, 

particularly in those for whom more aggressive options 

such as surgery or radioactive iodine therapy are 

inappropriate [4,5]. Methimazole, MM, prevents the 

thyroid gland from producing too much thyroid hormone. 

The MM drug is used to treat hyperthyroidism (overactive 

thyroid). It is also used before thyroid surgery or for 

radioactive iodine treatment. The MM drug may also be used  

for purposes not listed in this medication. On a weight 

basis, MM is 10 times more potent than the other major 

antithyroid thionamide used in North America, 

propylthiouracil [5], and is the active metabolite of  

 

 

 

the pro-drug carbimazole, which is an antithyroid 

medication used in the United Kingdom and parts  

of the former British Commonwealth [3] Traditionally, 

MM has been preferentially used over propylthiouracil due to 

the risk of fulminant hepatotoxicity carried by the latter,15  

with propylthiouracil being preferred in pregnancy due to 

a perceived lower risk of teratogenic effects. Despite 

documented teratogenic effects in its published labels [4,5] 

the true teratogenicity of MM appears to be unclear [6-8] 

and its place in therapy may change in the future.  

The methods that identify MM residue are very important 

from the environmental point of view. One of these 

identification methods is to applying the nanostructures  

in sensing the MM drug. The parts of our compounds that 

are named functional groups are active sites in the compounds.  
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In the MM drug, three active sites including (i) S=C–,  

(ii)  –NH and (iii) –NCH3 moiety. Moreover, In BNNS,  

a more active site for interaction is the boron atom as a Lewis acid.  

Boron Nitride NanoSheets (BNNSs) are structurally 

like the carbon nanosheets, CNSs. Significant attention  

has been dedicated to using BNNSs since their electronic 

properties are independent of chirality, which leads them 

suitable for possible chemical sensing applications [9]. 

Furthermore, the outstanding thermal and chemical 

stability [10], cytotoxicity [11], and biocompatibility [12] 

aspects of the BNNSs, as compared to the CNSs, have encouraged 

chemists to investigate their potential uses as modern tools 

in the nanomedicine, biological and therapeutic fields 

as well as their interaction with biomolecules [13].  

The experimental and theoretical reports have shown that 

the chemical doping with some atoms made the BNNSs 

more sensitive and reactive toward various molecules [14]. 

For example, Wang et al. [15] have reported that Ge doped 

into (8,0) single-walled boron nitride improved  

the electronic properties of the boron nitride nanostructure 

and increased their adsorption sensitivity toward CO and 

NO as confirmed by the Density of States (DOS) and 

electrical charge density.  

The toxicity of the BNNSs is the main problem for their 

application as a drug delivery device in biological systems. 

The sensing process, however, can happen in both the 

biological or nonbiological environments using BNNSs. 

Accordingly, the aim of this study is to study 

the sensing properties of BNNSs (pristine BNNSs, Al- and 

Si-doped BNNSs) in nonbiological environments where 

the toxicity of the BNNSs is not important. In this study, 

we chose B, Al, N, and Si– heteroatoms in order to  

the investigation of nanosheets via the interaction energies 

and possible sensing aspects of the BNNSs toward 

methimazole has been investigated using DFT.  

 

COMPUTATIONAL DETAILS 

The reliability of various DFT methods and levels  

is already evaluated for the study of bond dissociation 

energies, heats of formation, and geometrical parameters. 

Among all DFT methods, B3LYP, M06, and M06-2X 

often give more reasonable geometries and vibrational 

frequencies that are closest to those obtained from 

 the Hartree–Fock (HF) method [16]. Thus, to find suitable 

interactions between the BNNS and methimazole MM,  

the DFT calculations were performed using the M06-2X 

method and 6-311G(d) basis sets, as implemented  

in the GAMESS program [17]. Recent studies have illustrated 

that the M06 and M06-2X density functional result in more 

reliable interaction energies, thermochemistry, and  

non-covalent interactions [18]. The molecular structures of 

complexes studied in the present work were very large for 

which we have to use 6-311G(d) basis sets. Vibration 

frequencies were also analyzed to confirm that all the 

optimized structures are local minima on the potential 

energy surface. The DOS and Partial Density of States (PDOS) 

were calculated for all the complexes by the GaussSum 

program [19]. To avoid the boundary effects, atoms  

at the ends of the nanotube are saturated with hydrogen atoms. 

Calculated adsorption energy (Ead) of MM drug is defined 

as follows: 

ad m eth im azo le  / B N( )N S
E E       (1) 

m eth im azo le B N N S B S S E
( )E E E   

where E(methimazole/BNNS) is the total energy  

of the methimazole drug adsorbed on the pristine nanotube, 

E(methimazole) is the total energy of the methimazole 

molecule and EBNNS corresponds to the total energy of 

the isolated BNNS. EBSSE is the Basis Set Superposition 

Error (BSSE) energy and was obtained by the Boys–Bernardi 

counterpoise method [20]. To determine the sensitivity  

of the nanosheet, the change of the HOMO–LUMO energy 

gap (Eg) was determined by 

 g
E E g 2  E g1 / E g1( 0) 1 0        (2) 

where Eg1 and Eg2 are the values of the Eg for BNNS 

and the methimazole/BNNS complex, respectively. Also, 

HOMO and LUMO are the highest-occupied molecular 

orbital and the lowest-unoccupied molecular orbital, 

respectively. The HOMO-LUMO gap is the difference 

between LUMO and HOMO that showed with Eg [21-40]. 

To ensure the lowest energy for the BNNS/MM complex 

rather than a local minimum, the Potential Energy Surface (PES) 

scans were performed with respect to various dihedral 

angles (D). For example, the dihedral angle was scanned 

and relative total energies were determined. All the 

calculations were done in the gas phase. 

 

RESULTS AND DISCUSSION 

Following the investigation of researchers in different 

fields of organic compounds [41-78] here, sensing ability 
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of boron nitride nanosheet and its Al– and Si-doped 

derivatives for methimazole drug were investigated. 

 

The pristine BNNS nanosheet 

To study the adsorption process and sensing characters 

of the BNNSs, the interactions between pristine BNNS  

in different positions and MM (molecular formula C4H6N2S) 

were investigated. In this study, the zigzag single-walled 

BNNS with a bond length of 1.45 Å was used to study 

 the electronic properties (Fig. 1a). The value of HOMO 

and LUMO levels for BNNS are -0.306 and -0.012 a.u., 

respectively. The HOMO-LUMO gap is 7.98 eV which 

indicates an insulator material. Therefore, doping with 

metal or semimetal atoms would be useful to change 

BNNS to a semiconductor device. 

 

The AlBNNS nanosheets 

The interactions between Al-doped BNNS in different 

positions and MM were examined (Fig. 1b). The bond 

length of Al-N in Al-doped BNNS is 1.74 Å which goes 

out of the plane because of the large bond distance. The value 

of HOMO and LUMO levels for BNNS are -0.305 and -0.022, 

respectively. The calculations show that the LUMO level 

stabilized with Al-doping instead of the B atom while  

the HOMO level does not change significantly. 

The HOMO-LUMO gap is decreased to 7.70 eV with respect 

to BNNS which indicates a slight semiconductor character.  

 

The SiBNNS nanosheets 

The interactions between Si-doped BNNS and MM 

were investigated in different directions (Fig. 1c).  

The bond length of Si-N in Si-doped BNNS is 1.72 Å 

which leads the Si atom to stretch out of the plane due to 

its large bond distance. The value of HOMO and LUMO 

levels for BNNS are -0.236 and -0.012, respectively. The 

calculations show that both the HOMO and LUMO levels 

stabilized with Si-doping instead of the B atom. The 

HOMO-LUMO gap is considerably decreased to 6.09 eV 

with respect to BNNS which indicates a semiconductor 

character.  

The Mulliken population analysis shows that 0.42 , 

0.62 and 0.70 electrons transfer from the B, Si, and Al 

atoms to the N atom, clearly indicating the asymmetry of 

valence electron density and the ionic like bonding 

between B–N atoms in the BNNS, SiBNNS, and AlBNNS 

nanosheets. The Mulliken population analysis also  
 

 
(a) 

 
(b) 

 

(c) 

 

(d) 

Fig. 1: Schematic view of the BNNS , AlBNNS , SiBNNS 

nanosheet. (a) The BBNS nanosheet; (b) The AlBNNS 

nanosheet; (c) The SiBNNS nanosheet; (d) The methimazole 

drug C4H6N2S; The unit of the bond length is Å.  

https://www.sciencedirect.com/topics/materials-science/electron-transfer
https://www.sciencedirect.com/topics/physics-and-astronomy/asymmetry
https://www.sciencedirect.com/topics/physics-and-astronomy/electron-density
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indicates that the B, Si, and Al atoms have a positive 

charge as a Lewis acid that Lewis base such as atoms with 

lone pair can attack to these sites. 

 

The sensing ability of optimized pristine BNNS 

The MM molecule has three active sites including  

the (i) S=C–, (ii)  –NH and (iii) –NCH3 moiety which NCH3 

has the steric effects that are not considered. The spontaneous 

interaction of S=C–active site with BNNS leads to both 

vertical and parallel interactions between the MM 

molecule and BNNS (Fig. 2). Further, other kinds  

of the interaction of MM include approach from its –NH 

group to the boron atoms of the pristine BNNS which is 

unstable with respect to the most stable complex about 

+10.23 kcal/mol. In BNNS/MM*, a vertical interaction 

occurs between the sulfur atom of S=C– in MM drug and 

boron atom of BNNS results in a less stable complex (Fig. 2a). 

In BNNS/MM, a parallel interaction happens between the 

sulfur atom of S=C– in MM drug and boron atom of BNNS 

results in a more stable complex (Fig. 2a). This complex 

of BNNS/MM is more stable than that of BNNS/MM* 

about -3.9 kcal/mol. Therefore, the most stable complex is 

BNNS/MM, wherein the MM drug aligns parallel to the 

BNNS surface which the corresponding adsorption energies 

is –14.24 kcal/mol (Table 1). This interaction leads that  

the bond lengths of the C=S group slightly increased from 

1.67 in MM to 1.68 Å in the complex which indicates  

a weak interaction between MM and BNNS that bond 

distance of (S….B) is 3.29 Å. Another interaction is related 

to –NH in MM and the B atom of BNNS which the calculated 

data reveals that this interaction is not stable with respect to 

the most stable BNNS/MM. 

The HOMO is more focused on the sulfur atom of C=S 

moiety in MM indicating that the MM molecule donates 

electron pairs from its sulfur atoms to the electron-deficient 

boron atom in BNNS surface in where the LUMO level  

is formed on the boron atoms of the BNNS surface (Fig. 3a). 

There are two factors in the sensing process of MM 

 by BNNS nanoparticles that the Ead and Eg parameters 

affect these sensing characters. The adsorption of MM 

onto BNNS may be reversible if the Ead is in a reasonable 

range (20-30 kcal/mol). Strong interactions are not favorable 

in drug sensing because of a long recovery time and thus hard 

desorption of a drug over a nanoparticle. With the more 

negative Ead, the recovery time (τ) is increased and this may 

be determined using the following equation [21]: 

 

 
 

(a) BNNS/MM                (a') BNNS/MM* 

 
 

(b) Al-BNNS/MM                   (b')Al-BNNS/MM* 

 
 

(c) Si-BNNS/MM                    (c') Si-BNNS/MM* 

 

Fig. 2: The obtained stable configurations of complexes; (a) 

BNNS/MM or /MM* (b) AlBNNS/MM or MM* (c) 

SiBNNS/MM or MM* nanosheets. The unit of the bond length 

is Å. 
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 
– 1

0 a d
e x p  – E / k T         (3) 

Where ν0 is the attempt frequency, T is temperature and 

k is the Boltzmann’s constant. According to this equation, 

the more negative the Ead, the recovery time would 

increase in an exponential manner. The calculated Ead of 

MM on the BNNS system is (-14.24 kcal/mol) the recovery 

time (τ) of the sensor is shorter. Under vacuum (or 

extreme) if UV light (υ ∼ 3 × 1014 s−1) is applied  

for the recovery of MM from the surface of BNNS system, 

the recovery time is about 3.9 ×10−2 s. This further 

suggests that the recovery time is suitable at M06–2X level. 

However, because of the weak interaction of -14.24 kcal/mol  

in BNNS/MM, this system seems is not suitable for 

potential sensing of BNNS. 

The second most important factor in sensing character 

is the HOMO–LUMO energy gap (Eg) of BNNS nanotubes 

in the presence of the MM. It has been shown that the Eg 

is proportional to the conduction electron population (σ) 

(presented in Eq. 4). The conduction electron population 

(σ) increases when HOMO–LUMO energy gap (Eg) 

decreases with the absorption of MM over BNNS.  

On the other hand, when the –%ΔEg increases, the sensing 

potential also increases. The correlation between Eg and 

the electrical conductance of nanostructures is as follows: 

 
3 / 2

g
A T exp – E / 2 kT       (4) 

Where k is the Boltzmann's constant, and A 

(electrons/m3K3/2) is a constant. There is an acceptable 

correlation between the obtained results of this procedure 

and experimental techniques [22]. 

Table 1 presents the Eg and %ΔEg values for adsorption 

of MM over BNNS which indicates that the –%ΔEg 

(11.96%) is for BNNS/MM complex; indicating that  

the BNNS is not a promising candidate for a potential 

sensor to detect MM. 

 

The adsorption of MM on the Al-doped nanosheet 

To study the suitable adsorption of the MM drug  

to BNNSs and to understand the effect of electronic structure 

and reactivity, the Al-doped BNNSs were examined.  The Al atom 

has larger atomic radios as compared to the B atom, 

accordingly, the Al atoms tend to be pulled out from  

the nanosheet to reduce the torsion with re-hybridization 

from sp2 to sp3 which lets BNNS for the more reachable 

surface to interact with the MM molecule. The MM 

molecule with various positions of interactions was placed 

on the local area of the doped Al atom in Al-BNNS. 

Optimized structures of the Al–BNNS/MM and  

Al–BNNS/MM* complexes are displayed in Fig. 2b. 

According to interaction energies, in the most stable 

structure, the MM drug adsorbs strongly through the sulfur 

atom of S=C- group on the Al–BNNS with an adsorption 

energy of –43.84 kcal/mol. The bond distance of Al…S 

becomes 2.39 and C-S bond increased from 1.67 to 1.73 

which shows a strong interaction between MM and BNNS 

(Fig. 2b). In the other conformation, the MM drug adsorbs 

vertically through the sulfur atom of the S=C- group  

on the Al–BNNS which is unstable +4.08 kcal/mol (Fig. 2b). 

Further, the NBO (Natural Bond Orbital) analysis 

indicated a charge transfer of 0.27 e between Al-BNNS  

to MM and it confirms the strong interaction between MM 

and Al-BNNS. Indeed, in this interaction system, the 

sulfur atom of MM has an unlocalized electron pair that 

acts as a Lewis base which donates an electron to the Al atom 

(Lewis acid). Based on the molecular orbitals maps,  

the LUMO level is more localized on the dopant Al atom.  

In the most stable complex of MM/Al–BNNS, the five-

membered ring in MM occurs parallel on Al-BNNS 

surface (Fig. 3b). 

Two factors in the sensing process including Ead and 

Eg could be studied for Al-BNNS/MM complex. The Ead 

for the Al-BNNS/MM complex is –43.84 kcal/mol that 

shows a strong interaction between Al-BNNS and MM 

which leads to a high recovery time. Therefore,  

from an energy and recovery time point of view,  

the Al-BNNS/MM complex is not suitable for a sensing 

ability while this strong interaction implies that Al-BNNS 

is a candidate for decomposition of the MM drug. On the 

other hand, Eg and ΔEg(%) of Al-BNNS do not 

significantly change so that ΔEg(%) becomes -4.98 which 

indicates low sensitivity of Al-BNNS to the MM drug 

which confirmed the high Ead result. 

 
The adsorption of methimazole drug on the Si-doped 

nanosheet  

To find a suitable system for sensing ability, the Si 

atom is replaced instead of the B atom in BNNS, and  

this Si-doping causes a local deformation in which the Si atom 

is projected out of the plane due to reducing the torsional strain.  

Optimized structures of the Si–BNNS/MM and  

Si–BNNS/MM* complexes are presented in Fig. 2c.  
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Table 1. Adsorption energy (Ead, kcal/mol) for methimazole from the surface of the BNNS, Al, Si-doped nanosheet. Energy  

of Fermi level (EF), HOMO, and LUMO, and HOMO-LUMO energy gap (Eg) in eV. The ∆Eg indicates the change of Eg 

after the adsorption process. 

Q (e) ΔEg(%) Eg ELUMO EF EHOMO Ead Structure 

--- --- 7.98 -0.0122 -0.1589 -0.3056 --- BNNS 

--- --- 7.70 -0.0219 -0.1634 -0.3050 --- Al-BNNS 

--- --- 6.09 -0.0124 -0.1243 -0.2362 --- Si-BNNS 

0.11 -11.96 7.03 -0.0171 -0.1120 -0.2412 -14.24 BNNS/MM 

--- -23.79 6.08 -0.0126 -0.1244 -0.2362 -10.34 BNNS/MM* 

0.27 -4.98 7.32 -0.0206 -0.1551 -0.2896 -43.84 Al-BNNS/MM 

--- -5.26 7.30 -0.0169 -0.1510 -0.2851 -39.76 Al-BNNS/MM* 

0.25 -32.75 4.09 -0.0142 -0.0894 -0.1647 -20.42 Si-BNNS/MM 

--- -33.02 4.08 -0.0101 -0.0850 -0.1600 -16.21 Si-BNNS/MM* 

 

                                                                        

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 3: The density of states (DOS) diagrams; (a) BNNS/MM  (b) AlBNNS/MM (c) SiBNNS/MM nanosheets. 
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According to the adsorption energies, in the most stable 

structure, the MM drug adsorbs strongly through the sulfur 

atom of S=C- group on the Si–BNNS with adsorption 

energy of –20.42 kcal/mol. The bond distance of Si…S 

becomes 2.15 and C-S bond increased from 1.67 to 1.73 

which shows a strong interaction between MM and BNNS 

(Fig. 2b). In the other conformation, the MM drug adsorbs 

vertically through the sulfur atom of the S=C- group on the 

Si–BNNS which is unstable +4.21 kcal/mol (Fig. 2c). 

Based on the molecular orbitals maps, the LUMO level is 

more localized on the Si atom. In the most stable complex 

of MM/Si–BNNS, the five-membered ring in MM occurs 

parallel on Si-BNNS surface. 

Two factors in the sensing process including Ead and Eg 

could be studied for Si-BNNS/MM complex. The Ead for 

the Si-BNNS/MM complex is –20.42 kcal/mol that shows 

a suitable interaction between Si-BNNS and MM which 

leads to a short recovery time of 0.03 seconds according  

to Eq. 3. Therefore, the Si-BNNS/MM complex is a 

suitable case for being a sensing device. On the other hand, 

Eg and ΔEg(%) of Si-BNNS remarkably change so that 

ΔEg(%) be -32.75 that indicates the high sensitivity  

of Si-BNNS to the MM drug which also confirmed  

the suitable Ead and recovery time. 

The plot of the Partial Density of States (PDOS) 

individually shows the role of each part of the complex.  

In other words, PDOS shows the contributions of BNNS 

and MM in the complex. The Partial Density of States (PDOS) 

clearly indicates that a new level produced at the Eg gap of 

Si-BNNS mostly arises from MM interactions that leads  

to a decrease in Eg for BNNS/MM complex. 

 

CONCLUSIONS 

In the research, we have studied the stable 

configurations, electronic properties, and interactions 

between pristine and Al- and Si-doped boron nitride 

nanosheet BNNS and the methimazole drug MM by 

using DFT calculations. The results indicate that MM  

can be physically interacting into the pristine of -14.24 kcal/mol 

while chemically interacts with Al- and Si-doped BNNS.  

The weak interaction and low change in Eg between BNNS 

and MM, this system seems is not suitable for potential 

sensing while Si-doped BNNS indicates a suitable 

interaction of -20.42 kcal/mol and high change in Eg 

during absorption of MM; showing a good candidate for a 

sensing device. The Al-doped BNNS shows a strong 

interaction of -43.84 kcal/mol with MM that leads to a high 

recovery time; indicating this system is suitable for 

decomposition of MM. Finally, the scrutinized nanosheets 

are influenced by the number, size, filling patterns of the 

used heteroatoms. 
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