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ABSTRACT: Ab initio calculations were carried out to study the geometry, solvation free energy, dipole moment, 

molecular electrostatic potential (MESP), Mulliken and Natural charge distribution, polarizability, 

hyperpolarizability, Natural Bond Orbital (NBO) energetic and different molecular properties like global reactivity 

descriptors (chemical hardness, softness, chemical potential, electronegativity, electrophilicity index) of 2-

methylimidazole. B3LYP/6-31G(d,p) level of theory was used to optimize the structure both in the gas phase and 

in solution. The solvation free energy, dipole moment and molecular properties were calculated by applying the 

Solvation Model on Density (SMD) in four solvent systems, namely water, dimethylsulfoxide (DMSO), n-octanol 

and chloroform. The computed bond distances, bond angles and dihedral angles of 2-methylimidazole agreed 

reasonably well with the experimental data except for C(2)-N(1), C(4)-C(5) and N(1)-H(7) bond lengths and N(1)-

C(5)-C(4) bond angle. The solvation free energy, dipole moment, polarizability, first order hyperpolarizability, 

chemical potential, electronegativity and electrophilicity index of 2-methylimidazole increased on going from non-

polar to polar solvents. Chemical hardness also increased with increasing polarity of the solvent and the opposite 

relation was found in the case of softness. These results provide better understanding of the stability and reactivity 

of 2-methylimidazole in different solvent systems. 
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ميثيل ايميدازول-2الدراسة النظرية للتركيب الهندسي، والطاقة الحرة للإذابة، والعزم القطبي، والإستقطاب، والخصائص الجزيئية لـ   

 محمد فيروز خان1، رضوان بن راشد2، شهيدول م. إسلام3* ومحمد أ. راشد4

تم تنفيذها لدراسة التركيب الهندسي والطاقة الحرة للإذابة والعزم القطبي والطاقة الكهروستاتيكية الجزيئية وتوزيع مليكان  حسابات آب انيشيو :ستخلصم

 لليونة، الكمونوالطبيعي للشحنات والإستقطاب وطاقة الربط المداري والخصائص الجزيئية المختلفة كالأوصاف التفاعلية الكونية ) الصلابة الكيميائية، ا

استخدم لتحسين التركيب في  B3LYP/6-31G(d,p). المستوى النظري ميثيل ايميدازول -2إلى  الكيميائي، السالبية الكهربائية، مؤشر الألفة الكهربائية(

 (SMD)الكثافة الحالة الغازية وفي المحلول. الطاقة الحرة للإماهة، والعزم القطبي، والخصائص الجزيئية تم حسابها من خلال تطبيق نموذج الإذابة على 

طول الروابط الكيميائية والزوايا المحسوبة  ، والأوكتانول، والكلورفورم.(DMSO)في نظام من أربعة مذيبات وهي الماء، وثنائي ميثيل السلفوكسيد 

والزاوية في  N(1)-H(7)و  C(2)-N(1), C(4)-C(5)ميثيل ايميدازول تتوافق بشكل معقول مع النتائج التجريبية ماعدا لطول الرابطة في -2للمركب 

N(1)-C(5)-C(4)،2والسالبية الكهربائية، ومؤشر الألفة الكهربائية للجزيء  . الطاقة الحرة للإذابة، والعزم القطبي، والإستقطاب، والكمون الكيميائي-

لنسبة للليونة. نتائج هذه ميثيل ايميدازول يزيد كلما اتجهنا من أقل المذيبات قطبية إلى أكثرها. الصلابة الكيميائية أيضا تزيد بزيادة قطبية المذيب والعكس با

 ميثيل ايميدازول في أنظمة مختلفة المذيبات. -2للجزيء الدراسة تساعد في فهم مدى الثبات والقدرة التفاعلية 
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1. Introduction 

he 2-methylimidazole (Figure 1) is a nitrogen-containing heterocyclic organic compound. It is structurally related 

to imidazole with the chemical formula C4H6N2. It is a solid substance with high solubility in polar solvents. The 

2-methylimidazole is commonly used as a chemical intermediate in the production of pharmaceuticals, dyes and 

pigments, photographic and photothermographic chemicals, agricultural chemicals, and rubber [1]. It is formed by the 

ammoniation of sugars and considered a by-product of food and forage colored with caramel. 

The N-substituted derivatives of imidazole and of the 2-methylimidazole exhibit a wide range of pharmacological 

properties, such as antiparasitic [2], antifungal [3], and antimicrobial activities [4], which has made it a subject of 

interest to organic and medicinal chemists [5]. This compound was explored against E. coli, S. aureus and P. 

aureginosa for antibacterial activity [6]. Because of its wide presence and lack of carcinogenic information, the toxicity 

studies of this compound were carried out in rats and mice [7-9]. The 2-methylimidazole has also been detected in 

mainstream and side-stream cigarette smoke as a result of pyrolysis [10]. The length of the alkyl chain on the imidazole 

ring is very important for biological activity, i.e. 1-alkylimidazoles require a hydrocarbon chain of 12 carbons to 

exhibit antifungal and cytotoxic activity and 10 carbons for inhibition of microsomal oxidation [3,6,11]. The 

thermochemical investigation has revealed that the standard molar enthalpies of formation for crystalline and gas phase 

of 2-methylimidazole are 1.4 and 89.8 kJ/mol, respectively, and standard molar enthalpies of sublimation is 88.4 

kJ/mol [12]. 

  

Figure 1. Structure of 2-methyimidazole. 

 

Fewer computational and theoretical studies of 2-methylimidazole have previously been reported. Yu et al. 

reported the experimental and theoretical study of interactions between the diperoxovanadate complexes and histidine-

like ligands, namely imidazole, 2-methylimidazole, carnosine, 4-methylimidazole and histidine [13]. The reactivity 

(coordination capability) of the ligands were found in the order of imidazole >2-methylimidazole>carnosine ≈ 4-

methylimidazole >histidine. Theoretical study of the formation of complexes between CO2 and imidazole derivatives 

has also been reported [14]. The most stable complex between 2-methylimidazole and CO2 is formed due to the charge 

transfer from the ring of 2-methylimidazole to the CO2. The variation in solvent polarity and the type of solute-solvent 

interaction(s) can affect the calculated geometry, dipole moment, polarizability, hyperpolarizability and other 

molecular properties [15,16] due to variable interactions with the frontier molecular orbitals [15,17], and hence, can 

influence the stability and reactivity of the molecule. Density Functional Theory (DFT) calculations provide a greater 

detail of molecular characteristics and interactions which lead to a good understanding of molecular properties [18].  

In the present investigation, computational studies have been carried out to better understand geometry, solvation 

free energy, dipole moment, molecular electrostatic potential (MESP), charge distribution, polarizability, 

hyperpolarizability and global reactivity descriptor properties such as the chemical hardness, softness, chemical 

potential, electronegativity, electrophilicityindex of 2-methylimidazole in different solvent systems, which could 

potentially be helpful for the development of pharmaceutical and (bio)chemical products. 

2. Methodology 

Computational methods 

All calculations were conducted with the Gaussian 09 software package [19]. From previous work [20,21], it was 

found that geometries, solvation free energies, dipole moment and molecular properties of similar systems obtained 

using the B3LYP/6-31G(d,p) showed better agreement with experiments. Therefore, methylimidazole geometries were 

optimized at the B3LYP electronic structure method [22-24] using the 6-31G(d,p) basis set. Frequencies were 

calculated to ensure the absence of imaginary frequencies in the lowest energy state. The Solvation Model on Density 
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(SMD) [14] as implemented in Gaussian 09 was used for all calculations involving the solvents, Water, DMSO, n-

Octanol, and Chloroform. The SMD model is highly parameterized, uses the original polarizable continuum model 

(PCM), and the charge density of the solute molecule interacts with the dielectric medium of the solvent through 

surface tension at the solute-solvent boundary. All calculations involving solvation were performed using the 

optimized solution-phase structures. The free energy of solvation (∆G) is calculated from the difference in gas phase 

and solvent phase free energies of a molecule as represented below, ∆G = G(sol) - G(gas) where G(gas) is the gas 

phase free energy which is obtained as follows: 

G(gas) = Sum of electronic and thermal Free Energies (1) + Thermal correction to Gibbs Free Energy (2). 

(1) and (2) are readily obtained from the Gaussian output file. Similarly, G(sol) is also calculated from a solvent phase 
simulation of the same molecule. 

3. Results and discussion 

Equilibrium geometries 

The optimized geometrical parameters such as bond lengths, bond angles, and dihedral angles of 2-methyimidazole 

obtained by the B3LYP/6-31G (d,p) are listed in Tables 1 and 2. The computed bond distances and bond angles were 

also compared with the X-ray crystallographic data [5]. From the Tables, it has been found that the calculated bond 

distances, bond angles and dihedral angles agreed well with the experimental data, except for the C(2)-N(1), C(4)-C(5) 

and N(1)-H(7) bond lengths and the N(1)-C(5)-C(4) bond angle. The Mean Absolute Deviation (MAD) is used to 

calculate the differences between the computed and experimental geometrical parameters and the MAD values for 

bond distances, bond angles and dihedral angles are 0.030 Å, 0.6˚ and 0.4ᵒ, respectively. 

 

Table 1. Theoretical (gas phase) and experimental (X-ray diffraction) bond distances (Å) of 2-methylimidazole. 

Assignment 
Theoretical 

Bond distances (Å) 

Experimental [5] 

Bond distances (Å) 

C(2)-N(1) 1.372 1.347 

C(2)-N(3) 1.319 1.327 

C(4)-C(5) 1.370 1.356 

C(4)-N(3) 1.379 1.384 

C(5)-N(1) 1.382 1.370 

C(2)-C(6) 1.494 1.487 

C(4)-H(8) 1.081 - 

C(5)-H(9) 1.079 - 

N(1)-H(7) 1.008 0.870 

C(6)-H(10) 1.096 - 

C(6)-H(11) 1.096 - 

C(6)-H(12) 1.091 - 

MAD 0.030   
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Table 2. Theoretical (gas phase) and experimental (X-ray diffraction) bond angle (ᵒ) and dihedral angles (ᵒ) of 2-

methylimidazole. 

 

Assignment 

Theoretical 

Bond 

angle (ᵒ) 

Experimental [5] 

Bond 

angle (ᵒ) 

Assignment 

Theoretical 

Dihedral 

angles (ᵒ) 

Experimental [5] 

Dihedral 

angles (ᵒ) 

C(2)-N(1)-H(7) 126.3 - C(2)-N(1)-C(5)-C(4) 0.0 0.1 

C(2)-N(1)-C(5) 107.7 107.4 C(2)-N(1)-C(5)-H(9) -180.0 - 

H(7)-N(1)-C(5) 126.0 - H(7)-N(1)-C(5)-H(9) 0.0 - 

N(1)-C(5)-H(9) 122.2 - H(7)-N(1)-C(5)-C(4) 180.0 - 

N(1)-C(5)-C(4) 104.9 106.2 N(1)-C(5)-C(4)-N(3) 0.0 0.3 

N(1)-C(2)-C(6) 123.3 123.0 N(1)-C(5)-C(4)-H(8) 180.0 - 

H(9)-C(5)-C(4) 132.8 - H(9)-C(5)-C(4)-H(8) -0.1 - 

C(5)-C(4)-H(8) 127.9 - H(9)-C(5)-C(4)-N(3) 180.0 - 

C(5)-C(4)-N(3) 110.8 109.9 C(5)-C(4)-N(3)-C(2) 0.0 0.4 

H(8)-C(4)-N(3) 121.4 - H(8)-C(4)-N(3)-C(2) -180.0 - 

C(4)-N(3)-C(2) 105.8 105.0 C(4)-N(3)-C(2)-N(1) 0.0 -0.3 

N(3)-C(2)-N(1) 110.8 111.5 C(4)-N(3)-C(2)-C(6) 180.0 179.4 

N(3)-C(2)-C(6) 125.8 125.5 C(5)-N(1)-C(2)-C(6) -180.0 -179.2 

C(2)-C(6)-H(10) 112.0 - N(3)-C(2)-N(1)-C(5) 0.0 0.0 

C(2)-C(6)-H(11) 112.0 - N(3)-C(2)-N(1)-H(7) -180.0 - 

C(2)-C(6)-H(12) 
108.3 - 

N(3)-C(2)-C(6)-

H(10) 
119.4 - 

H(10)-C(6)-

H(11) 
107.7 - 

N(3)-C(2)-C(6)-

H(11) 
-119.5 - 

H(10)-C(6)-

H(12) 
108.3 - 

N(3)-C(2)-C(6)-

H(12) 
-0.1 - 

H(11)-C(6)-

H(12) 
108.3 - H(7)-N(1)-C(2)-C(6) 0.0 - 

MAD 0.6   
N(1)-C(2)-C(6)-

H(10) 
-60.6 - 

   

N(1)-C(2)-C(6)-

H(11) 
60.5 - 

   

N(1)-C(2)-C(6)-

H(12) 
179.9 - 

   

MAD 0.4   

 

Solvation free energy  

The most important properties of a chemical system (solute) with surrounding solvent can best be described by 

means of free energy variation [25]. The solvation free energies of 2-methylimidazole calculated with the SMD model 

[26] are summarized in Table 3. The solvation energies of methylimidazole in water, n-octanol, chloroform and DMSO 

are -33.36 kJ/mol, -33.76 kJ/mol, -36.01 kJ/mol and -38.09 kJ/mol, respectively. The highest solvation free energy is 

found in polar aprotic solvent (DMSO) followed by nonpolar (chloroform) and polar protic solvents (n-octanol and 

water). Therefore, the hydrogen bond plays an important role in the solvation of 2-methylimidazole.  

Dipole moment 

The dipole moment of 2-methylimidazole in different solvents is found to be higher than that of the gas phase. 

Table 4 presents the dipole moments computed in the gas phase and different solvents (water, DMSO, n-octanol and 

chloroform) at the B3LYP/6-31G(d,p) using SMD solvation model. The dipole moments are 3.6D, 4.6D, 4.8D, 5.0D, 

and 5.1D in the gas phase, chloroform, n-octanol, DMSO and water, respectively. Therefore, there is a gradual increase 

in dipole moment on going from a lower to higher dielectric constant of the solvent. In other words, the dipole moment 

increases with the increasing polarity of the solvent (Figure 2). 
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Table 3.Solvation free energy (kJ/mol) of 2-methylimidazole in different solvents with SMD. 

Medium (dielectric 

constant) 

Solvation free 

energy (kJ/mol) 

Water (78.3) -33.36 

DMSO (46.8) -38.09 

n-Octanol (9.9) -33.76 

Chloroform (4.7) -36.01 

 

Table 4. Dipole moment (Debye, (D)) of 2-methylimidazole in gas phase and in different solvents using SMD. 

 

Medium 

(dielectric constant) 
Dipole Moment (D) 

Gas 3.6 

Water (78.3) 5.1 

DMSO (46.8) 5.0 

n-Octanol (9.9) 4.8 

Chloroform (4.7) 4.6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Effect of solvent polarity on dipole moment (D) of 2-methylimidazole. 
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Figure 3. Electrostatic potential contour of 2-methylimidazole. 

 

Molecular electrostatic potential (MESP) 

The Molecular electrostatic potential (MESP) represents the net electrostatic effect of a molecule which is 

generated from the total charge distribution in the molecule. The MESP correlates very well with the partial charges, 

electronegativity, dipole moments and chemical reactivity of the molecule [27-29]. In the case of chemical reactivity, 

the region of the molecule susceptible to electrophilic or nucleophilic attack can be identified by the total electron 

density surface mapped with the electrostatic potential. The MESP contour map of 2-methyimidazole calculated at the 

B3LYP/6-31G(d,p) is shown in Figure 3. The red (negative) and blue (positive) color regions in the MESP surface 

represent the regions susceptible to the attack of electrophiles and nucleophiles, respectively. The map reveals that the 

most possible sites for nucleophilic attack are C2 and H7 and electrophilic attack are N1 and C4. 

Mulliken and Natural population analysis 

The Mulliken population analysis (MPA) and Natural population analysis (NPA) show the simplest picture of 

charge distribution. The Mulliken and Natural charges present net atomic charges in the molecule; while electrostatic 

potentials are generated by the electric field of internal charge distribution. Thus, in the reactivity studies, population 

analysis (MPA or NPA) and MESP are complementary tools, and correlation between the schemes is expected [30]. In 

this study, both MPA and NPA have been carried out to clearly understand the charge distribution among the atoms in 

2-methylimidazole. NPA is less dependent on the choice of basis set compared to the original MPA. Atomic charges 

obtained from MPA and NPA are found to be consistent with each other (Table 5). However, according to MPA, 

among all the carbon atoms only C(6) has negative charge, while in the case of NPA the C(6) along with C(4) and C(5) 

possess negative charges. The presence of two nitrogen atoms N(1) and N(3) imposes large positive charges on the 

C(2) atom. The MPA and NPA show that all the hydrogen and nitrogen atoms have positive and negative charges, 

respectively. Among all the H atoms, the H(7) possesses the highest positive charge. This shows that the charge 

distribution and the MESP information are concordant. 

Polarizability and First order Hyperpolarizability 

Polarizability is the measure of distortion of a molecule in an electric field. It is a tensor and can be represented in 

a 3 × 3 real symmetric matrix i.e. the off-diagonal elements are equal. The polarizability (α) was calculated using the 

following equation: 

𝛼 =  
1

3
 (𝛼𝑥𝑥 + 𝛼𝑦𝑦 + 𝛼𝑧𝑧)                                                       (1) 

The quantities αxx, αyy and αzz are known as the principal values of the polarizability tensor. This property measures the 

strength of molecular interactions (e.g., long-range intermolecular induction, dispersion forces, etc.), the cross sections 

of different scattering and collision processes, and the optical properties of a system [17]. The calculated polarizability 

of 2-methylimidazole in different solvents is presented in Table 6, which shows that polarizability (αtot) of 2-

methylimidazole in these solvents ranged from 60.81 to 66.20 a.u. The plot of polarizability vs. solvent is shown in 

Figure 4. It is clear from the Figure that the polarizability gradually increases on going from lower to higher dielectric 

constant. 
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Table 5. Atomic charges of 2-methylimidazole obtained from Mulliken population analysis (MPA) and Natural 

population analysis (NPA). 

 

Atom 

B3LYP/6-31G(d,p) 

MPA NPA 

N(1) -0.517 -0.579 

C(2) 0.451 0.378 

N(3) -0.474 -0.502 

C(4) 0.022 -0.104 

C(5) 0.064 -0.119 

C(6) -0.384 -0.735 

H(7) 0.260 0.435 

H(8) 0.085 0.232 

H(9) 0.103 0.236 

H(10) 0.120 0.244 

H(11) 0.120 0.244 

H(12) 0.150 0.271 

 

 

The first order hyperpolarizability (β) is the measure of the nonlinear optical activity which can be of different 

types such as βvec (β vector), β|| (β parallel) and βtot (β total). It is a third rank tensor that can be described by a 3 × 3 × 3 

matrix. The Kleinman symmetry enables the reduction of the 27 components of 3D matrix into 10 components [31]. 

GAUSSIAN provides 10 components of this matrix as βxxx, βyxx, βxyy, βyyy, βxxz, βxyz, βyyz, βxxz, βyzz, βzzz, respectively, 

from which all x, y and z components of β can be calculated. The hyperpolarizability (βtot) can be calculated using the 

following equation: 

𝛽𝑡𝑜𝑡 =  (𝛽𝑥
2 + 𝛽𝑦

2 + 𝛽𝑧
2)

1
2⁄                                                      (2) 

Where, 

 βx = βxxx + βxyy + βxzz 

 βy = βyyy + βxxy + βyzz 

βz = βzzz + βxxz + βyyz 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Effect of solvent polarity on polarizability of 2-methylimidazole. 
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Figure 5. Effect of solvent polarity on first order hyperpolarizability of 2-methylimidazole. 

 

The βtot for different solvents has been listed in Table 6, which shows that the hyperpolarizability in different solvents 

ranges from 24.24 to 28.22 a.u. Moreover, the hyperpolarizability increases on going from lower to higher dielectric 

constant i.e. from non-polar to polar solvents (Figure 5). 

Table 6. Effect of solvent polarity on polarizability (a.u.) and first order hyperpolarizability (a.u.). 

 

Medium 

(dielectric constant) 
αxx αyy αzz αtot βx βy βz βtot 

Gas Phase 67.01 54.00 27.57 49.53 1.33 19.57 0.00 19.62 

Water (78.3) 88.04 74.91 35.67 66.20 -0.09 28.22 0.00 28.22 

DMSO (46.8) 87.91 74.58 35.52 66.00 0.03 28.03 0.00 28.03 

n-Octanol (9.9) 85.16 71.46 34.17 63.60 -0.16 26.74 0.00 26.74 

Chloroform (4.7) 81.88 67.87 32.68 60.81 -0.37 25.24 0.00 25.24 

 

Natural bond orbital analysis 

The Natural bond orbital (NBO) analysis provides structural insight of a conformer by a set of localized bonding, 

anti-bonding, and Rydberg extra valence orbitals [32]. The NBO analysis is a tool used to study delocalization of 

electrons from a lone pair or a filled donor to an unfilled acceptor within the molecule. The second-order Fock-matrix 

is used to calculate the donor–acceptor interactions in the NBO scheme. The interactions cause the delocalization of 

electrons from the occupied orbital to an empty anti-bonding or Rydberg extra valence orbital. For each donor (i) and 

acceptor (j) the delocalization of i → j is determined by the stabilization energy. 

𝐸(2) =  ∆𝐸𝑖𝑗 = 𝑞𝑖
(𝐹𝑖𝑗)2

(𝐸𝑗−𝐸𝑖)
                                                          (3) 

Here, qi is the occupancy of donor orbital, Ei and Ej are the diagonal elements and Fij is the off diagonal NBO Fock 

matrix element. 

Table 7 shows the results of the NBO analysis of 2-methylimidazole. The large value of E(2) (written as iE(2) in 

the table) suggests strong interaction between electron donor and acceptor, and a greater extent of conjugation of the 

system. From Table 7, it is clear that strong hyper conjugative interactions are formed by orbital overlap between 

LP(N) and π*(C–N), π*(C–C), σ*(C–N), σ*(C–C) with iE(2) values of 201.96, 129.41, 41.25 and 23.47 kJ/mol, 

respectively, between π(C2-N3) and π*(C4–C5) with iE(2) of 90.75 kJ/mol, between π(C4-C5) and π*(C2–N3) with 
iE(2) of 55.69 kJ/mol and between σ (C6-H12) and σ*(C2–N1) orbitals with iE(2) values of 27.11 kJ/mol. These strong 

hyper conjugative interactions result in intra-molecular charge transfer (ICT) leading to the stabilization of the system. 

In the presence of solvent, these orbitals are most likely to be affected and will give rise to the instability or stability of 

the system. 
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Table 7. Second Order Perturbation theory analysis of Fock matrix in NBO basis for 2-methylimidazole. 

 

Donor (i) ED/e Acceptor (j) ED/e 
iE(2) 

kJ/mol 

iiE(j)-E(i) 

kJ/mol 

iiiF(ij) 

kJ/mol 

σ(C2-N1) 1.98934 σ*(C5-H9) 0.01275 10.96 3386.90 136.53 

σ(C2-N3) 1.98384 ivRY*(2)C(4) 0.00416 10.17 4883.43 157.53 

π(C2-N3) 1.85698 π*(C4-C5) 0.29818 90.75 840.16 204.79 

σ(C2-C6) 1.98606 
σ*(C4-N3) 0.00975 9.50 3019.33 120.77 

σ*(C5-N1) 0.01340 8.95 2888.05 112.90 

σ(C4-C5) 1.98619 σ*(N1-H7) 0.01725 17.45 3019.33 162.78 

π(C4-C5) 1.87391 π*(C2-N3) 0.37552 55.69 761.40 154.90 

σ(C4-N3) 1.97739 

RY*(2)C(2) 0.00558 10.46 4437.10 152.28 

σ*(C2-C6) 0.02211 31.46 3071.84 220.54 

σ*(C5-H9) 0.01275 14.73 3203.11 154.90 

σ(C5-N1) 1.98522 σ*(C2-C6) 0.02211 17.91 3176.86 168.03 

σ(C5-N1) 1.98522 σ*(C4-H8) 0.01564 14.27 3386.90 154.90 

σ(C6-H10) 1.98086 π*(C2-N3) 0.37552 15.10 1417.77 112.90 

σ(C6-H11) 1.98088 π*(C2-N3) 0.37552 15.06 1417.77 112.90 

σ(C6-H12) 1.98441 σ*(C2-N1) 0.04740 27.11 2546.74 186.41 

LP(1)N(1) 1.59317 

RY*(2) C(5) 0.00230 14.10 3386.90 173.28 

π*(C2-N3) 0.37552 201.96 761.40 280.93 

π*(C4-C5) 0.29818 129.41 787.65 231.04 

LP(1)N(3) 1.92543 

RY*(1) C(2)   0.00943 27.03 3334.39 215.29 

σ*(C2-N1) 0.04740 41.25 2126.66 210.04 

σ*(C4-C5) 0.01960 23.47 2494.23 173.28 
 

iE(2)means energy of hyper conjugative interactions 
iiEnergy difference between donor and acceptor i and j NBO orbital 
iiiF(i,j) is the Fock matrix element between i and j NBO orbitals 
ivRY = Rydberg extra valence orbital 

 

Global reactivity descriptors 

The electrical transport properties of a molecule depend on the energy gap of HOMO and LUMO orbitals. The 

values of the HOMO-LUMO energy gap in various solvents are presented in Table 8 and their trend is shown in Figure 

6. From Figure 6, it is clear that the HOMO-LUMO energy gap decreases on going from polar solvent (Water) to non-

polar solvent (Chloroform). 

 

Table 8. Molecular Orbital Energy (eV) (HOMO and LUMO) of 2-methylimidazole in different solvents with SMD. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Medium (dielectric 

constant) 

Molecular Orbital Energy (eV) 

HOMO LUMO ∆E 

Gas Phase -5.841 0.942 6.783 

Water (78.3) -5.891 1.009 6.900 

DMSO (46.8) -5.883 1.012 6.895 

n-Octanol (9.9) -5.870 1.010 6.880 

Chloroform (4.7) -5.852 1.008 6.860 
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Figure 6. Effect of solvent polarity on the HOMO-LUMO energy gap of 2-methylimidazole. 

 

This suggests that the molecule is stabilized with increasing polarity of the solvent i.e. the molecule is less likely to be 

kinetically reactive, which is in agreement with the calculations of chemical softness. The global chemical reactivity 

descriptors, such as softness, hardness, chemical potential and electrophilicity index, can be calculated from the 

HOMO-LUMO energy gap of a molecule [33-37]. Using Koopman’s theorem for closed-shell molecules, the hardness 

(η), chemical potential (µ), electronegativity (𝝌) and softness (S) are defined as follows: 

 𝜂 =  
𝐼−𝐴

2
                                                                       (4) 

µ =  −
𝐼+𝐴

2
                                                                   (5) 

𝜒 =  
𝐼+𝐴

2
                                                                      (6) 

𝑆 =  
1

𝜂
                                                                       (7) 

where I and A are the ionization potential and electron affinity of the molecule, respectively. The ionization energy and 

electron affinity can be quantified as I = -EHOMO and A = -ELUMO. Parr et al. [36] defined and calculated the global 

electrophilic power of a molecule as electrophilicity index (𝜔) as follows [34]: 

𝜔 =  
µ2

2𝜂
                                                                       (8) 

These new reactivity descriptors can be used to understand the toxicity of various pollutants in terms of their reactivity 

and site selectivity [38-40]. The molecular properties of 2-methylimidazole in different solvent media are presented in 

Table 9. On going from polar to non-polar solvent, the chemical potential, electrophilicity index and electronegativity 

are decreased (Figure 7 and 8). Chemical hardness also decreases on going from polar to non-polar solvent, while the 

opposite relation is found in the case of chemical softness. 

 

Table 9. Effect of solvent polarity on molecular properties of 2-methylimidazole. 

 

Medium (dielectric 

constant) 

Chemical 

hardness (η) 

Softness 

(S) 

Chemical 

potential (µ) 

Electronegativity 

(𝝌) 

Electrophilicity 

index (𝜔) 

Water (78.3) 3.450 0.290 -2.441 2.441 0.863 

DMSO (46.8) 3.447 0.290 -2.435 2.435 0.860 

n-Octanol (9.9) 3.440 0.291 -2.430 2.430 0.858 

Chloroform (4.7) 3.430 0.292 -2.422 2.422 0.855 
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Figure 7. Effect of solvent polarity on the electronegativity of 2-methylimidazole. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Effect of solvent polarity on the electrophilicity index of 2-methylimidazole. 

4. Conclusion 

To understand the structure and reactivity of 2-methylimidazole and related molecules, we have carried out an 

extensive study of the geometry, solvation free energy, dipole moment, molecular electrostatic potential (MESP), 

atomic charge distribution, polarizability, hyperpolarizability, chemical potential, electrophilicity, chemical hardness 

and chemical softnesses of 2-methylimidazole using the B3LYP/6-31G(d,p) level of theory. Geometries obtained from 

B3LYP/6-31G(d,p) are found to be very similar to those obtained from X-ray crystal structure. The solvation free 

energy is highest in the polar aprotic solvent (DMSO) and is lowest in the polar protic solvents (n-octanol and water). 

The dipole moment of 2-methylimidazole increases with increasing polarity of the solvent. Similarly, polarizability and 

hyperpolarizability of 2-methylimidazole also increase with the polarity of the solvent. Molecular electrostatic potential 

(MESP), Mulliken population Analysis (MPA) and Natural population Analysis (NPA) reveal that the most possible 

sites for nucleophilic attack are C2 and H7 and for electrophilic attack are N1 and C4 among the atoms in 2-

methylimidazole. The chemical potential, electrophilicity index and electronegativity increase with the increase of 

solvent polarity. 
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