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• The study reveals that hydrogen 

bonding in [C4(mim)2][X]2 is 

strongest with Cl⁻ and weakens with 

larger halide anions.  

• The most stable ion pair adopts a U-

shaped configuration with bent 

imidazolium rings.  

• Anion diffusion decreases with 

increasing size, following the trend 

Cl⁻ > Br⁻ > I⁻. 

• Interaction energies and 

spectroscopic data confirm stronger 

bonding with smaller halide ions. 
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 In this study, the properties of the geminal dicationic ionic liquids (DILs) 1,3- bis[3-methylimidazolium-1-yl] butane halides 

([C4(mim)2][X]2, X¯ = Cl¯, Br¯ and I¯) were studied using the molecular dynamic simulation (MD) and density functional 

theory (DFT). The liquid structure of [C4(mim)2][X]2 (X=Cl, Br, I) was analyzed by radial distribution function(RDF), dihedral 

angle distribution of n-butyl side chains in the [C4(mim)2]+2 cations, distance between two rings in the [C4(mim)2]+2, spatial 

distribution function (SDF) and combined distribution function (CDF). The calculated RDFs show that anions spend most 

of their time around the hydrogens attached to the cation rings. The calculated SDFs show that the halide anions show 

the highest probability densities around the hydrogen atoms of the imidazolium rings. The calculated diffusion 

coefficients show that the diffusivities of the anions are one order of magnitude higher than that of cations and other 

hydrogen atoms. The effects of anion type on the diffusion coefficient were also studied. DFT calculations show that the 

most stable structure of the cation in the DIL is a U-shaped form, where the rings of cation bend towards each other and 

anions are close to the atoms of both rings. Our results show that hydrogen bonding is crucial in the interaction between 

the [C4(mim)2]+2 cation and anion atoms in the most stable configurations of an ion pair. These hydrogen bonds were 

analyzed by the atoms in molecules (AIM) and natural bond orbital (NBO) analysis. The ion pair interactions decrease with 

increasing the halide atomic weight.  
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1. Introduction 

Ionic liquids (ILs) are simply mixtures of large organic cations and anions that 

do not pack well and remain liquid at low to moderate temperatures. They 

are attracting increasing attention in many fields including organic chemistry 

[1,2], electrochemistry [3-6], catalysis [7-9], physical chemistry and 

engineering [10-14] with their special physical and chemical properties, such 

as low vapor pressure, low inflammability, high inherent conductivities, 

thermal stability, liquidity over a wide temperature range, easy recycling, and 

being a good solvent for a wide variety of chemical compounds. The 

physicochemical properties of an ionic liquid vary greatly with the molecular 

structure, e.g., miscibility with water and organic solvents, melting point, and 

viscosity [15-17]. Besides, ionic liquids are ‘‘designable” as structural 

modifications in both the cation and anion permit the possibility to design 

task-specific applications when the ionic liquid contain a specific functionality 

covalently incorporated in either the cation or anion. A special classes of ionic 

liquids have been obtained using geminal imidazolium dications [18,19], This 

class of compounds represents an interesting variation of the cationic partner 

and may present several advantages over the traditional monocationic ionic 

liquids in their applications as lubricants [20,21] solvents [22-24] and 

separation media[25]. 

Geminal dicationic ILs have higher melting point, wider liquid range, and 

better thermal stability compared to conventional monocationic ILs. They can 

be used in the high temperature reactions due to large thermal stability 

ranges [26-30]. However; it is well known that the deeper and broader 

knowledge of physical and chemical properties of dicationic ILs is necessary 

to modify their properties. DILs have received very little attention of 

researchers compared to the monocationic ILs. Qingbin Liu and et al.[31] 

synthesized a new class of DILs, ([Cn(mim)2][X]2, n=1, 4, 6, 8, 12 and X=Cl¯, I¯ 

and nft2¯) and determined their melting points. Their results show that the 

melting point of DIL with Cl¯ anion is more than others and melting point of 

ionic liquids decrease with an increase in the carbon chain length. 

Many studies of imidazolium based ILs have considered H-bonding; these 

include experimental [32-35], classical molecular dynamics[36], ab initio 

molecular dynamics[37], and quantum chemical studies[38-40].  Recent 

theoretical[41-43] and experimental studies[44-59] have probed H-bonding in 

ILs; however, the nature of the interaction between hydrogens of the 

imidazolium ring and anions has been the subject of controversial discussions 

in recent years[60-63]. Dieter et al.[64] reported the forming of hydrogen 

bonds in C2-H…Cl, C4-H…Cl, and C5-H…Cl fragments of [emim]Cl (see Figure 2 

for numbering of atoms) by the semi empirical AM1 method. Meng et al.[61] 

proved the existence of the hydrogen bonds of C-H…F and N-H…F in 

[bmim]PF6 using ab initio methods. The existence of hydrogen bonds in a 

series of 1-alkyl-3-methyl imidazolium hexafluorophosphates ([rmim]PF6) has 

also been found by calculating Raman and IR spectra at the B3LYP/6-311+G- 

(2d,p) level of DFT theory. Kanzaki et al. [62] studied the ion−ion interaction 

in 1- ethyl-3-methylimidazolium tetraflouroborate by large angle X ray 

scattering experiment and MD simulations. They concluded that the 

characteristics of “weak interaction” of the hydrogens of the rings and anions 

are considerably different from that of the conventional hydrogen bonds. 

Dong and Zhanga[63] reviewed the hydrogen bonding in ionic liquids and 

stated that hydrogen bonds exist in many different ILs and have a crucial 

effect on their properties. 

It has been recognized that the hydrogen bonds have a significant influence 

on the physical properties of imidazolium ionic liquids; however, most of the 

simulations were limited to single ionic species and/or single ion-pairs of some 

specific ionic liquids. Up to our knowledge, there are few quantum mechanical 

studies on DILs. [64-65] Hui Sun et al.[64] studied geometrical and electronic 

structures of 1,3-bis[3-methylimidazolium-yl]propane bromide. Bode et 

al.[65] conducted a theoretical study of the gas phase ionic complexes on the 

structure of geminal imidazolium bis(trifluoromethylsulfonyl)amide ionic 

liquids.  

In most studies, the interactions between the hydrogen attached to C2 (see 

Figure 2 for numbering of atoms) are discussed. In this paper we focused on 

all possible hydrogen bonding in 1,3- bis[3-methylimidazolium-1-yl]butane 

halides ([C4(mim)2][X]2, X¯=halides= Cl¯, Br¯ and I¯) dicationic ionic liquid by 

the molecular dynamics simulation and quantum chemical calculation. The 

radial distribution function (RDF), spatial distribution function (SDF), 

coordination numbers, combined distribution function (CDF) and ion 

diffusivities calculated by molecular dynamic simulation. Whereas, the most 

stable configurations, interactions between atoms of an anion and a cation 

are studied by DFT calculations. The natural bond orbital (NBO) and atoms in 

molecule (AIM) analyses have been applied to understand the nature of the 

interactions between atoms of ion pairs. In addition, the effects of ion size on 

local structure, dynamic properties, interaction energies of ion pairs, and IR 

and Raman spectra of studied DILs are discussed.  

 

2. Computational methods 

2.1. Simulation details 

The force field used in this work for DILs ([C4(mim)2][X]2, X¯=halides= Cl¯, Br¯ 

and I¯) DILs was adapted from the all-atom force field developed by Canongia-

Lopes et al. [66] based on the OPLS framework. Molecular dynamic 

simulations have been carried out of three DILs ([C4(mim)2][X]2, X = Cl¯, Br¯ 

and I¯) using DL-POLY code. [67] The initial structure of a cation are derived 

from the crystallographic X-ray (Figure 1 and Figure 2) of solid 3,3′-Dimethyl-

1,1′-(butane-1,4-diyl)diimidazolium bis(tetrafluoroborate).[68] The starting 

configurations were generated randomly with PACKMOL package[69] by 

placing 120 DILs cations [C4(mim)2]+2 and 240 anions (Cl¯, Br¯ and I¯) in a very 

large cubic box.  

Simulations were performed using the Nosé–Hoover thermostat and barostat 

algorithm[70-71]. The relaxation times used for the thermostat and barostat 

are 0.1 and 0.5 ps respectively. Periodic boundary conditions were employed, 

and equations of motion were integrated using the Verlet leapfrog 

scheme.[72] All intermolecular interactions between atoms in the simulation 

box were calculated within a cutoff distance of Rcutoff=14.0 Å for all simulated 

systems. The electrostatic long-range interactions were calculated using the 

Ewald summation method[73] with a precision of 110−6. Time step for all of 

the simulations was set 1.0 fs. All of the simulations were done at P=1.0 atm 

and T=500 K in order to ensure that all compounds are liquid. The simulations 

were started in NPT ensemble at a much higher temperature, 800 K and low 

density. The system was equilibrated for 500 ps, then the temperature was 

lowered to 500 K in 50K steps where simulations was conducted for 500 ps at 

each temperature. Finally, a 5ns production simulation after 1ns equilibration 

at 500 K were performed in NVT ensemble to enhance the statistics of the 

data averages. The radial distribution function calculated by NVT simulations 

in which the positions of particles were recorded every 0.2 ps. The starting 

point of each NVT simulation was an equilibrated final configuration of a 

relevant NPT simulation. By the end of the equilibration, the total energies 

and volumes were monitored until the corresponding time series were 

stationary.  

 

 

 

 

 

 

 

Figure 1 The initial structure of crystallographic X-ray of solid 3,3′-Dimethyl-1,1′-(butane-1,4-

diyl)diimidazolium bis(tetrafluoroborate) 
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Figure 2 The structure of cation [C4(mim)2]
2+ from crystallography, type and atom number are 

shown on atom. Atoms which occupy similar positions have same atomic indexes.  

2.2 Quantum calculation details  

For obtaining the equilibrium geometry of the DIL molecules, quantum 

mechanical calculations are used. First the initial structures of all DIL 

molecules were established by molecular mechanical method, then the 

obtained structure were used for a first estimation of the equilibrium 

geometry as input for the restricted Hartree Fock (RHF) method with the 6-

31G(d,p) basis set. It is well known that DFT method [73-74] seems to be an 

excellent compromise between computational cost and accuracy of the 

computational results. Furthermore, considering the wide existence of 

hydrogen bonds in ILs, [75-76] it has been established [77] that hybrid 

functionals are generally accurate enough to describe the complexes involving 

strongly ionic hydrogen bonds. Next, the optimized structures at the HF level 

were used as input for full geometry optimization and electronic properties 

calculations at the Becke’s three parameter hybrid method with LYP 

correlation (B3LYP)[78] level of DFT with 6-311++G(d,p) basis set for all atoms 

and DGDZVP [79] for I¯ anion, due to the large atomic number of iodine atom.  

The interaction energies of the cation and anions for each GIL ΔEint are defined 

as follows: 

∆𝐸𝑖𝑛𝑡 = 𝐸𝐺𝐼𝐿 − (2𝐸𝑎 − 𝐸𝑐)                                                                             (1) 

 

Where EGIL, Ea, and Ec are the energies of the geminal ionic liquids, anions, and 

cation. The zero-point vibrational energy corrections (ZPE) have been 

obtained within the harmonic approximation, and the basis set superposition 

error (BSSE) were determined using the counterpoise method[80]. The ion-

triplets interactions have been calculated for all optimized structures at the 

same level of theory and basis set. All calculations were carried out using the 

Gaussian 09 suites of programs.[81] The structures of dication and ion pair 

were verified as local minima by the absence of imaginary vibrational 

frequencies.  

To better clarify the nature of the intermolecular H-bonding interactions in 

the DILs, natural bond orbital (NBO) and Bader atoms in molecule theory 

(AIM) analyses have also been carried out on the optimized structures[82-83]. 

Both methods have been widely and successfully used to study hydrogen 

bonding in various systems. For the NBO analyses, the orbital interactions 

between the proton donor and proton acceptor can be estimated through the 

second-order perturbation theory,[82] 

𝑬(𝟐) = 𝜟𝑬𝒊,𝒋 = 𝒒(𝒊)(𝑭𝒊,𝒋)
𝟐/(𝑬𝒊 −𝑬𝒋)                                                    (2) 

Where 𝑞𝑖 is the donor orbital occupancy, 𝐸𝑖 and 𝐸𝑗 are diagonal elements 

(orbital energies), and 𝐹𝑖,𝑗 is the off diagonal NBO Fock matrix element. For 

the AIM analyses [83], the nature of the H-bonding interaction can be 

predicted from the topological parameters, such as the electron density, the 

Laplacian of electron density and bond critical point (BCP). 

3. Results and discussion  

3.1 Liquid structure  

Densities of ionic liquids are one of the most accurate sources of experimental 

data. Densities of all three studied DILs were calculated by NPT simulations at 

500 K and 1 atm and results are shown in Table 1. According to this Table, 

densities increase by the increasing atomic weight of anion. The order of 

densities of DILs, in Table 1, for a particular cation approximately follows the 

decreasing order of the molecular weight of the anions I‾> Br‾ > Cl‾, a similar 

trend has been observed in mono cationic ILs.[84] 

Enthalpy of vaporization ΔHvap, also known as the heat of vaporization or heat 

of evaporation, is the energy required to transform a given quantity of a liquid 

into gas at a given pressure. It is difficult to measure the enthalpy of 

vaporization of DILs directly from experiment, since all DILs are non-volatile. 

The enthalpy of vaporization, ΔHvap, calculated as follows:  

ΔHvap = RT - (Uint - Uion triplet)                           (3)  

Where, R is the gas constant, T is the absolute temperature, Uint is the average 

of energy per mole of an ion triplet in the liquid, and Uion triplet represents the 

average internal energy of a neutral ion triplet in the gas state. The Uion triplet 

was calculated by simulations of a dictation and two anions in a large 

simulation box[85].  

Unfortunately, the lack of experimental data for heat of vaporizations does 

not allow a quantitative comparison. However, the simulation studies allow 

investigation of the contributions of van der Waals and Coulombic 

interactions on the heats of vaporization. Table 1 shows the calculated ΔHvap 

for three studied DILs as well as van der Waals and coulombic contributions 

to the interaction of an ionic triplet in the liquid. Due to the strong interactions 

in DILs, the calculated ΔHvap is generally larger than that of the mono cationic 

ionic liquids.[86-87] The calculated ΔHvap in Table 1 decrease in the order Cl¯ > 

Br¯ > I¯ reflecting the size of the anions which agrees well with the pervious 

works.[88]  

The liquid structures were studied by calculating partial radial distribution 

functions (RDFs) and spatial distribution function (SDF) of ions over the 5.0 ns 

of the trajectories at 500 K and 1 atm. The hydrogen atoms of a DIL cation can 

be partitioned into three main types based on atomic partial charge (on each 

H atom) and the computed C−H vibrations [89-90], (see Figure 2).  

The first type are “ring” hydrogen atoms (st) attached to the aromatic ring (H9, 

H10 and H11). The second type are denoted “first” hydrogen atoms (nd), those 

closest to the ring; first in the attached substituent groups, H12, H13, H14 

(methyl), and H15,H16 (the hydrogens of the methylene groups adjacent to the 

imidazolium rings ) which are named H0 and H1 respectively . The third types are 

denoted “alkyl”  

 

http://en.wikipedia.org/wiki/Energy
http://en.wikipedia.org/wiki/Gas
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hydrogen atoms (rd) and include all the remaining alkyl group hydrogen atoms 

on the butyl or ethyl chains which are shown as H2.  

The calculated RDFs of anion and all hydrogen atom types (H0, H1, H2, H9, H10 

and H11 in Figure 2) for all of the studied DILs are shown in Figure 3. The 

calculated RDFs for halide anion - the first type of hydrogen atoms (hydrogen 

atoms attached to the imidazolium rings H9, H10, and H11) are shown in Figure 

3a-c, show a first sharp peak about 2.6-2.9 Å and a second broad peak at 5-

6.17 Å. The well-defined first peaks at about 2.68-2.88 Å in Figure 3a-c indicate 

that there is a strong interaction between a first type of hydrogen and the 

halide anion. 91 However, the differences in the amplitude of the obtained 

RDFs, indicate that the H9 has the strongest interaction among the other ring 

hydrogens. However, by increasing the size of the anion from Cl‾ to I‾ , the 

intensity of peaks are decreased and the first and second peaks shift to the 

longer distances due to the size effect of anions as the order of I‾ > Br‾ > Cl‾. 

According to Canongia-Lopes force filed, C2-H9 atom pair constitutes the 

largest amount of positive charge on the cation, so it is not surprising that the 

anion interacts more strongly with that part of the cation. Similar results were 

observed and reported for imidazolium mono cationic ILs.92 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 Radial distribution function of a halide anion around the imidazolium ring(a,b,c), H0,H1(d,e,f) 

and  H2 (g,I,h) for [C4(mim)2][X]2 , X=Cl‾, Br‾ and I‾ ionic liquid at 500 K and 1 atm. 

 

The second peak for H9 RDF at 6.03-6.28 Å can be attributed to the correlation 

with second anions shell. However, the second peaks for H10 and H11 in Figure 

3a-c are much broader and shifted to the smaller distances with respect to 

that of H9. This can be attributed to the fact that the first shell of anions 

around H10 (or H11) has some contribution from the second shell of anions for 

H10 (or H11). The RDF of anions around the second type of hydrogen atoms 

H12,H13,H14 (H0) and H15,H16 (H1) and third type of hydrogen atoms H17,H18 (H2) 

are shown in Figure 3d-f and Figure 3g-i, respectively. Accordingly, these RDFs  

are shorter  and broader than the first type hydrogen atoms. However, by 

changing the anion type from Cl‾ to Br‾ and I‾, the intensity of the first peaks  

decreased and the first and second peaks shift to the longer distances. 

In summary, the calculated RDFs reveal that the interactions between the 

halide anions and the hydrogen atoms of the cation decreases in the order of 

first type hydrogen > second type hydrogen > tried type hydrogens, (types 1st 

> 2nd > 3rd ) and size of the halide anions Cl‾ ~ Br‾ > I‾. 

Coordination numbers N(r) of halide ions around the hydrogens were 

obtained by integrating the corresponding RDFs up to the first minimum.     

𝑁(𝑟) = 4𝜋 ∫ 𝜌𝑔(𝑟)𝑟2𝑑𝑟
𝑟(𝑚𝑖𝑛)

0
                 (4) 

where ρ is the total number density and Rmin refers to the first minimum in 

g(r). The first shell coordination numbers of halide and all hydrogen type are 

calculated and shown in Table 2. 

 

Table 2 The calculated first shell coordination numbers of halide around all hydrogen types for 

[C4(mim)2][X]2, X=Cl‾, Br‾ and I‾ ionic liquid at 500 K and 1 atm. 

 

 Cl Br I 

H9 3.05 3.03 2.95 

H10 2.56 2.58 2.53 

H11 2.54 2.57 2.51 

H0(H12,H13,H14) 2.53 2.55 2.48 

H1(H15,H16) 2.14 2.20 2.11 

H2(H17,H18) 1.75 1.91 1.73 

 

 According to Table 2, coordination number of halides around the hydrogens 

are as H9>H10>H11>H0(H12, H13, H14)>H1(H15, H16)>H2(H17, H18). So, RDFs and 

halide coordination numbers show that the anions tend to spend most of their 

time around the first type hydrogen atoms (hydrogen attached to imidazolium 

rings) rather than second type and third type hydrogen atoms. 

To further characterize the DILs structures, the calculated probability 

distribution of dihedral angle C7-C8-C8′-C7′ in the [C4(mim)2][X]2 X=Cl‾, Br‾ 

and I‾ DILs are shown in Figure 4. One can see that the most probable values 

for the dihedral angles in liquid phase are 75, 180 and 285 degrees.  

Figure 5 shows that the most probability distance N1 and N1′ in [C4(mim)2[X]2 

X=Cl‾, Br‾ and I‾. The most probable distance of N1 and N1′ is 5.9 Å and 

changing the anion type have no effect on it.  

In order to investigate the effect of halide type on the structure, the space 

distribution functions (SDFs) were computed, which could stand for the 

probability of finding an atom in the three- dimensional space around a center 

Table 1 Calculated densities, heats of vaporization, van der Waals and Coulombic contributions to the heats of vaporization in the liquid state at 500 K and 1 atm 
DILs Density(gr/Lit) ΔHvap(kJ/mol) ΔUCoulomb(kJ/mol) ΔUvdw(kJ/mol) 

[C4(mim)]2[Cl]2 1.145 278±3 -174±2 -89±3 

[C4(mim)]2[Br]2 1.494 253±1 -171±1 -92±1 

[C4(mim)]2[I]2 1.868 201±1 -167±1 -53±1 
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ion/molecule. SDFs visualized by the software package Aten[93] are shown in 

Figures 6 and 7. The spatial distribution of the anion around cation for 

[C4(mim)2][X]2 X=Cl‾, Br‾ and I‾ are shown in Figure 6. As expected, the 

probability of finding anions around the imidazolium rings is higher than that 

of the alkyl chain and by increasing the size of the anion, probability of finding 

anions decreased. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4 Probability distribution of dihedral angles dihedral angle C7-C8-C8′-C7′ in the [C4(mim)2][X]2 

X=Cl‾, Br‾ and I‾. 

  

Figure 5 The most probability of distance N1 and N1′ in [C4(mim)2][X]2 X=Cl‾, Br‾ and I‾ see Figure 2. 

 

 
Figure 6 Spatial distribution functions (SDFs) of anions around the cation for (a) 

[C4(mim)2][Cl]2, (b) [C4(mim)2][Br]2 and (c) [C4(mim)2][I]2 at 500 K. The surface is drawn at 

five times the average density. 

 

To be more specific, the SDFs of the anion around an imidazolium ring for 

[C4(mim)2][X]2 X=Cl‾, Br‾ and I‾ calculated and shown in Figures 7. The SDFs 

for [C4(mim)2][X]2 X=Cl‾, Br‾ and I‾ are similar to our previous paper and has 

already been discussed [88]. The SDFs obtained show that the anion 

population above and below the imidazolium plane in the [C4(mim)2][Cl]2 is 

larger than that in the [C4(mim)2][Br]2 and [C4(mim)2][I]2 in dicationic ionic 

liquids and similar to mono cationic ILs[88]. 

To obtain further insight into the structural of the [C4(mim)2][X]2 X=Cl‾, Br‾ 

and I‾ , Combined Distribution Function, (CDF), distribution of the distance 

between the H9 … X and the distribution of the angle formed by C2–H9 – X are 

 

Figure 7 Spatial distribution functions (SDFs) of anions around the imidazolium ring for (a): 

[C4(mim)2][Cl]2, (b): [C4(mim)2][Br]2 and (c): [C4(mim)2][I]2. The surface is drawn at 10 (purple) and 5 

(blue) times the average density. The second imidazolium ring and the hydrogens of the alkyl chains are 

not shown for clarity. 
 

calculated and shown in Figure 8. This CDF correlates the distance between 

the H9–X and distribution of the angle formed by C2–H9–X. The region of 

maximum occurrence in the contour plot corresponds to the distance range 

from 2.5 to 2.9 Å and to the angular interval of 140 –160 degrees. The second 

region of maximum of SDFs for H9 – X at 6 to 6.5 Å, can be attributed to the 

correlation with second shell halides. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 8 (a) Definition distance H9…X, and angle C2–H9…X, (X=Cl,Br,I) for Combined radial/angular 

distribution analysis; (b), (c) and (d) combined radial/angular distribution functions between 

[C4(mim)2]2+ and Cl‾, Br‾ and I‾ respectively. 

 

 

3.2. Diffusion Coefficient  

We have also analyzed the dynamic behavior of the ions for the studied 

dicationic ionic liquid through the predicted self-diffusion coefficients, D, 

obtained from molecular dynamics simulations using the Einstein’s 

relationship [94] 

𝐷𝑠𝑒𝑙𝑓 =
1

6
𝑙𝑖𝑚
𝑡→∞

𝑑

𝑑𝑡
< [𝑟𝑖(𝑡) − 𝑟𝑖(0)]

2 >              (5) 

Where the quantity in braces is the ensemble-averaged mean  square 

displacement (MSD) of the molecules and 𝑟𝑖 is the vector coordinate of the 

center of mass of ion i. The trajectories were dumped for 5.0 ns every 200 fs 

at 500.0 K after 1.0 ns equilibration and the self-diffusion coefficients 

obtained from the slopes of the line fitted to the MSDs in the range 2.0-5.0ns. 
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The simulated mean squared displacements (MSD) of center of mass of the 

cations, all hydrogen types and anions using NVT simulations up to a time of 

5.0 ns for all three studied DILs are shown in Figure 8a-c. The effect of the 

anion size on the MSDs of hydrogen atoms and cations are shown in Figures 

9a-c. The initial rapid increase of calculated MSDs in Figure 9 continues until 

2 ns, which shows that a sufficiently long simulation is necessary for an 

accurate evaluation of the self-diffusion coefficients of the ions in the ionic 

liquid. The asymptotic linear regions (t > 2 ns) were used for the calculation of 

the diffusion coefficients. 

 

Figure 9 Calculated MSDs anion, cation and all hydrogen type for (a) [C4(mim)2][Cl]2, (b) [C4(mim)2][Br]2 

and (c) [C4(mim)2][I]2 at 500 K and 1 atm.  

 

The diffusion constants were obtained from the slope of the a linear part of 

MSDs from 2.0 to 5.0 ns and the values are listed in Table 3. It is found that 

the diffusion constants of the ions in DILs are on the order of 10-11 m2 s-1, which 

is 2 orders of magnitude smaller than that of the common small molecules, 

such as water, and one order of magnitude smaller than that of a mono 

cationic ILs with a comparable molar mass at room temperature.[93-95]  

The higher charge density in dicationic ionic liquids (two times larger than 

mono cationic ionic liquids) results in the stronger interaction than mono 

cationic ionic liquids.   

Kelkar and Maginn[96] show that times much longer than 1.0 ns are required 

to observe diffusive dynamics in equilibrium MD simulations, and they 

recommend the use of nonequilibrium MD simulations to extract transport 

coefficients for ionic liquids. Due to the stronger interactions between ions in 

dicationic ionic liquids than mono cationic ILs, the time required to observe 

diffusive dynamics is longer.  

The anion size has two opposite effects in the electrical conductivity. On the 

one hand, the large anions have a smaller surface electrical charge density  

and thus higher ionic mobility. On the other hand, the larger size of the anion 

limits the dynamical movement and decreases the electrical conductivity. 

From other view point, the smaller anions are better packed in the ionic 

phase, which may limit their motion. The observed trend for the diffusion 

coefficients of anions in Table 3 is Cl‾ > Br‾ > I‾ , where the calculated 

diffusion coefficients of anion are larger than that of cations. The observed 

trend for the anion diffusion coefficients can be explained in terms of the size 

and mass of the anions. The I‾ anion is the largest anions and has the lowest  

surface charge density, while Cl‾ has the highest surface charge density due 

to its small size. Also one note that in Table 2 the [C4(mim)2][Cl]2 DILs has lower 

density than the [C4(mim)2][Br]2 and [C4(mim)2][I]2 DILs.  

The calculated MSDs and diffusion coefficients values for all hydrogen types 

and cations in the [C4(mim)2][X]2 X=Cl‾, Br‾ and I‾ dicationic ionic liquids are 

similar.  

 

3.2 Quantum mechanical calculations  

3.2.1 Cations 

In addition, we investigated the interaction between halide anions and a 

cation by quantum mechanics. The structure of dication [C4(mim)2]2+were 

taken from the crystallographic X-ray (Figure 1) of solid 3,3′-Dimethyl-1,1′-

(butane-1,4-diyl)diimidazolium bis(tetrafluoroborate) then optimized at 

B3LYP/6-311++G(d,p) level of theory. The potential energy surface for the C7-

C8-C8′-C7′ dihedral angle scanned from 0.0° to 360.0° with a step size of 5.0°. 

No symmetry and geometry constraints were applied during the geometry 

optimization and potential surface scan.  

The potential energy surface scan for relax rotation around the C7-C8-C8′-C7′ 

dihedral angle in [C4(mim)2]+2
 are visualized in Figure 10. The optimized 

structures revealed that each imidazolium ring in DILs is a planar pentagon as 

expected.[97] Furthermore the optimized structure for [C4(mim)2]+2 shows 

that two imidazolium rings have the maximum distance from each other and 

the dihedral angle between two imidazolium ring is 180.0°. The significant 

optimized values of the geometric parameters (bond lengths, bond angles, 

and dihedral angles) of the studied dication ILs are reported in Table 4.  

Figure 10 Potential energy surface for relax rotation around the C7-C8-C8′-C7′ dihedral angle in 

[C4(mim)2]2+
 calculated at the B3LYP/6-311++G(d,p) level of theory.( for number refer to Figure 2) 

 

Table 3 The calculated diffusion coefficient of cations (D+), anions (D-) and all hydrogens (DH) from the slope of MSD plots in Figure 8 for 2-5ns for all dicationic ionic liquids at 500 

K and 1.0  

DILs D+ (10-11m2/s) D- (10-11m2/s) DH (10-11m2/s) 

[C4(mim)]2[Cl]2 0.061 0.101 0.061 

[C4(mim)]2[Br]2 0.061 0.098 0.061 

[C4(mim)]2[I]2 0.058 0.083 0.058 
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The value of C7-C8-C8′-C7′ dihedral angle in Table 4 reveals that the trans 

conformation for [C4(mim)2]+2
 is the most stable conformation. The optimized 

geometry of DILs, (the most stable structures) show that the butyl groups are 

in trans–trans configuration for [C4(mim)2]+2 ,i.e. C7-C8-C8′-C7′ dihedral angel 

is 180°. 

 

3.2.2 Ion Pairs  

As we are aware, 1-alkyl-3-methylimidazolium fluoride (C4(mim)2F2) was not 

prepared synthetically[98-99]. To obtain the most stable geometry of ion pairs  

([C4(mim)2X]+, X=Cl¯, Br¯ and I¯), the halide anions were initially put at all 

possible sites in the vicinity of imidazolium rings and the alkyl chain. Then, the 

optimization carried out to find the most stable conformers of all ion pairs. 

The obtained most stable structures are shown in Figure 11. 

 
Figure 11 Optimized structure of ion pairs at B3LYP/6-311++G(d,p) level of theory, for Cl¯, Br¯ where 

DGDZVP basis set was used for I¯. Distances between halide and near hydrogen are shown. 

 

According to Figure 11, for the most stable configuration, rings bend toward 

each other and making a U-shaped structure, which causes the anions to be 

closer to the hydrogen atoms of two imidazolium rings. The significant 

optimized values of the geometric parameters (bond lengths, bond angles, 

and dihedral angles) of the structures shown in Figure 11 are reported in Table 

4, the numbering scheme introduced in Figure 2. 

Table 4, shows that the values of the optimized N1-C2-N3 bond angle does not 

change significantly (<1 °) across the studied DILs. Also, it is seen that there 

are significant difference in alkyl dihedral angle of the geometry structures  

between [C4(mim)2]+2 and ([C4(mim)2X2], X= Cl¯, Br¯ and I¯). The dihedral angel 

in butyl groups (C7-C8-C8′-C7′ ) is 180.0° in [C4(mim)2]+, while the optimized 

geometry of [C4(mim)2X]+, X¯= Cl¯, Br¯ and I¯ DILs, show that the dihedral angel 

in butyl groups (C7-C8-C8′-C7′ ) is about 90°. Furthermore the optimized 

structures of [C4(mim)2]2+ show that two imidazolium rings tend to have the 

maximum distance from each other. Our results show that the structure of 

dicationic ionic liquid in gas phase are completely different from the liquid 

phase and [C4(mim)2][BF4]2 in crystallography data in solid phase.  

The interaction energy (𝛥𝐸𝑖𝑛𝑡), enthalpy (𝛥𝐻𝑖𝑛𝑡) and Gibbs free energy (𝛥𝐺𝑖𝑛𝑡) 

of the [C4(mim)2X]+, X¯= Cl¯, Br¯ and I¯ were calculated at B3LYP level of DFT 

with 6-311++G(d,p) basis set for Cl¯, Br¯ and DGDZVP basis set for I¯ and 

reported in Table 5. For an ion pair the interaction energy between 

[C4(mim)2]+2, cation and X¯ anions can be estimated as follow: 

int ( )a c a cE E E E− = − +                                                  (6) 

Where, ΔEint , Ea and Ec stand for the ion-pair, anionic and cationic species 

energies, respectively. 𝛥𝐻𝑖𝑛𝑡 and 𝛥𝐺𝑖𝑛𝑡  were calculated in a similar manner. 

The large values of 𝛥𝐸𝑖𝑛𝑡 , 𝛥𝐻𝑖𝑛𝑡 and 𝛥𝐺𝑖𝑛𝑡  in Table 5 are results of the strong 

columbic attractions between the anion and the cation. For the ion pairs, the 

interaction energies range from -1527 to -1079 kJ/mol. Generally, the H-

bonded interaction energies of these ion pairs are more than mono cationic 

ionic liquids. The interaction energies for [emim]Cl, ion pair are reported to 

be about −380.66 kJ/mol [100]. The interaction energies of DILs are four times 

larger than that of the mono cationic ILs. According to Table 5, interaction 

energy of DILs decreases with the increasing the anion size. The increase of 

anion size leads to weaker interaction energies and hydrogen bonds in ion 

pairs. A similar effect has been also expected in mono cationic ionic liquids.  

 

Table 4 Some selected bond lengths (Å), bond angles and dihedral angles (deg) of studied DILs [C4(mim)2][X]2, X=Cl¯, Br¯ and I¯ in most stable configuration at gas phase which 

calculated at DFT/B3LYP level with 6-311++G(d,p) basis set for  Cl¯, Br¯ and DGDZVP basis set for I¯. 

IL [C4(mim)2]+2 [C4(mim)2][Cl]2 [C4(mim)2][Br]2 [C4(mim)2][I]2 

Bonds      

N1-C2 1.341 1.339 1.339 1.343 

C2-H9 1.078 1.086 1.086 1.087 

C4-H10 1.077 1.076 1.076 1.080 

C5-H11 1.077 1.082 1.082 1.085 

C6-H 1.088 1.093 1.093 1.093 

C7-H 1.091 1.094 1.094 1.094 

C8-H 1.095 1.095 1.095 1.096 

C2-N3 1.335 1.337 1.337 1.341 

N3-C4 1.382 1.385 1.385 1.386 

C4-C5 1.360 1.361 1.361 1.366 

C5-N1 1.384 1.386 1.386 1.387 

N3-C6 1.475 1.467 1.467 1.468 

Bond Angels     

N1-C2-N3 108.9 108.4 108.4 108.5 

Dihedral Angles     

N1-C2-N3-C4 -0.2 0.6 0.5 0.5 

C2-N3-C4-C5 0.3 -0.5 -0.4 -0.3 

N1-C7-C8-C8′ 177.6 -83.1 -84.0 -83.4 

C7-C8-C8′-C7′ 180.0 89.5 90.5 92.1 
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Table 5 Calculated thermodynamic interaction energy (kJ/mol) of the ion pairs at B3LYP level of DFT 

with 6-311++G(d,p) basis set for Cl¯, Br¯ and DGDZVP basis set for I¯ 

 [C4(mim)2Cl]+ [C4(mim)2Br]+ [C4(mim)2I]+ 

𝛥𝐸𝑖𝑛𝑡 -1527.32 -1462.11 -1079.12 

𝛥𝐻 -1526.98 -1461.22 -1073.9 

𝛥𝐺 -1475.07 -1409.6 -1024.44 

 

3.3.3 H-bonding interaction 

Hydrogen bonds play very important roles in the physical properties of 

imidazolium ionic liquids [101]. A hydrogen bond is formed if the Y―H---X (Y 

and X = electronegative atoms) distance is smaller than the sum of the van der 

Waals radius of X and H atoms and the Y―H---X angle is greater than 90⁰ 

[102]. Based on the van der Waals radii of H (1.20 Å), Cl (1.85 Å), Br (1.95 Å) 

and I (2.15 Å) [102] atoms, the maximum distance for the formation hydrogen 

bonds could be 3.05 Å, 3.15 Å and 3.45 Å for H---Cl, H---Br and H---I hydrogen 

bonds, respectively. For each ion pairs, the possible hydrogen bonds are 

carefully evaluated and the results are shown in Figure 11. The results show 

that for [C4(mim)2X]+ ion pairs, there are eight hydrogen-bonds that are 

formed between the H9, H12, H15 , and H11 atoms with X atom. It is noted that 

these Hydrogen-bond lengths are smaller than those found from the MD 

simulations in 3.1 section, i.e. the distance of the maximum of RDFs in Figure 

3. This is mainly because the interaction between [C4(mim)2]2+ cations and 

halide anions in the bulk liquid can be disturbed by the adjacent ions. The 

results show that the Cl¯, Br¯ and I¯ anions prefer to locate almost within the 

imidazolium plane, near the C2-H9 which lead to bending the rings towards 

each other and making a U-shaped structure The calculated hydrogen bond 

length, bond angle and dihedrals angles are reported in Table 6. 

 

Table 6  Optimized bond distance (Å) and angle (deg) for C2-H9….X, X= Cl¯, Br¯ and I¯ of ion pairs at B3LYP 

level of DFT with 6-311++G(d,p) basis set for Cl¯, Br¯ and DGDZVP basis set for I¯. 

ion pairs  [C4(mim)2Cl]+
 [C4(mim)2Br]+

 [C4(mim)2I]+
 

C2-H9-X 2.334 2.495 2.760 
C6-H12-X 2.628 2.779 3.042 
C5-H11-X 2.590 2.744 2.960 
C7-H15-X′ 2.548 2.699 2.998 
A C2-H9…..X 133.1 134.5 133.2 
A C2′-H9′…..X′ 133.3 134.5 133.2 
A C6-H12….X 144.9 146.7 146.8 
A C6′-H12′….X′ 144.9 146.7 146.8 
A C5′-H15′….X 133.2 136.7 143.3 
A C5-H15….X′ 133.3 136.7 143.3 
A C7′-H15′….X 154.2 156.7 157.6 
A C7-H15….X′ 153.6 156.7 157.6 

 

From Table 6, it can be seen that the hydrogen bond length of C2–H9…..X 

increases gradually from Cl¯to Br¯ and ,I¯ following the trend of 

electronegativity of halogen atoms (Cl= 3.0, Br = 2.8 and I = 2.5).103 Thus, the 

H-bond interaction strength is as follows: C2–H9….Cl > C2–H9….Br> C2–H9….I.  

Figure 12a-d shows the calculated IR spectrum for [C4(mim)2]+2 and 

[C4(mim)2][X]2, X¯= Cl¯, Br¯, I¯. By comparing IR spectrum for [C4(mim)2]+2 and 

[C4(mim)2][X]2 it can be observed that these C-H bonds all have a red shift after 

the formation of the hydrogen banding. Also it can be seen from Figure 12a 

that the C2-H9 stretching peaks shift to right with increasing the size of anions 

from Cl¯ Br¯ to I¯. Since the strength of hydrogen bond depends on the type 

of anion, the shift in C2-H9 stretching frequency is an indicator of the strength 

of the hydrogen bond that is formed between H9 atom in C2–H9 and halide 

(Cl¯, Br¯ and I¯). These data suggest that the hydrogen bonding formation 

occurred for all anions and these bonds become weaker as follows: Cl¯> Br¯> 

I¯. The intensity of C2-H9 stretching for Cl¯ that occurred in 3137.36 cm-1 is high 

and shown in Figure 13a. The intensity of this peak decreases and shifts to 

higher frequencies with increasing the size of anions. 

 

 

Figure 12 Calculated IR spectra (a): [C4(mim)2][X]2, X¯= Cl¯, Br¯, I¯, (b): [C4(mim)2]+2 at B3LYP level with 

6-311++G(d,p) basis set for Cl¯, Br¯ and DGDZVP for I¯. 

 

The stabilization energy gain due to H-bonding interaction between cation 

and anion is found to be higher in the case of C2–H9 compared to that of 

involving C4-H9, C5–H9 . This can be explained as C2 is more positive than C4 and 

C5 (due to the electron deficient C=N, Π bond formation). These results are in 

agreement with reported results for mono cation ILs.104, 105 

 

3.3.4 Aim analysis 

To obtain further insights into the nature of the formed H bonds, AIM theory 

has been employed. As shown in Table 7, the intermolecular H bonds has been 

further confirmed by the location of the corresponding bond critical point 

(BCP) according to the AIM theory. Two main criteria indicate a hydrogen 

bond: (i) a bond path between two atoms with a bond critical point, BCP, in 

the middle of the path and (ii) the electronic density at BCP, 𝜌BCP, and the 

Laplacian of that electron density, ∇2𝜌, must be within the 0.002-0.035 and 

0.024-0.139 ranges, respectively, both in atomic units[106-107]. The Laplacian 

∇2𝜌, at the BCP is the sum of the three curvatures of the density at the critical 

point, the two perpendicular to the bond path, λ1 and λ2, being negative (by 

convention, λ1>λ2) whereas the third, λ3, lying along the bond path, is 
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positive. 

The negative curvatures measure the extent to which the density is 

concentrated along the bond path and the positive curvature measures the 

extent to which it is depleted in the region of the interatomic surface and 

concentrated in the individual atomic basins. For covalent bonds, the two 

negative curvatures are dominant and  ∇2𝜌 < 0; in contrast. In the case of 

closed-shell bonding, for example, ionic, hydrogen bonding, or van der Waals 

interactions, the interaction is characterized by a depletion of density in 

region of contact of two atoms and ∇2𝜌 > 0. The results of AIM calculations 

for all DILs are shown in Figure 13 and Table 7. 

 

Figure 13 Properties of the [C4(mim)2][X]2, X¯=halides=Cl¯, Br¯ and I¯ ionic pair calculated at B3LYP/6-

311++G(d,p) basis set for Cl¯, Br¯ and DGDZVP basis set for I¯. The AIM analysis of the pair showing bond 

critical points (BCP, red circles) and shown only bond paths (pink lines) for the sake of visibility. 

 

According Table 7, the charge density 𝜌 at the BCP of the intermolecular C2-

H…. halide bonds is also larger than other similar halide bonds (C7-H…halide, 

C5-H…halide and C7-H…halide bonds). Thus, the C2-H sites in the imidazolium 

ring are more favorable than those in methyl and ethyl groups. According to 

the criterion of the H bond (𝜌 BCP, is in 0.002-0.035 and laplacian ∇2𝜌, is in 

0.024-0.139), there are eight possible hydrogen bonds in studied DILs.  

 

3.3.5 Natural bond orbital (NBO) analysis  

A better understanding of interactions between ion pairs of studied DILs is 

provided by NBO analysis. The energetic importance could be estimated by 

the second-order perturbation theory. For each donor NBO (i) and acceptor 

NBO (j), the stabilization energy E(2) associated with delocalization i→j is 

estimated and shown in Table 8. The NBO results show that the  

 

Table 7 The AIM analysis of studied DILs at B3LYP level of DFT with 6-311++G(d,p) basis set for Cl¯, Br¯ 

and DGDZVP basis set for I¯.  

 (cp)  2 (cp)  

[C4(mim)]2 [Cl]2   
C2-H9-X 0.0215 0.0632 
C6-H12-X 0.0120 0.0340 
C5-H11-X 0.0129 0.0388 
C7-H15-X 0.0140 0.0395 
[C4(mim)]2 [Br]2   
C2-H9-X 0.0191 0.0499 
C6-H12-X 0.0111 0.0283 
C5-H11-X 0.0117 0.0314 
C7-H15-X 0.0129 0.0324 
[C4(mim)]2 [I]2   
C2-H9-X 0.0155 0.0389 
C6-H12-X 0.0094 0.0228 
C5-H11-X 0.0105 0.0264 
C7-H15-X 0.0102 0.0241 
C8-H17-X 0.0041 0.0105 

 

LP(halide)→σ*(C2–H) donor acceptor interactions are most important ones. 

The NBO results show that the most important donor acceptor is 

LP(halide)→σ*(C2–H9). It can be seen that the main stabilization energy 

between the dicationic and halide anion is the electrostatic interaction 

between the hydrogen atom attached to C2-H9 and the halide anion. From 

Table 8, it can be seen that the LP(halide)→σ*(C2–H9) for [C4(mim)2][Cl]2 is too 

large and decreases by increasing the size of the anion. Also, one can see that 

the significant donor–acceptor natural bond orbital interactions for 

[C4(mim)2][X]2, X¯= Cl¯, Br¯, I¯ are between H9 hydrogens connected to two 

imidazolium rings and the next alkyl chain as LP(halide)→σ*(C2–

H9)>LP(halide)→σ*(C7–H15) > LP(halide)→σ*(C5–H10). The decreases of 𝐸(2) 

can be related to the strong interactions between anions and H9 atoms then 

and charge transfers to C2-H9 bond. In summary, the results of NBO analysis 

Table 8 Some significant donor–acceptor natural bond orbital interactions of [C4(mim)2][X]2 X= Cl¯, Br¯ and I¯ ion pairs and their second-order perturbation 

stabilization energies (kj/mol) at B3LYP level of DFT with 6-311++G(d,p) basis set for Cl¯, Br¯ and DGDZVP basis set for I. 

 Donor (i) Acceptor (j)  E(2) kJ/mol E(j)-E(i) a.u. F(i,j) a.u. 

[C4(mim)]2[Cl]2       

LP (4)Cl BD*(1) C2-H9 34.39 0.66 0.066 

LP (3)Cl′ BD*(1) C7-H15 15.15 0.64 0.043 

LP (3)Cl′ BD*(1) C5-H11 8.20 0.65 0.032 

LP (2)Cl BD*(1) C6-H12 6.23 0.61 0.027 

[C4(mim)]2[Br]2       

LP (4)Br BD*(1) C2-H9 31.76 0.63 0.062 

LP (3)Br′ BD*(1) C7-H15 13.89 0.61 0.04 

LP (3)Br′ BD*(1) C5-H11 9.04 0.63 0.033 

LP (2)Br BD*(1) C6-H12 6.11 0.6 0.026 

[C4(mim)]2[I]2       

LP (4)I BD*(1) C2-H9 15.31 0.68 0.045 

LP (3)I′ BD*(1) C7-H15 7.57 0.68 0.031 

LP (3)I′ BD*(1) C5-H11 7.28 0.7 0.031 

LP (4)I BD*(2) C2-N3 6.86 0.14 0.016 

LP (2)I BD*(1) C6-H12 4.48 0.67 0.024 

LP (4)I BD*(1) C6-H12 4.14 0.69 0.024 

LP denotes the occupied lone pair, BD*denotes the formally empty antibonding orbital, CR denotes a core orbital and RY* denotes a Rydberg orbital. 
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shows that the sum of stabilization energies E(2) of [C4(mim)2][Cl]2 is much 

larger than that other DILs and decreases whit the size of anion. Also, the 

significant donor–acceptor natural bond orbital interactions for 

[C4(mim)2][X]2, X¯=Cl¯,Br¯,I¯ are as LP(halide)→σ*(C2–H9) > LP(halide)→σ*(C7–

H15) > LP(halide)→σ*( C5–H10). 

 

4. Conclusion 

In this work we focused on the all-possible hydrogen bonding in 1,3-bis[3-

methylimidazolium-1-yl]butane halides ([C4(mim)2][X]2, X¯= Cl¯, Br¯ and I¯) 

dicationic ionic liquid by the molecular dynamics simulations and quantum 

chemical calculations. The stable configurations, ionic interactions and 

hydrogen bonds are studied and discussed. The natural bond orbital (NBO) 

and atoms in molecule (AIM) analyses have also been applied to understand 

the nature of the interactions between ionic pairs in ionic liquids. In addition, 

the effects of ion size on the magnitude of interaction energies, the stable 

geometries of the ion pair, IR spectroscopy of these DILs are calculated and 

compared with each other.  

The result of molecular dynamic simulation show that anions tend to spend 

most of their time around the hydrogen attached to rings rather than other 

hydrogen and the interaction between the halide and the hydrogen atom 

decreases in the order first hydrogen > second hydrogen > third hydrogen also 

the interaction between the hydrogens and the halide atom decreases in the 

order Cl‾ > Br‾ > I‾. The calculated SDFs shows that hydrogen attached 

imidazolium rings have the highest probability densities among other 

hydrogens. The calculated diffusion coefficients show that the anion 

diffusivities are one order of magnitude higher than that of cation and other 

hydrogens atoms. 

The results of quantum mechanics show that there are significant difference 

in geometrical structure between dication [C4(mim)2]+2
 and [C4(mim)2][X]2, 

(X¯=halides= Cl¯, Br¯ and I¯). In the most stable configuration of the dication, 

two imidazolium rings tend to have the maximum distance from each other. 

However, for the ion pair in the lowest energy configuration, two imidazolium 

rings bend toward each other and forming a U-shaped structure, which causes 

the anions to be closer to the atoms of the two rings. Furthermore, the 

cationic structure in the dicationic ionic liquid depends on the type of anion. 

Inspection of the optimized structures of the ion pair show that there are eight 

hydrogen-bond interaction which formed between the H9 with halide anions. 

The calculated IR spectrum shows that the intensity of H-bonding stretching 

frequency peaks change in the order of Cl¯> Br¯>I¯.  

Analysis of the possible hydrogen bonds by AIM theory reveal that there are 

eight hydrogen bonds in DILs. Confirm the results of geometry analysis. The 

results of NBO analysis show that the sum of stabilization energies (E(2)) for 

interactions in ([C4(mim)2][Cl]2 is much larger than that other DILs and 

decreases whit increasing anion size, which indicates these interactions 

contribute to the strong interaction between [C4(mim)2]+2 cation and the 

halide anions. Also the significant donor–acceptor natural bond orbital 

interactions for [C4(mim)2][X]2, X¯= Cl¯, Br¯, I¯ are follows LP(halide)→σ*(C2–

H9) > LP(halide)→σ*(C7–H15) > LP(halide)→σ*( C5–H10). 
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