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ABSTRACT 
 

In this study, molecular structure of 1-ethyl-3-methylimidazolium cation (EMIM+) was undertaken at the DFT(B3LYP)/6-
311++G(2d,2p) level of approximation using the GAUSSIAN 09 suit of programs. EMIM has two conformers (EMIM-1 and 
EMIM-2) with minimum energies. EMIM-1 and EMIM-2 were found C1 (double degenerated by-symmetry form) and Cs 
symmetries, respectively. Normal coordinate analyses were performed with the BALGA program. Experimental infrared 
spectra of EMIM were obtained by increasing temperature (between room temperature and 150oC) and compared with 
calculations. Assignment of the spectra and normal coordinate analyses to characterize the vibrations in EMIM conformers 

were undertaken. p-electron delocalization through the aromaticity index Harmonic Oscillator Measure of Aromaticity 
(HOMA) of EMIM calculated using Kruszewski and Krygowski definations. 
 
Keywords: 1-Ethyl-3-methylimidazolium, IR spectra, DFT, HOMA 
 

 

1. INTRODUCTION 

 

Interest in ionic liquids (ILs), also called molten salt, has increased recently. It has been used frequently 

in the extraction of new chemicals, in the production of fuel cells, batteries and new composite materials. 
Most of the uses in these areas were unpredictable for their presumed non-volatility [1, 2]. However, 

many ionic liquids are now known to allow for distillation under reduced pressure without decomposition 

[3-5]. This fact has created a new field of application for these compounds in gas-phase processes. The 
most important question raised by the recognition of the demonstrated measurable volatility of ILs is that 

they depend on the nature of the various species in the gas phase. In a recent study, J.P. Leal et al. [3] 

reported that the neutral ion pairs do not have a detectable concentration of aprotic ILs at low pressure and 

above 474 K, whereas protic ILs were found to consist in the gas phase as separated neutral molecules. 
Nevertheless, the nature of the species in the gas phase resulting from evaporation of ILs are still 

controversial. For example, earlier mass spectrometric studies [6-7] were at least somewhat in 

contradiction to the results described in ref. [3]. 
 

In the present study, conformational analysis on 1-ethyl-3-methylimidazolium cation (EMIM+) (Figure 

1) has been carried out using density functional theory (DFT) with the B3LYP hybrid functional and the 

6-311++G(2d,2p) basis set, and the dependence of vibrational properties with molecular conformation 
investigated. Besides the theoretical studies, EMIM has also been studied by FT-IR spectroscopy in a 

KBr matrix, at different temperature (room temp. to 150oC). From results of the DFT calculation, 

EMIM-1 and EMIM-2 were found C1 (double degenerated by-symmetry form) and Cs symmetries. 
Normal coordinate analyses were performed with the BALGA program. Spectrum determination and 

normal coordinate analyses were performed to characterize the vibrations in EMIM. p-Electron 

delocalization through the index of aromaticity Harmonic Oscillator Measure of Aromaticity (HOMA) 
for EMIM calculated using Kruszewski and Krygowski definitions. Matrix-isolation studies on this 

compound are on the way, in order to evaluate the vibrational characteristics of the isolated molecules 

of the compound and study its uni-molecular photochemistry. 
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2. MATERIAL AND METHODS 

 

Theoretical studies were undertaken at the DFT(B3LYP)/6-311++G(2d,2p) level of approximation 

using the GAUSSIAN 09 suit of programs. Normal coordinate analyses were performed with the BALGA 

program. The detailed definition is given in the potential energy distribution (PED). The IR spectra of 
EMIM-1 and EMIM-2 were taken on a FT-IR BOMEM MB 104 with ZnSe optics. The resolution was set 

to 4cm-1 and temperature was varied systematically using a thermoelectrically heated device. Temperature 

variation studies were undertaken using a SPECAC infrared variable temperature cell connected to a 
temperature digital controller (Red Lions). The estimated uncertainty in temperature is ±2ºC. 

 

3. RESULTS AND DISCUSSION 

 
Minimum energies on stable state EMIM-1 and EMIM-2 cation forms (Figure 1) calculated using 

DFT(B3LYP)/6-311++G(2d,2p) level of approximation. EMIM-1 relative electronic energy 

E(UB3LYP) was found to be more stable than the EMIM-2 by 2.3 kJ mol-1 (Table 1). EMIM-1 and 
EMIM-2 are C1 (double degenerated by-symmetry form) and Cs. In agreement with previously reported 

ab initio and DFT(B3LYP)/6-31G* calculations [8, 9]. 

 
 

 

 

 
 

 

 
 

 

 
 

Figure 1. Conformers of EMIM calculated by DFT(B3LYP)/6-311++G(2d,2p) level. 

 

 

 
Table 1. Calculated relative energies of EMIM-1 and EMIM-2 using DFT(B3LYP)/6-311++G(2d,2p) level 

 
 E(UB3LYP) 

kJ mol-1 

(E+ZPV) 

kJ mol-1 

G 

kJ mol-1 

EMIM-1 0 0 0 

EMIM-2 2.33 2.46 1.48 

 

 

Figure 2 presents the potential energy profile for internal rotation around the N-CH2 bond and shows 

steps for interconversion between the two minimum energies of EMIM. Transition states form of EMIM 
are also shown in Figure 2. Calculated barrier energy from EMIM-1 to EMIM-2 is 5.2 kJ mol−1 and in 

the opposite direction is 2.8 kJ mol−1. 
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Table 2. Calculated [B3LYP/6-311++G(2d,2p) bond lengths for 1-Ethyl-3-Methylimidazolium cation [EMIM]+ (atom 

numbering as in Figure 1). 

Bond lengths/ Å EMIM-1 EMIM-2 
B3LYP/ 

6-31G* [10] 

X-RAY 

[11]         [11]         [12] 

N1-C2 1.334 1.334 1.335 (1.327)    (1.324)   (1.324) 

N1−C5 1.379 1.380 1.385 (1.376)    (1.374)   (1.356) 

N1−C6 1.481 1.486 1.480 (1.489)    (1.475)   (1.485) 

N3=C2 1.335 1.335   

C2 – H13 1.075 1.074   

N3 – C4 1.380 1.379 1.385 (1.367)    (1.368)   (1.366) 

N3 – C14 1.468 1.468 1.467 (1.449)    (1.462)   (1.463) 

C4 =C5 1.359 1.358 1.363 (1.352)    (1.322)   (1.330) 
C4 – H18 1.074 1.074   

C5 – H19 1.074 1.074   

C6 – H7 1.088 1.089   

C6 – H8 1.088 1.089   

C6 – C9 1.523 1.518 1.527 (1.472)     (1.475)   (1.505) 

C9 – H10 1.089 1.090   

C9 – H11 1.089 1.088   

C9 – H12 1.089 1.090   

C14 – H15 1.087 1.087   

C14 – H16 1.087 1.087   

C14 – H17 1.085 1.085   

 
 

 

 
 

 

 

 
 

 

 
 

 

 
 

 

 

 
 

 

 
 

 

 
 

 
 
Figure 2. Calculated potential energy profile for EMIM-1 to EMIM-2 interconversion with B3LYP/6-311++G(d,p) (atom 

numbers are given in Figure 1) 
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Table 3. Internal coordinates used in the normal modes analysis for EMIM+ (atom numbering as in Figure 1). 
 

Coordinate Definition Symmetry 
Approximate 
description 

S1 r1,2 A (N1-C2) 
S2 r2,3 A (N3=C2) 
S3 r3,4 A (N3-C4) 
S4 r4,5 A (C4=C5) 
S5 r5,1 A (N1-C5) 
S6 r6,7 + r6,8 A (CH2)s 
S7 r6,7 - r6,8 A (CH2)as 
S8 r9,11 + r9,10 + r9,12 A (CH3)s(et) 
S9 2 r9,11 - r9,10 - r9,12 A (CH3)as(et)  
S10 r9,10 - r9,12 A (CH3)as(et) 
S11 r14,16 + r14,17 + r14,15 A (CH3)s 
S12 2 r14,16  - r14,17 - r14,15 A (CH3)as 
S13 r14,17 - r14,15 A (CH3)as 
S14 r2,13 A (C2-H) 
S15 r4,18 A (C4-H) 
S16 r5,19 A (C5-H) 
S17 r3,14 A (N3-C14) 
S18 r1,6 A (N1-C6) 
S19 r6,9 A (C6-C9) 
S20 11,12,9 + 12,10,9 + 10,11,9 - 11,6,9 - 12,6,9- 10,6,9 A (CH3)s(et) 
S21 211,12,9 - 12,10,9 - 10,11,9 A (CH3)as(et) 
S22 12,10,9 - 10,11,9 A (CH3)as(et) 
S23 211,6,9 - 12,6,9- 10,6,9 A (CH3) (et) 
S24 12,6,9- 10,6,9 A (CH3) (et) 
S25 16,15,14 + 15,17,14 + 17,16,14 - 16,3,14 - 15,3,14- 17,2,14 A (CH3)s  
S26 216,15,14 - 15,17,14 - 17,16,14 A (CH3)as 
S27 15,17,14 - 17,16,14 A (CH3)as 
S28 216,3,14 - 15,3,14- 17,2,14 A (CH3) 
S29 15,3,14- 17,2,14 A (CH3) 
S30 58,6,7 - 8,6,1 - 7,6,1 - 8,6,9 - 7,6,9 - 9,6,1 A sc(CH2)  
S31 49,6,1- 8,6,1 - 7,6,1 - 8,6,9 - 7,6,9 A sc(N1-C9) 
S32 8,6,1 - 7,6,1 + 8,6,9 - 7,6,9 A r(CH2)  

S33 8,6,1 + 7,6,1 - 8,6,9 - 7,6,9 A w(CH2) 
S34 8,6,1 - 7,6,1 - 8,6,9 + 7,6,9 A t(CH2) 
S35 1,19,5 - 4,19,5 A (C5-H) 
S36 5,18,4 - 3,18,4 A (C4-H) 
S37 1,13,2 - 3,13,2 A (C2-H) 
S38 6,2,1 - 6,5,1 A (N1-C6) 
S39 14,4,3 - 14,2,3 A (N3-C14) 
S40 -0.3093,5,4 - 0.8092,4,3 + 0.8094,1,5 + 0.3091,3,2 + 5,2,1 A  ring 
S41 -1.1182,4,3 + 1.118.4,1,5 -1.8091,3,2 + 1.8095,2,1 A  ring 
S42 16,14,3,4 + 5,4,3,14 A (N1-C6) 
S43 5,1,6,8 + 4,5,1,6 A (N3-C14) 
S44 1,6,9,10 A (C6-C9) 
S45 -0.3093,2,1,5 - 0.8094,3,2,1 + 0.8092,1,5,4 + 0.3095,4,3,2 + 1,5,4,3 A  ring  
S46 -1.1184,3,2,1 + 1.1182,1,5,4 + -1.8095,4,3,2 + 1.8091,5,4,3 A  ring 
S47 19,4,5,1 A (C5-H) 
S48 18,3,4,5 A (C4-H) 
S49 5,2,6,1 A (N1-C6) 
S50 13,1,2,3 A (C2-H) 
S51 14,2,3,4 A (N3-C14) 
ri,j is the distance between atoms Ai and Aj; i,j,k is the angle between vectors AkAi and AkAj; i,j,k,l is the dihedral angle between the plane defined 

by Ai, Aj, Ak and the plane defined by Aj, Ak, Al atoms; i,j,k,l is the angle between the vector AkAi and the plane defined by atoms Aj, Ak, Al;  

, stretching, , bending, , out-of-plane, , torsion, sc, scissoring, r, rocking, w, wagging, r, rocking, t, twisting, s, symmetric, as, asymmetric. 
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Table 4. Results of the normal coordinate analyses for most stable conformer EMIM-1. 

Approx. Desc.a Sym. Calc.Freq.b Int.c PEDd 

(C2-H) A 3300 9.0 (C2-H)(83.8)                                                        

(C5-H) A 3294 31.7 (C5-H)(44.5) + (C4-H)(39.0) + (C2-H)(15.3)   

(C4-H) A 3278 16.4 (C4-H)(52.6) + (C5-H)(46.9)                                             

(CH3)as A 3170 0.3 (CH3)as (74.4) + (CH3)as (24.8) 

(CH3)as A 3155 0.1 (CH3)as (75.1) + (CH3)as (25.0)                                             

(CH3)as(et) A 3129 2.6 (CH3)as(et) (95.9)                                                        

(CH3)as(et) A 3128 6.6 (CH2)as (55.6) + (CH3)as(et) (44.6)                                              

(CH2)as A 3106 1.9 (CH3)as(et) (55.6) + (CH2)as (44.7)   

(CH3)s A 3078 3.3 (CH3)s (98.5)                                                        

(CH2)s A 3077 3.4 (CH2)s (97.4)                                                        

(CH3)s(et) A 3051 3.7 (CH3)s(et) (94.9)                                                        

(C4=C5) A 1607 15.1 (C4=C5)(38.3) + (N3=C2)(16.3) + (C5-H)(12.7)  

(C2-H) A 1601 53.0 (C4=C5)(30.4) + (C2-H)(16.4) + (N1-C2)(14.0)                                      

(CH3)as A 1515 7.9 (CH3)as (66.9)                                                      

(CH3)as(et) A 1515 3.2 
sc(CH2)(33.5) + (CH3)as(et) (30.1) + (CH3)as (10.8) + (CH3)as-A 
(10.0)   

sc(CH2) A 1507 5.1 sc(CH2)(47.8) + (CH3)as-A (31.4) + (CH3)as-A (10.3)                                  

(CH3)as(et) A 1505 12.0 (CH3)as(et) (69.1) + (CH3)as(et) (21.4)                                            

(CH3)as A 1491 14.8 (CH3)as (88.7)                                                      

(CH3)s A 1470 4.0 (CH3)s (86.6)                                                       

w(CH2) A 1442 12.0 (CH3)s(et) (31.7) + w(CH2)(20.8)                                            

(CH3)s(et) A 1427 7.6 (CH3)s(et) (64.4) + w(CH2)(12.9)                                            

(N3-C4) A 1409 2.5 (N3-C2)(24.8) + (N3-C4)(21.2) + (CH3)as (12.2)                                   

(N1-C2) A 1361 26.6 w(CH2)(27.5) + (N1-C2)(17.8) + (N1-C6)(10.0)   

(N1-C5) A 1327 7.9 
(N1-C5)(15.9) + (N3-C14)(14.2) + (N3-C4)(14.1) +  
(C5-H)(9.8) 

t(CH2) A 1326 1.5 t(CH2)(87.4) + (CH3)(et) (11.2)                                               

(C4-H) A 1288 10.4  (C2-H)(30.9) + (C4-H)(16.0) + (C5-H)(14.8)      

(C2-H) A 1170 100.6 
(C2-H)(28.4) + (N1-C6)(16.2) + (N3-C14)(12.7) + (N1-
C5)(9.8) + (C4-H)(9.7)    

r(CH2) A 1167 1.3 r(CH2)(43.8) + (CH3)(et) (39.0)                                               

(CH3) A 1154 0.2 (CH3) (61.2) + (CH3) (19.8) + (CH3)as (9.7)                                   

(C5-H) A 1127 11.2 
(C5-H)(34.8) + (C4-H)(25.9) + (C4=C5)(19.2) +  
(N1-C5)(9.6)   

(CH3)(et) A 1107 0.3 (CH3)(et) (34.7) + (C6-C9)(13.3) + sc(N1-C9)(9.7)                                 

(CH3) A 1102 3.5 (CH3) (33.1) + (CH3) (11.0) + (CH3)(et) (10.5)    

 ring A 1049 0.4 (N1-C5)(27.3) +  ring (19.4) + (C6-C9)(18.8)                                     

 ring A 1038 1.4  ring (46.2) + (N3-C4)(17.0)                                               

(C6-C9) A 975 1.7 (C6-C9)(39.2) + (CH3)A (26.1) +  ring (18.3)                                  

(C5-H) A 879 0.1 (C5-H)(57.3) + (C4-H)(52.2)                                             

(C2-H) A 845 37.3 (C2-H)(72.5) + (C4-H)(9.9)                                               

(CH3)(et) A 809 0.9 r(CH2)(43.3) + (CH3)(et) (32.6) + (C2-H)(12.1)                                  

(C4-H) A 753 28.4 (C4-H)(43.0) + (C5-H)(41.1) + (C2-H)(15.4)                                  

(N3-C14) A 706 7.0  ring (30.6) + (N3-C14)(28.2) + (N1-C6)(17.0)                                     

 ring A 639 18.7  ring (95.9)                                                        

 ring A 635 2.7  ring (100.4)                                                        

(N1-C6) A 591 1.3 (N1-C6)(22.8) +  ring (21.3) + (N3-C14)(20.8)                                     

sc(N1-C9) A 447 0.8 
(N1-C6)(29.5) + (N3-C14)(17.3) + sc(N1-C9)(15.1) +  
(N1-C6)(10.8) + (C6-C9)(10.7)                  

(N3-C14) A 355 0.5 (N3-C14)(56.3) + sc(N1-C9)(26.7)                                                

(C6-C9) A 299 0.2 (C6-C9)(80.2) + (N1-C6)(18.4)                                             

(N3-C14) A 247 0.7 (N3-C14)(62.8) + (N1-C6)(18.2) + (C6-C9)(14.3)      

(N1-C6) A 187 0.6 (N1-C6)(53.4) + sc(N1-C9)(25.8) + (N3-C14)(14.3)                                  

(N1-C6) A 168 3.5 (N1-C6)(60.9) + (N3-C14)(23.5)                                             

(N1-C6) A 72 0.1 (N1-C6)(97.0)                                                       

(N3-C14) A 31 0.3 (N3-C14)(104.6)                                                        
a , stretching, , bending, , out-of-plane, , torsion, sc, scissoring, r, rocking, w, wagging, r, rocking, t, twisting, s, symmetric, as, asymmetric. See Table 3 for definition of symmetry 

coordinates and Figure 1 for atom numbering. b Frequencies: cm-1. c Intensities: km mol-1. d The description is given in the PED form and higher than 10 % are included.  
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Table 5. Experimental and calculated (using B3LYP/6-311++G(2d,2p) basis set) frequencies (cm-1) for EMIM+. 
 

Approximate 

description 

Calculated 

(present) 

B3LYP (6-31G*) 

[10] 

Exp. IR 

[10, 11] 

Exp. IR 

(KBr) [11] 

Exp. IR 

(present) 

(C2-H) 3300     

(C5-H) 3294     

(C4-H) 3278     

(CH3)as 3170 3168 3166 3168  

(CH3)as 3155 3162  3133 3133 

(CH3)as(et) 3129  3125   

(CH3)as(et) 3128     

(CH2)as 3106     

(CH3)s 3078     

(CH2)s 3077     

(CH3)s(et) 3051    3060 

(C4=C5) 1607 1582 1619 1613  

(C2-H) 1601  1576 1572 1570 

(CH3)as 1515     

(CH3)as(et) 1515     

sc(CH2) 1507     

(CH3)as(et) 1505     

(CH3)as 1491     

(CH3)s 1470 1464 1462 1466 1468 

w(CH2) 1442 1447 1458 1452 1454 

(CH3)s(et) 1427 1423  1426  

(N3-C4) 1409 1409  1402 1391 

(N1-C2) 1361 1361  1360  

(N1-C5) 1327  1337 1335 1335 

t(CH2) 1326     

(C4-H) 1288 1288 1286 1295 1299 

(C2-H) 1170   1170 1171 

r(CH2) 1167  1062   

(CH3) 1154 1153    

(C5-H) 1127 1129  1133  

(CH3)(et) 1107 1117  1118  

(CH3) 1102 1102  1094 1087 

 ring 1049 1026    

 ring 1038   1034 1026 

(C6-C9) 975  960 955 959 

(C5-H) 879 937 896 882  

(C2-H) 845 851 849 858 863 

(CH3)(et) 809 815 805 810  

(C4-H) 753 787 758 748 750 

(N3-C14) 706  702 701 701 

 ring 639   647 645 

 ring 635 620 623 637 619 

(N1-C6) 591 580 598 590 596 

sc(N1-C9) 447 425 423 458 n.o 

(N3-C14) 355 375 354 362 n.o 

(C6-C9) 299 286 294  n.o 

(N3-C14) 247 229 243  n.o 

(N1-C6) 187    n.o 

(N1-C6) 168    n.o 

(N1-C6) 72    n.o 

(N3-C14) 31    n.o 
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Figure 3. Bottom: Experimental Infrared spectrum (3500-580 cm-1 region) of EMIM at 125 oC. Top: Calculated infrared 

spectrum of EMIM-1 using B3LYP/6-311++G(2d,2p) level. In the calculated spectrum, wavenumbers were scaled 
by a factor of 0.940 in the 3500–2500 cm-1 range and with a factor of 0.978 in the range below 2500 cm-1 and the 
bands were simulated by Lorentzian functions centered at the calculated wavenumbers and with a full width at half 
maximum (FWHM) equal to 6 cm-1.  

 

Previous experimental and theoretically vibrational spectroscopy results for the compound have been 
reported [13-15]. Calculated infrared spectrum for the isolated molecule’s most stable conformer (top) 

fit very nicely the experimental data. EMIM was studied both dispersed in KBr matrix and as a thin 

film. The spectra of the compounds practically do not change with temperature (from room temperature 
up to 150oC), in particular the spectra of the liquid and crystalline phases are identical, indicating the 

molecular environment is very similar in these two phases.  

 
From the ring bond lengths, it is possible to evaluate the level of p-electron delocalization through the 

aromaticity index Harmonic Oscillator Measure of Aromaticity (HOMA), defined by Kruszewski and 

Krygowski [16-18], 
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where n is the number of bonds considered belong to C-C and C-N bonds, and  is the empirical 
constant, which are 257.7 and 93.52, respectively. If HOMA is equal to zero, it can be called a non-

aromatic system; however, a fully aromatic system occurs when HOMA is equal to one. In this equation 

Ri gives the length of the running bond (Table 2). The reference values Ropt for the C-C bond is 1.3963 
Å, whereas for the C-N bond it is taken as 1.3288 Å [19]. The obtained HOMA index for both EMIM-
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1 and EMIM-2 (0.520), reveals the relatively low degree of aromaticity of the imidazolium ring in these 

compounds, which is similar to the one of the -pyrone ring (0.526) in coumarin [20]. 

 

4. CONCLUSIONS 

 

EMIM+ was investigated experimentally using infrared spectroscopy and supported by DFT(B3LYP)/6-
311++G- (2d,2p) calculations. As results of calculations, it was indicated that the molecule has two 

conformers (EMIM-1 and EMIM-2). The EMIM+ molecule was found to be in both liquid and crystal 

phase environments. The IR spectra of the compound in the liquid and crystalline phase as a function of 

temperature were unchanged (from room temperature to 150°C). When the temperature-dependent 
spectra were recorded, sharp and dense spectra were observed at high temperature (at 125°C). 

Assignment of the spectra and normal coordinate analyses to characterize the vibrations in EMIM-1 

were undertaken. It was found that the calculated PED and experimental spectra were in agreement and 
gave better results in high level calculations. HOMA index for both conformations of EMIM were the 

similar, and it was found to be 0.52. 
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