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Abstract: Interaction in various imidazolium and 
piperidinium Ionic Liquids (ILs) as well as their strength 
has been discussed using NMR and IR spectroscopic 
techniques with strapping support from DFT calculation. 
Strong hydrogen bonding interaction in imidazolium/ 
piperidinium halide based ILs as compared to PF6, BF4 and 
NTf2 containing ILs has been explained well with the help 
of spectroscopy.  Higher viscosity of bmimPF6 compared 
to bmimBF4 and bmimNTf2 has been elucidated due to 
strong interaction of C2-H with anion, observed in NMR 
and IR spectroscopy and has been sturdily supported by 
DFT calculated IR frequencies showing blue shift in C2-H 
stretching when moving from bmimPF6 to bmimNTf2. 
Further, a molecular level comparison of PIP14Br and 
bmimBr (PIP14Br=N-butyl-N-methylpiperidinium bromide, 
melting point (mp): 241°C and bmimBr = 1-butyl-3-
methylimidazolium bromide, mp: 79°C) have pointed out 
that more number of strong classical hydrogen bonding 
interactions in the former is primarily responsible for much 
higher melting point. Hence significance variation in number 
and strength of H-bonding in ILs predominantly controls the 
physical property of the salt/ionic liquids.

Keywords: DFT calculation, Hydrogen bonding, Ionic 
liquids, Spectroscopy.

I. Introduction

Ionic Liquids (ILs) or molten salts in general are defined as 
liquids composed of ions only, either at room temperature or 
at elevated temperatures (<100°C) [1]. ILs are also termed as 
designer solvents because of flexibility of choosing different 
functional group (shown in Fig. 1) to synthesize many novel 
ILs for different intention. ILs are rather unique in the sense 
that in addition to ionic and covalent interactions, there are 
relatively weaker interactions such as H-bonds, p-stacking 
[2-4], which are not commonly found in conventional solvents. 
The nature of the forces in different ILs may however differ 
from one - another and mainly control their physical properties. 
As the properties of any material depends on the structure of 
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molecules in different phases, it is very important to understand 
the structural features of ILs in depth. In general, liquids 
are much less understood than gases and crystals. The high 
resolution rotationally resolved spectroscopy or the electron/
neutron diffraction techniques which provide access to the 
accurate structure determinations in gas and solid phases 
respectively, shows limited applicability for the liquid phase, 
thus narrowing down the structural information available for 
liquids. Thus theoretical calculations are of much importance 
in predicting the structure of liquids such as Room Temperature 
Ionic Liquids (RTILs) [5, 6-9]. In particular, Density Functional 
Theory (DFT) calculation found to be very useful in predicting 
the structure of various RTILs [10-14]. It also helps to 
understand the interactions present among cations and anions 
in the molecules as well as the type of bonding present in the 
molecule [12-14]. In this paper, hydrogen bonding interaction 
in various imidazolium ILs and their strength of interaction 
has been discussed with the help of NMR and IR spectroscopy. 
Further for the first time, we have established that viscosity 
of imidazolium ILs varies directly with the strength of C2-H 
interaction predominantly, with the anion moiety.

Designer solvents: flexibility of choosing functional groups to make ionic 
liquids 
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Fig. 1: Different Combination of ILs that can be Synthesized 
by Varying Cation and Anion

II. Computational Method

The Gaussian 09 program [15] was used for the DFT 
calculation of different ILs. The geometries of isolated ion 
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pairs of ILs were optimized at the Becke’s three parameter 
hybrid method with LYP correlation (B3LYP) [16-17]. This 
B3LYP hybrid functional reproduces the experimental results 
well as compared to other functional available in the Gaussian 
09 program [15]. Hence this method has been opted for the 
calculation. While 6-31++G (d,p) basis set was used for C, H, 
N, O, S, F and P, the DGDZVP [18] basis set was used for 
I. Due to large atomic number of iodine atom, 6-31++G (d,p) 
basis set found to be unacceptable for bmimI [19]. The absence 
of imaginary vibrational frequencies in vibrational spectrum 
ensures the presence of a true minimum. 

III. Result and Discussion

A. Interactions in Different ILs Shown in Optimized 
Structure

Geometry optimization of various ILs has been carried out at 
B3LYP level and has been shown in Fig. 2. Various kinds of 
interactions present in imidazolium and piperidinium cation 
based ILs with simple monoatomic anions such as halides, 
symmetrical anions such as BF4 and PF6 and anions having 
multiple interacting sites such as NTf2 anions, but most 
effective among all is the hydrogen bonding interactions which 
controls the physical and chemical properties of ILs. It has been 
explained earlier by us that small variation in cation or anion 
made vast difference in physical and chemical properties [20]. 
It is clear from Fig. 2 that number of hydrogen bonding varies 
with the variation of anion and hence their physical properties 
changes accordingly. In 1-butyl-3-methylimidazolium chloride 
(bmimCl), 1-butyl-3-methylimidazolium bromide (bmimBr) 
and 1-butyl-3-methylimidazolium iodide (bmimI), single 
hydrogen bonding exist of bond lengths 2.00, 2.19 and 
2.50Å respectively, whereas in 1-butyl-3-methylimidazolium 
hexafluorophosphate (bmimPF6), 1-butyl-3-methylimidazolium 
tetrafluoroborate (bmimBF4) and 1-butyl-3-methylimidazolium 
bis(trifluoromethanesulfonyl) imide (bmimNTf2) ion pairs, 
multiple hydrogen bonding exist between C2-H and fluoride of 
PF6 or BF4 anion (clearly shown in Fig. 2) but their strength 
is weaker than those of halide based ionic liquids.  Also it has 
been observed that in case of piperidinium based ILs N-butyl-
N-methylpiperidinium bromide, (PIP14Br) and N-butyl-N-
methylpiperidinium bis(trifluoromethanesulfonyl)imide, 
(PIP14NTf2), multiple hydrogen bonding exist between cation 
and anion. In our previous work we have explained the strength 
of hydrogen bonding in bmimCl, bmimBr and bmimI with the 
help of DFT calculation and their physical states has been clearly 
explained depending on the strength of hydrogen bonding [21]. 
In case of bmimPF6, H----F distance was found to be 2.418 Å, 
1.93 Å, 2.27 Å and 2.36 Å, in bmimBF4, H----F distance found 
to be 2.53 Å, 2.45 Å, 2.21 Å and 2.08 Å and in bmimNTf2, in 
addition to O----H distance found to be 2.23 Å, 2.53 Å and 

2.53 Å, N----H distance observed to be of 2.71 Å. In addition 
to the C2-H hydrogen bonding, C4-H and C5-H also participate 
in H-bonding interaction with halide anion but stabilization 
due to H-bonding interaction between cation and anion found 
to be more in case of interaction involving C2-H compared to 
that of involving C4 and C5-H [22]. It is because, while C2 
is slightly positive (due to the electron deficient C=N p bond 
formation), the C4 and C5 are essentially neutral (due to C=C p 
bond formation sharing equally the available electrons) [14]. It 
is very clear from Fig. 2(g) that single bromide ion shows three 
hydrogen bonding of bond length 2.45, 2.54 and 2.57 Å with 
the hydrogen of cation, indicating strong interaction present 
between cation and monoatomic bromide anion. This led to 
fit tightly in the crystal lattice leading to very high melting 
point (241°C) for PIP14Br as compared to bmimBr whose 
mp is just 79°C. While comparing these two ILs, cations are 
drastically different in the sense that while imidazolium cation 
is aromatic in nature while piperidinium are purely quaternary 
ammonium salt. In fact, there is an additional possibility of 
having p - p interaction in imidazolium ionic liquids which is 
not possible for piperidinium based ionic liquid which should 
have enhancing effect for the mp of imidazolium ionic liquids. 
Since the substituent are same (in cases, butyl and methyl 
groups), it can fairly be assumed that there will be no drastic 
change in hydrophobic interaction between n-butyl groups in 
these two ionic liquids having the same anion. A close look at 
the interactions between cation and anion provides interesting 
difference. 

While in bmimBr, only one strong H-bonding interaction 
was observed between cation and anion involving C2-H--
-Br with a distance of 2.19 Å (Fig. 2(b)) and angle of 154°, 
there are  three H-bonding interactions present between 
cation and anion of PIP14Br which is clearly seen in (Fig. 
2(g)). The H-bonding in former involving most acidic C2-H 
is quite well known and is clearly much stronger than any of 
the three present in piperidinium cation based ionic liquid. 
In addition, the H-bonding interactions in PIP14Br are quite 
unique compared to corresponding imidazolium derivatives. 
The anion holds all three segments (i.e., methyl group, n-butyl 
chain and piperidinium moiety) of PIP14 cation through 
H-bonding interactions, giving it more compact, less flexible 
cation-anion pair than corresponding bmimBr. Fig. 2 clearly 
demonstrate these interactions. This tempted us to infer that 
more number of H-bonding though weaker are more significant 
in determining the physical state than a stronger classical 
H-bonding interaction.  Interestingly, when the anion in PIP14Br 
(having mp 241˚C) is changed by NTf2 anion, the salt is a 
room temperature ionic liquid (having mp -25˚C), a colorless, 
less viscous liquid. Further, in this paper, interaction present 
in other ILs such as bmimPF6, bmimBF4 and bmimNTf2 ILs 
has also been discussed in proceeding section using the IR and 
NMR spectroscopic techniques with a strong support from DFT 
calculation.
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Fig. 2: DFT Optimized Structure of Different ion Pairs in Gaseous Phase 

B. Studies of Interaction through 1H NMR  

NMR studies have been performed to understand the interactions between cation and anion in solution. Fig. 3 shows 
1HNMR spectra of bmimX, where X=Cl, Br and I. Fig. 3 clearly explains that peak for C2-H shifting observed at 

10.68 ppm, 10.35 ppm and 9.97 ppm in bmimCl, bmimBr and bmimI respectively, explaining that H-X interaction is 

strongest in bmimCl and then in bmimBr and least in bmimI. A downfield shift of 0.38 and 0.71 ppm observed for 

bmimBr and bmimCl respectively, when compared with bmimI.  
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Fig. 3: 1H NMR Spectra for bmimCl, bmimBr and bmimI ILs Showing Variation of Peak Position of C2-H with 

Change of Anion. Only C2-H is affected with Change of Anion, Other Remaining Constant.  (Number in the 

Figure Indicates the Numbering of Carbon Attached with the Respective Hydrogen)  

It has been explained by Reich that a difference of 0.2 ppm is significant to differentiate between two structure[23] 

When these values compared with the bmimPF6, bmimBF4 and bmimNTf2 (shown in Fig. 4), the appearance of 

Fig. 2: DFT Optimized Structure of Different ion Pairs in Gaseous Phase
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B. Studies of Interaction through 1H NMR 

NMR studies have been performed to understand the interactions 
between cation and anion in solution. Fig. 3 shows 1HNMR 
spectra of bmimX, where X=Cl, Br and I. Fig. 3 clearly explains 
that peak for C2-H shifting observed at 10.68 ppm, 10.35 ppm 
and 9.97 ppm in bmimCl, bmimBr and bmimI respectively, 
explaining that H-X interaction is strongest in bmimCl and then 
in bmimBr and least in bmimI. A downfield shift of 0.38 and 
0.71 ppm observed for bmimBr and bmimCl respectively, when 
compared with bmimI. 
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Fig. 3: 1H NMR Spectra for bmimCl, bmimBr and bmimI 
ILs Showing Variation of Peak Position of C2-H with 

Change of Anion. Only C2-H is affected with Change of 
Anion, Other Remaining Constant.  (Number in the 
Figure Indicates the Numbering of Carbon Attached 

with the Respective Hydrogen) 

It has been explained by Reich that a difference of 0.2 ppm 
is significant to differentiate between two structure [23] when 
these values compared with the bmimPF6, bmimBF4 and 
bmimNTf2 (shown in Fig. 4), the appearance of chemical shift 
for proton attached to C2 are found to be at 8.33 ppm, 8.82 ppm 
and 8.73 ppm respectively explaining that interaction between 

C2-H and anion in these ILs are even weaker when compared 
with bmimCl, bmimBr and bmimI. Hence NMR proves to 
be an interesting tool in analysing the strength of H-bonding 
present in different ILs in solution. Identical to DFT (in gaseous 
phase), NMR (in solution phase) also predicts that strength of 
H- bonding is strongest in bmimCl as compared to bmimBr and 
bmimI. Hence this statement has been verified both in gaseous 
as well as solution phase.  Further, IR spectra (in solid phase) 
of these ILs have been discussed in the next section to analyse 
the strength of H-bonding interaction and other structural 
properties of ILs.
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Fig. 4: 1H NMR Spectra for bmimBF4, bmimPF6 and 
bmimNTf2 ILs

C. Calculated Vibrational Spectra and Analysis 

Experimental as well as calculated IR spectra of bmimX ILs has 
been reported by us in our previous paper [21]. In this paper, 
experimental IR spectra of bmimPF6, bmimBF4 and bmimNTf2 
correlated with DFT calculated IR frequencies (scaling factor 
used is 0.975, 0.965 and 0.943 respectively above 3000 cm-1) 
has been reported and is shown in Fig. 5.  

Fig. 5: Correlation of Experimental and DFT Calculated IR Spectra of (a) bmimPF6 (b) bmimBF4 (c) bmimNTf2
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Comparative DFT calculated IR spectra of bmimPF6, bmimBF4 
and bmimNTf2 (Table I) have been presented in Fig. 6. Peaks 
have been assigned based on the atomic displacement motions.  
In bmimPF6, P-F stretching observed at 830, 834 and 840 
cm-1 while in bmimBF4, B-F stretching observed at 975, 1010 
and 1173 cm-1. Out of plane bending of C2-H observed at 
948 cm-1 in bmimPF6, whereas it is observed at 931 and 889 
cm-1 for bmimBF4 and bmimNTf2 showing red shift of 17 

and 59 cm-1 respectively from bmimPF6. While the band for 
C2-H stretching appears at 3233 cm-1 for bmimPF6, 45 cm-1 
blue shift is observed for the same in bmimBF4. A further 
blue shift of 99 cm-1 is observed in bmimNTf2 (i.e., appears at 
3377 cm-1). This can be explained considering the fact that this 
hydrogen participates strongly as compared to other hydrogen 
present in hydrogen bond formation with the anion, similar as 
imidazolium halide ILs. 

Table I: Selected DFT Calculated Harmonic Vibrational Frequencies for Bmimy ils in Gas Phase and their Band Assignment

Wavenumber/cm-1 Assignment of Bands
bmimBF4 931 Op bending of C2-H
975 B-F stretching
1010 B-F stretching coupled with C7-C8 and C9-C10 stretching
1173 B-F stretching
1183 Ip bending of C2-H, C4-H and C5-H
3278 C2-H stretching
bmimPF6
830 P-F stretching
834 P-F stretching
840 P-F stretching
948 Op bending of C2-H
1190 Ip bending of C2-H, C4-H and C5-H
3233 C2-H stretching
bmimNTf2
889 Op bending of C2-H
1050 C-S stretching coupled with C=O stretching
1083 C-F stretching
1096 C-F stretching
1118 C-F stretching
1124 C-F stretching coupled with H-C4=C5-H scissoring
1193 N-S stretching
1263 C=O stretching
1277 C=O stretching
1296 Ip bending of C2-H, C4-H and C5-H
3377 C2-H stretching

Fig. 6: DFT Calculated IR Spectra of bmimY Where Y= PF6, BF4 and NTf2
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This observation clearly explains the difference in viscosity for 
bmimPF6 (450cP) [24], bmimBF4 (219cP) [24] and bmimNTf2 
(69cP) [24] ILs. Highest viscosity in bmimPF6 explains the 
strong hydrogen bonding interaction between cation and anion 
and hence C2-H stretching observed in lower wavenumber 
region. Viscosity of bmimNTf2 found to be least among these 
three ILs and hence it believed to show weak interaction with 
C2-H and hence C2-H stretching observed to show a blue shift 
of 144 cm-1 when compared with bmimPF6. Although other 
alkyl group hydrogens are also involved in hydrogen bond 
formation, but their variation with anion is comparatively 
less as compared to C2-H. It is clear from Table II that C-H 

stretching for most of the peaks is somewhat close in case of 
bmimPF6 and bmimBF4, except C2-H where deviation is more 
than 50 cm-1 and it differ drastically for bmimNTf2 ion pair. It 
has also been observed that for a particular band assignment, 
bmimPF6 has the lowest stretching frequency (red shift) and 
bmimNTf2 has the highest, showing direct correlation with 
the variation of viscosity with the strength of C-H stretching 
and the hydrogen bonding interactions present in these ILs. 
Hence with the variation of anion only, physical properties of 
imidazolium ILs varies drastically and hydrogen bonding is the 
major interaction among all other types of interactions presents 
between cation and anion which predominantly controls the 
physical properties of ILs.

Table II: Different C-H Stretching Frequencies for Bmimy ILs in Gas Phase

bmimPF6 bmimBF4 bmimNTf2 Assignment
3006 3015 3069 sym C-H stretching in CH2 group
3017 3024 3074 sym C-H stretching in terminal methyl group
3024 3035 3088 sym C-H stretching in butyl group
3046 3061 3108 sym C-H stretching in methyl group
3060 3068 3114 sym C-H stretching in butyl group
3080 3101 3151 Asym C-H stretching in butyl group
3088 3106 3159 Asym C-H stretching in butyl group
3096 3115 3164 Asym C-H stretching in butyl group
3122 3148 3196 Asym C-H stretching in CH2 group
3139 3154 3205 Asym C-H stretching in methyl group
3165 3176 3222 Asym C-H stretching in methyl group
3233 3278 3377 C2-H stretching
3276 3295 3379 C4-H and C5-H asym stretching
3294 3314 3400 C4-H and C5-H sym stretching

IV. Conclusion

Strength in imidazolium and piperidinium ILs has been studied 
well through NMR and IR spectroscopic techniques. With the 
help of DFT calculation, we have elucidated the reasons for the 
differences in the viscosity for these ILs. It appears that hydrogen 
bonding interaction between C2-H and halide anion plays the 
predominant role in determining the physical state of the ILs. In 
bmimBr, no H- bonding was observed between anion and alkyl 
chain, while in PIP14Br moiety, two H-bonding with alkyl chain 
along with one H-bonding with hydrogen of piperidine ring was 
observed. Hence this higher number of H-bonding present in 
PIP14Br led to its higher melting point than bmimBr. Calculated 
vibrational spectra are in good agreement with the experimental 
frequencies and the stretching frequency of C2-H----X can be 
an excellent indicator for determination of the relative strength 
of H-bonding in imidazolium based ILs.
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