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Abstract 

Imidazolium-based ionic liquids having different anions (1-butyl-3-methylimidazolium 

([BMIM]X: X = Cl¯, Br¯, I¯, and BF4
-
) and their aqueous mixtures were investigated by IR 

absorption and proton NMR spectroscopy. The IR spectra of these ionic liquids in the CHx 

stretching region differed substantially, especially for C-H bonds in the imidazolium ring, and 

the NMR chemical shifts of protons in the imidazolium ring also varied markedly for ILs 

having different anions. With the introduction of water to screen the electrostatic forces and 

separate the ions, both IR and NMR spectra of [BMIM]X (X = Cl¯, Br¯, I¯) showed significant 

changes, while those for [BMIM]BF4 did not change appreciably. H-D isotopic exchange 

rates of C(2)-H in [BMIM]X/D2O mixtures exhibited an order: C(2)-H···Cl >  

C(2)-H···Br  >  C(2)-H···I, while the C(2)-H of [BMIM]BF4 was not deuterated at all. These 

experimental findings, supported by DFT calculations, lead to the microscopic bulk 

configurations in which the anions and the protons of the cations in the halide ionic liquids 

have specific, hydrogen-bond type of interaction, while the BF4
- anion does not participate in 

the specific interaction, but interacts less specifically by positioning itself more above the ring 

plane of the imidazolium cation. This structural change dictated by the anion type will work 

as a key element to build the structure-property relation of ionic liquids. 
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1. Introduction 

 

Ionic liquids (ILs) are a class of novel compounds composed exclusively of cations and 

anions that exist in the liquid state below 100 °C. They have attracted considerable interest 

due to their unique appealing features, such as low melting points, negligible vapor pressure, 

chemical stability, and wide electrochemical windows
1,2

. These properties suggest that ILs 

might potentially be ‘green’ alternatives to conventional organic solvents3–5. Thus, particular 

efforts have been devoted to understand the microscopic intermolecular structure of ILs6–11, as 

it determines key properties of ILs such as density, viscosity, surface tension, ionic  

conductivity, heat capacity, and solubility. Thus, many studies using different methods have 

been reported to unveil the microscopic bulk structures of ILs. Simulations have proposed 

how the microscopic configurations like relative position may change by the change of cation 

or anion
12,13

. A role played by the alkyl chain attached to the cation of the prototype ILs 

having 1-alkyl-3-methylimidazolium cation ([CnMIM]+) has been suggested14,15. Unique 

microdomain structure consisting of polar and non-polar moieties of the IL proposed from 

X-ray and neutron scattering studies
16–18

 was borne out by molecular dynamics (MD) 

simulations19,20. Spectroscopic techniques in the low-frequency range, suited to probe 

intermolecular or interionic interactions, have been used to study the spectral features 

changing with the type of cation or anion 
21–23

. 

 

For prototypical imidazolium-based ILs, hydrogen bonding between the cation and anion has 

been regarded crucial in determining the microscopic structures and macroscopic properties. 

For example, Hunt used density functional theory (DFT) calculations to explain the relation 

between viscosity and hydrogen bonding in ILs24. Fumino et al. studied the effect of hydrogen 

bonding on bulk properties, such as melting point and viscosity of ILs using poly-methylated 

imidazolium-based cations and bis(trifluoromethylsulfonyl)imide (NTf2) anion using far-IR, 

and terahertz spectroscopy25. The role of hydrogen bonding in the crystal structure was also 

investigated26.   
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Due to its importance on the IL properties and structures, there have been many studies on the 

ion-species dependence on the hydrogen bonding strength
27–30

. Dong et al. obtained the 

optimized geometry of imidazolium-based ILs having different anions to predict the 

hydrogen-bonded ion pairs by density functional theory (DFT) calculations28. Ludwig group 

found the bond strength change for different cations and anions using far-IR spectroscopy and 

DFT calculations.
29,30

 , and Gao et al. made the order of hydrogen bonding strength for ILs 

having different anions27. Even for pure ILs, however, e.g. the spectroscopic assignments in 

the C-H stretching region can be very complicated, as shown by the detailed studies 

employing both IR and Raman spectroscopy as well as anharmonic DFT frequency 

calculations31–33. These studies show the presence and importance of Fermi resonances (FR) 

and overtones coupled to the imidazolium ring vibrations in this region, unfortunately making 

any unambiguous comparison across a full set of ILs impossible. Earlier spectroscopic work 

on ILs not taking this aspect into account should thus be used with due care.  

 

DFT calculations and ab initio MD simulations found that the IR vibrational frequency and 

NMR chemical shift of C(2)-H were excellent indicators of the relative strength of hydrogen 

bonding34–37, while this strength could be reduced in IL/solvent mixtures by the screening 

effect of solvent molecules. For this reason, monitoring IL/solvent mixtures by IR and NMR 

spectroscopy has been fruitful, and the existence of specific, strong hydrogen bonding in the 

strongly coordinated ILs, such as halide anions having large electronegativity was measured 

by this technique38,39. However, the nature and the strength of interaction in the weakly 

coordinated ILs, such as [CnMIM]BF4, is still debated. The C(2)-H and F cross peak of hetero 

Nuclear Overhauser Enhancements (NOE) and spin-lattice relaxation time of C(2) carbon in 

NMR experiments suggested the C-H···F interaction between imidazolium cation and BF4
- 

anion40,41. Zhang et al. observed the C(2)-H peak change of 1-ethyl-3-methylimidazolium 

tetrafluoroborate ([EMIM]BF4)/water mixtures to propose the existence of the hydrogen 

bonding between cation and BF4
-42. By contrast, other groups reported that the IR spectra of 

[CnMIM]BF4 dissolved in the acetone or water did not change remarkably, to support the 

nonspecific interaction between cation and BF4
-43–45

.  
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In addition to studying the interaction between cation and anion, the interactions between ions 

and solvents were also studied for different organic solvents, such as dimethyl sulfoxide and 

acetonitrile
46,47

. Wang et al. studied pyridinium-based ILs to compare them with the 

imidazolium-based ILs by IR spectroscopy and DFT calculations, and solvent mixtures with 

ILs having different anions were also investigated48–50. Various experimental techniques are 

applied to study the IL/solvent mixtures. The libration and translation motions of water in 

imidazolium-based ILs measured by far-IR spectroscopy was observed, to suggest hydrogen 

bonding between BF4
- and water, but not between PF6

- and water51. Terahertz and optical Kerr 

effect (OKE) spectroscopy were used to study the mixture of [BMIM]BF4 with water and 

acetonitrile23,52,53. The phase diagram of ionic liquids with organic solvent was determined 

experimentally54. . Large-Angle X-ray scattering was applied to study the interaction in ILs by 

measuring the structure functions of [EMIM]BF4/water mixtures
45

.  

 

Several MD simulations results are reported on IL/solvent mixtures that investigated the 

interaction between ions and solvent molecules. Moreno et al. studied [BMIM]BF4/water 

mixture by MD to compare with the NMR data, and found the short range IL/water 

interactions at low water concentrations and the nonselective interaction at high water 

concentrations55. Porter et al. compared the effect of small amount of water for water-miscible 

and immiscible ILs by using MD simulations, and found the existence of hydrogen bonding 

between anion and water as well as dramatic change of self-diffusion coefficients due to the 

water56. Chang et al. performed the MD simulations on the N,N-diethyl-N-methylammonium 

triflate([DEMA]Tfl)/water mixture and found the weakening of ions association and the 

enhancement of translational and rotational motion of ions by adding the water molecules
7
.  

 

To investigate the relation between cation-anion interaction and the microscopic bulk 

structures, ILs having halide anions are a good starting point; by changing the anion following 

down the periodic table the interaction can be varied systematically. The fundamental 

understanding built up from studying these simple anions can later be applied when the 

constituent cations and anions are changed into more complex ions. Here we choose to study 
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halide ILs having the prototypical cation 1-butyl-3-methylimidazolium ([BMIM]X, X = Cl¯, 

Br¯, I¯) together with [BMIM]BF4, in pure form and aqueous solution, to observe how the 

change of anion alters the interionic interactions and the bulk structure of these otherwise 

similar ILs. By varying the concentration of ILs in water, it can be envisaged that the 

interionic interaction gets screened very effectively, and thus the distance between the cation 

and the anion continuously changes – until isolated cations and anions are obtained in very 

dilute systems.  

  

IR spectroscopy and nuclear magnetic resonance (NMR) were the tools chosen to investigate 

these ILs. IR spectroscopy has been commonly used as an analytical tool to identify 

intra-molecular vibrational normal modes; recently it was found that the strength of hydrogen 

bonding between the cation and anion in ILs is reflected sensitively in the spectrum to allow 

investigation of intermolecular interactions and conformations
34,44,50,57–60

. NMR is also a 

useful tool to investigate the nature of interaction between the cation and the anion, or 

between the solvent molecules and the IL species in solution11,40,61–64. NMR has been used to 

study dynamics and relaxation processes in ILs
62–65

, and 2D-NMR has been applied to 

investigate intermolecular interactions and nano-scale aggregates40.  

 

There have been many previous reports that investigated the structures of ionic liquids, but for 

most of these studies limited scope either in terms of the species investigated or techniques 

employed prevented comprehensive and deeper understanding of the structure. In this report, 

IR and NMR spectroscopy together with ab-initio calculations have been applied to study 

both pure ILs and aqueous solutions of [BMIM]X (X = Cl¯, Br¯, I¯) by systematic change of 

anions to investigate the interionic interactions in detail. The spectra obtained for [BMIM]BF4 

are also investigated to compare the single-atom anions with molecular anion. The change of 

the anion in the IL is readily reflected in the resulting spectra, and the analysis of the spectra 

from pure ILs together with their changes upon dilution allow us to propose detailed 

microscopic structures of these ILs.  
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2. Experimental and Computational Section 

 

The tetrafluoroborate salt of 1-butyl-3-methyl imidazolium ([BMIM]BF4), and the halide salts 

of 1-butyl-3-methyl imidazolium ([BMIM]Cl, [BMIM]Br, [BMIM]I) were purchased from 

C-TRI in Korea. The purity was higher than 99 wt% (water content < 170 ppm), and all were 

used without further purification. To check for the effect of this trace amount of water, an 

extra drying procedure was performed in a vacuum chamber with phosphorus pentoxide as 

drying agent for more than 1 day, which resulted in <10 ppm water content, as confirmed by 

Karl Fischer titration. Reassuringly, the IR spectra hardly changed compared to those of the 

as-received IL samples (except for the complete elimination of the weak OH band from 3200 

– 3500 cm
-1

). The NMR spectra were also identical before- and after the drying procedure. 

[BMIM]BF4 and [BMIM]I are liquids at room temperature (thus room-temperature ILs), 

while both [BMIM]Br and [BMIM]Cl are solids. Therefore, the solid ILs were first melted at 

~ 350 K on a hot plate, afterwards they remained in a supercooled liquid state at room 

temperature. All the aqueous solutions were prepared in D2O (from Aldrich). For the 

Attenuated Total Reflection-Infrared (ATR-IR) spectroscopic measurements on aqueous 

solutions, the spectra were taken quickly after the solutions were made, to prevent any 

isotopic substitution of the hydrogen atoms in the imidazolium cation. Over time C(2)-H was 

selectively substituted into C(2)-D, and this was utilized to get [BMIM]+ cation with C(2)-D, 

of which the IR spectrum was taken after drying to remove D2O
32,66

. During the H-D 

exchange studies, we controlled the pH to 7 using a sodium phosphate buffer. The chemical 

structure of the [BMIM]+ cation is shown in the inset of Fig. 1. 

 

The ATR-IR spectra of the ILs and IL/water mixtures were collected from 650 to 4000 cm
-1

. 

The resolution was 4 cm-1 and 256 scans were averaged for each spectrum. Proton NMR 

measurements were performed with a Varian Gemini 400 NMR spectrometer. An external 

double-reference method was used; the IL sample was transferred to an external tube, and a 
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2-mm coaxial insert NMR tube was filled with tetramethylsilane (TMS) in CDCl3 as internal 

chemical shift references. For the deuteration studies the disappearance of the C(2)-H peak 

via the decrease in the peak area ratio between C(2)-H and C(4)-H was monitored. All the 

spectra were collected at room temperature. 

 

The Density Functional Theory (DFT) calculations used two starting configurations, AA (two 

anti-conformations for the butyl chain) and GA (gauche conformation for the C-C bond 

closest to the imidazolium ring), for the isolated [BMIM]+ cation57, as well as for the 

corresponding ion-pair models for [BMIM]X (X = Cl¯, Br¯) and [BMIM]BF4. Both IR data 

(vibrational frequencies and IR intensities calculated by analytical 2nd derivatives) and NMR 

data (using the GIAO method and the chemical shifts given relative to TMS) were calculated 

in gas phase and in addition for a simulated water environment using a continuum model 

(C-PCM, conductor-like polarizable continuum model with ε = 78.3553, standard value of 

water in Gaussian09) 67 All calculations were performed at the B3LYP/6-311+G* level of 

theory as implemented in Gaussian 03 68. 

 

3. Results and Discussion 

 

3.1 Pure ionic liquids: IR spectra 

 

Figure 1 shows the ATR-IR spectra in the 2800 — 3200 cm-1 CHx stretching region for the 

pure ILs. Easily noticeable are the differences in the absorption strength by more than a 

threefold, as well as the overall spectral shape, especially distinguishing the [BMIM]BF4 

spectrum from the others. As these ILs all share the common [BMIM]+ cation where the CHx 

resides structurally, the large differences in the IR spectra are unusual and intriguing. To 

check for effects like probing depth change arising from differences in refractive indices, IR 

spectra were also measured in transmission (not shown), but yielded very similar results as in 

Fig. 1. As Cl- is the smallest anion, the observed increase in absorbance of [BMIM]Cl could 

in principle also be due to the slight increase in cation number density, but the change is only 
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~0.1 %, far too small to account for the observed intensity change. 

 

Another notable feature is an overall red-shift of the absorption bands from [BMIM]BF4 to 

[BMIM]Cl, especially for those above 3000 cm-1. We followed the previously assigned peak 

positions for [BMIM]BF4 and [BMIM]I, and slightly shifted for C(2,4,5)-H peaks of 

[BMIM]Br and [BMIM]Cl from those of [BMIM]I by using least-square fitting.
66,69,70

. Figure 

2 shows the decomposition of the spectra using multi-peak Gaussians, and the fitting 

parameters are to be found in Table 1. The peaks in the range from 2800 to 3000 cm-1 

originate from the CHx stretch vibrations of the butyl chain and the methyl group attached to 

the imidazolium ring. For [BMIM]BF4, peaks at 2856, 2877, 2913, 2938 and 2965 cm-1 are 

attributed to the modes of νssCH2, νssCH3, νasCH2, νFRCH3 and νasCH3, respectively (ss, as, 

and FR represent the symmetric stretch, the antisymmetric stretch, and the Fermi resonance, 

respectively)
70,71

. For ILs based on halide anions, the above bands are slightly red-shifted 

from those of [BMIM]BF4 as reported earlier31,33,66,72.  

 

The features above 3000 cm
-1

 arise from the CHx stretching vibrational modes from the 

imidazolium ring. Here the spectrum of [BMIM]BF4 differs markedly from the other ILs’ 

spectra. The spectra of ILs with halides have redshifts and increased absorption in this range; 

in detail a gradual red-shift of the band around 3050 cm
-1

 can be seen from [BMIM]I to 

[BMIM]Cl. We started from the assignment of the C(2)-H mode (3018 – 3032 cm-1 for 

halides, and 3114 cm-1 for [BMIM]BF4), which is made certain by selective deuteration of this 

hydrogen (Fig. 3, discussed more in section 3.5) 
44

. The two modes at higher frequencies were 

assigned to νas(C(4,5)-H) and νss(C(4,5)-H) 
44

. From the spectra as well as from Table 1, the 

C(2)-H mode of ionic liquids having halide anions is visually red-shifted by as much as ~100 

cm-1 from that of [BMIM]BF4. Peak strengths also change considerably between [BMIM]BF4 

and the halide salts such that C(2)-H mode is much stronger for [BMIM]X (X = Cl¯, Br¯, I¯) 

as compared to that of [BMIM]BF4. This demonstrates that the interaction between BF4¯ and 

imidazolium ring is totally different from those in the halide anions, while the difference is 

relatively minor between Cl¯, Br¯, and I¯. Note the complications and possible spectroscopic 
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difference enhanced by the presence of Fermi resonances (FR) and overtones, as previously 

mentioned
31-33

. 

 

The C(2)-H group holds the most acidic hydrogen atom in the cation owing to the electron 

deficit to the C=N π bond58,59. The red-shift of the ν(C(2)-H) band from [BMIM]I to 

[BMIM]Cl, suggests an interaction strength change. This can be identified more clearly from 

the C(2)-D stretching bands of the deuterated samples. Figure 3 shows the ATR-IR spectra of 

[BMIM]X with and without isotopic substitution of C(2)-H. These deuterated samples, by 

isotopic substituted imidazolium cations (d-[BMIM]), were decisive in the assignment of the 

CH-bands in the IR spectra. The decreased absorption in the band around 3000 cm-1 (~3010 

cm-1 for [BMIM]Cl and [BMIM]Br, and 3024 cm-1 for [BMIM]I) is solely due to the 

deuteration of C(2)-H, as also confirmed by the NMR spectra (later section). The in-plane 

ring modes hardly changed between these three ILs before (~1570 cm
-1

) and after (~1540 

cm
-1

) the isotopic substation, consistent with a previous report
32

. The deuterated ν(C(2)-D) 

stretch mode frequencies follow the same sequence: ~2275 cm-1 for chloride, ~2281 cm-1 for 

bromide, and ~2307 cm
-1

 for iodide anions. The C-H···anion hydrogen bonds in ILs have been 

termed red-shifted H-bonds59,73, for which the red-shift of the C-H stretch vibration mode is 

an indicator of the weakening of these bonds34, concurrent with the strengthening of hydrogen 

bond interactions with the proton acceptors. Thus an observed blue-shift of C(2)-H from 

[BMIM]Cl to [BMIM]I implies that the hydrogen bonds weaken in that order. In contrast, 

ν(C(2)-H) for [BMIM]BF4 is found at 3114 cm-1, ~100 cm-1 blue-shifted from those of halide 

based ILs, and does not change even for very dilute solutions, where the anion is not expected 

to have significant influence as reported previously
44,45

. Thus, this confirms that the hydrogen 

bonding within the [BMIM]BF4 IL is much weaker as compared to ILs having halide anions.  

 

From the DFT calculations using ion-pairs and isolated ions in Table 2, the C(2)-H peak is 

shown to blue-shift from [BMIM]Cl to [BMIM]BF4 by as much as 500 cm-1. Although the 

calculations follow the trend from the experimental results, we find that it is very difficult to 

extract quantitative information in this region as the effects of FR and decreasing ν(C(2)-H) 
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interactions are strongly mixed. However, for the series of ILs here investigated the DFT 

computed total ion-ion interaction energy, where the hydrogen bonding strongly contributes 

for the halide based ILs, decreases as expected; ∆EBMIM-CI = -374 kJmol
-1

, ∆EBMIM-Br = -355 

kJmol-1, and ∆EBMIM-BF4 = -346 kJmol-1 57. 

 

3.2 Pure ionic liquids: NMR chemical shifts 

 

The experimental chemical shifts (δ) for all the protons of the [BMIM]+ cation for all ILs are 

plotted in Fig. 4. Two factors have been known to contribute to the chemical shift
74

; hydrogen 

bonding with the anion and the inductive effect of its proximity to the imidazolium ring. 

Regardless of the anion type the C(2)-H proton showed the largest chemical shift, with the 

experimental values 10.22, 9.78, and 9.28 ppm for [BMIM]Cl, [BMIM]Br and [BMIM]I, 

respectively. This order works as an indicator of the hydrogen bonding strength of 

C(2)-H···Cl > C(2)-H···Br > C(2)-H···I. Shukla et al.34 have investigated the strength of this 

type of H-bonding interaction between C(2)-H and halide anion by DFT calculations, and 

suggested structures possibly accountable for our materials. Following the electronegativity 

order (Cl¯: 3.0, Br¯: 2.8, and I¯: 2.5)75, the C(2)-H···X distance was shown to increase 

gradually from Cl¯ to I¯, and the average N(1)-C(2)-H-X dihedral angle to increase from 

C(2)-H···Cl to C(2)-H···I, both indicative of a weakened hydrogen bonding. 

 

Computational studies using cluster and polarizable continuum models76 indicate that the 

chemical downfield shift of the acidic protons of the aromatic ring is mainly caused by 

hydrogen bonding interaction
74

. Our present computations, keeping in mind recent 

observations on how to accurately predict 1H NMR shifts of ILs by DFT calculations35, are 

consistent with these observations – the relative shift of the C(2)-H proton being affected the 

most upon formation of ion-pair as compared to isolated [BMIM]
+
 IL cation. The computed 

values for the C(2)-H proton are 7.6 ppm (isolated [BMIM]+) as compared to 14.5 ppm 

([BMIM]Br) and 14.8 ppm ([BMIM]Cl). The experimental difference between the Cl and Br 

anion (~0.44 ppm) is rather well mimicked by this model (~0.3 ppm), especially when 
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considering this simple DFT approach. As a comparison the [BMIM]BF4 ion-pair results in 

10.0 ppm, thus indicating the sequence of the hydrogen bonding strength as C(2)-H···Cl > 

C(2)-H···Br > C(2)-H···BF4, in qualitative agreement with the experimental result in Fig. 4. 

All other protons show significantly smaller shifts upon ion-pair formation compared to the 

isolated [BMIM]+ cation; all less than 2.5 ppm and in most cases even less than 1 ppm.   

 

The chemical shift differences of the C(4,5)-H protons for different anions are also significant, 

and these move upfield with the halide anion changing from Cl¯ to I¯, suggesting that these 

hydrogen atoms also participate in hydrogen bonding with the anions, albeit to a lesser extent. 

From the DFT calculations these chemical shifts move from 7.2 ppm for the [BMIM]+ cation 

to 6.7, 6.5, and 6.6 ppm for the [BMIM]BF4, [BMIM]Br, and [BMIM]Cl ion-pairs, 

respectively. Thus, for these C(4,5)-H protons the ion-pair models are only useful to show that 

the induced changes are significantly smaller (~0.5 ppm) than for the C(2)-H protons, but fail 

to follow the experimental observations between the different anions. For the butyl chain of 

[BMIM]+, starting from the C(7)-H protons, the chemical shift decreases quickly to ~4 ppm, 

thereafter it decreases monotonically as a function of the distance of the studied proton from 

the imidazolium ring. From the DFT calculations for [BMIM]Cl and [BMIM]Br chemical 

shifts of C(7)-H protons are found at 3.9 and 4.2 ppm, respectively. For [BMIM]BF4, one of 

the proton attached to C(7) physically closer to the BF4 anion has a chemical shift of 4.6 ppm, 

while the other C(7)-H proton has a value of 3.6 ppm. The observed upfield shift from C(7)-H 

to C(10)-H, also found in the DFT calculations for the halide ILs, is explained by the 

weakening of the inductive effect due to the increasing distance from the imidazolium ring, 

which also accounts for the big change from C(2)-H and C(4,5)-H to the rest of the protons. 

 

In detail, the chemical shifts of [BMIM]BF4 are clearly distinguishable from those of the 

halide based ILs, especially the much smaller shifts for C(2,4,5)-H is noticeable, confirming 

the hydrogen bonding is much weaker as compared to the halide salts. In addition, the 

chemical shifts are also not much different between C(2)-H and C(4,5)-H, suggesting a less 

specific hydrogen bonding. The DFT data support these observations with shifts of 10.0, 6.7, 
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and 6.7 ppm, for C(2,4,5)-H respectively, especially the C(2)-H chemical shift being much 

smaller than for the halide ILs.  

 

At last, we also note that the order of the chemical shifts is reversed for the hydrogen atoms in 

the butyl chain for [BMIM]BF4 (inset of Fig. 4), such that they are shifted more in the 

downfield region, as compared to the corresponding protons in the halide based ILs. We 

propose the following structure to account for this change; the BF4
- anion is larger than the 

halide anions, thus introduces more free space in the bulk, and thereby more likeliness of the 

butyl chain to approach this anion. This results in the butyl-chain hydrogen atoms of 

[BMIM]BF4 being relatively more downfield-shifted, presumably due to weak hydrogen 

bonding interactions with the BF4
- anion. 

 

3.3. Aqueous mixtures of ionic liquids: IR spectra 

 

To unveil the microscopic structure of ILs we investigated IL/water mixtures. Our ILs are all 

fully miscible with water, and changing the concentration is an ingenious way to change the 

distance between anions and cations gradually, until they are remotely separated in very dilute 

solutions. The changes in the IR and NMR spectra at different concentrations will reflect 

these detailed structural changes and the differences between the ILs can be inferred.  

 

The IR spectra of binary mixtures of [BMIM]X/water at different IL concentrations are shown 

in Fig. 5. In this experiment, D2O was used instead of H2O in order to avoid overlap between 

the C-H and O-H stretching bands in the [BMIM]X/water system. With the addition of water 

to [BMIM]X, the changes in the 2800 — 3000 cm-1 range were relatively minor for all the 

samples, but the absorption bands above 3000 cm-1 are blue-shifted significantly with dilution 

for [BMIM]Cl, [BMIM]Br and [BMIM]I. In stark contrast the spectra for [BMIM]BF4/water 

mixtures did not change much upon dilution. At the lowest concentration (0.024 molar 

fraction, the lowest graphs in Fig. 5), all the spectra resemble each other, irrespective of anion, 

indicating the anions are quite far from the cations, and the IR spectra would represent 
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isolated [BMIM]+ cations in water. 

 

The large blue-shift of the bands above 3000 cm
-1

 for the aqueous mixtures is due to the 

weakening or breaking of the hydrogen bond between the protons in the imidazolium ring and 

the anion. The strength of hydrogen bonding is known to correlate with the amount of 

red-shift of the stretch vibration mode of the hydrogen participating in the bonding
77

. Thus, 

the large changes observed for halide based ILs indicate that the hydrogen bonding between 

the [BMIM]+ cation and the halide anions is initially strong and specific, but decreases 

quickly upon dilution. As the peak positions of the dilute mixtures of these ILs are finally all 

similar to those of the [BMIM]BF4 IL (see Fig. 5), the amount of blue-shift from pure ILs to 

very dilute mixtures is as much as ~100 cm-1 for C(2)-H of the [BMIM]Cl, slightly less for 

[BMIM]Br and [BMIM]I (or for C(4,5)-H), but still quite significant. 

 

By contrast, the spectra of [BMIM]BF4 /water mixtures (Fig. 5(d)) above 3000 cm-1 hardly 

changed with concentration throughout the range except the small overall peak shift. This 

indicates the environment provided by BF4¯ close to [BMIM]
+
 for pure ILs is not too much 

different from [BMIM]+ with no nearby anions, but surrounded by water molecules. This 

spectral feature thus strongly suggests that BF4¯ is not forming specific hydrogen bonding 

with the cation. In consistence with our IR experimental results, IR and large angle X-ray 

scattering (LAXS) experiments from other reports support weak and non-specific interaction 

between cation and anion in [BMIM]BF4
44,45. The interaction between the cation and anion 

was also found to be very weak and nonspecific in [EMIM]BF4/CD2Cl2 mixtures
43

.  

 

Upon close inspection, slight blue-shift at higher D2O concentration is observed for the bands 

corresponding to the butyl chains of the ILs, as reported for aqueous solutions of 

[BMIM][BF4]
44

. The blue-shift of the C-H vibrational modes of alkyl chain in organic 

molecules in water mixtures has been reported earlier78,79. These peak shifts suggest that the 

halide anions also have hydrogen bonding with the protons in the butyl chain, even if weak 

and transient. The possibility of weak C-H···O hydrogen bonding was also suggested by ab 
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initio calculations80. 

 

A very similar picture emerged from the DFT calculations using the ion-pair models and 

C-PCM implicit solvation to mimic aqueous solutions. For [BMIM]Cl, that showed the 

largest peak shift upon dilution, the C(2)-H band shifted from 2746 cm-1 (in vacuum, see 

Table 2) to 3171 cm
-1 

(C-PCM), while for [BMIM]Br, the shift was less; from 2847 cm
-1

 to 

3172 cm-1. While the exact amount of shift is less important, the major observation is that for 

both ILs the implicit solvation renders a complete isolation of the cation from the anion – as 

all the frequencies for the cation ring C(2)-H band vibrations become independent of the IL 

anion. Thus, the observation of the similar spectra in Fig. 5 for the lowest halide IL 

concentrations is strongly supported by the DFT calculations. For [BMIM]BF4, C-PCM 

calculation yields C(2)-H bands at 3171 cm
-1

, further supporting the complete dissociation of 

the IL into cations and anions. 

 

3.4 Aqueous mixtures of ionic liquids: NMR chemical shifts 

 

1H NMR measurements were performed for D2O/IL mixtures at different concentrations. The 

magnitude and nature of the chemical shift (δ) of the protons as a function of IL concentration 

reflect the change of the environment; anions gradually replaced by D2O. With its high 

dielectric constant, water is a very effective medium to reduce the Coulombic interaction 

between the cations and anions in a controllable way by changing its concentration in the 

mixture
44

. The chemical shifts of hydrogen atoms with increasing ILs concentration are 

plotted in Fig. 6. For [BMIM]X (X = Cl¯, Br¯, I¯), the chemical shifts of C(2)-H, C(4)-H and 

C(5)-H undergo significant changes to an upfield position with decreasing IL concentration, 

and finally they all merge into the same value at very dilute concentrations, suggesting the 

cation and anion to be completely dissociated. This change in the chemical shift can be 

visualized as a gradual withdrawal of the anion (hydrogen-bonding acceptor) from these 

protons with a decreasing IL concentration. For C(4,5)-H of [BMIM]I, a brief downfield shift 

is seen (Fig. 6(b) and (c), green lines) at IL concentrations lower than ~ 0.1 mf. As can be 
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seen in Figs. 6(a), (b) and (c), the imidazolium ring protons in [BMIM]Cl are more downfield 

shifted than for [BMIM]I and [BMIM]Br, reflecting the strongest electronegativity of Cl¯.  

 

This can be further corroborated by comparing the results of the DFT calculations for each 

ion-pair (and for the [BMIM]+ cation) between the gas phase and water phase (C-PCM 

model) calculations. Using the isolated cation model, the vacuum and the C-PCM results 

should ideally not differ, thus serving as an internal reliability verification for the DFT 

computations; reassuringly the differences obtained are ~0.1 ppm or less. For the halide IL 

there are indeed huge changes occurring for the C(2)-H protons from the ion pairs in gas 

phase to those in water; for [BMIM]Cl from 14.8 to 8.3 ppm and for [BMIM]Br from 14.5 to 

8.4 ppm. The shifts of the C(2)-H protons become almost identical for [BMIM]Cl and 

[BMIM]Br when they are “solvated”, and much closer to the shift obtained for the “solvated” 

[BMIM]
+
 cation of 7.7 ppm (thus only a 0.7 ppm difference). The large change between gas 

phase and continuum can also be visualized for the [BMIM]Cl ion-pair from the optimized 

geometries in Figs. 7(a) and (b), for the gas phase and for the solvated structure, respectively. 

 

In contrast, the chemical shifts for [BMIM]BF4 showed little change, which is also consistent 

with the IR spectra in Fig. 5(d), where the peak positions hardly changed with concentration. 

This indicates that the environment of all three protons do not undergo much change upon 

decreasing [BMIM]BF4 concentration. In the DFT calculations the very same chemical shift 

for the C(2,4,5)-H protons (8.3, 7.6, and 7.6 ppm) is obtained as for the other ILs upon 

solvation, which further supports the loss of hydrogen bonding for the halide based ILs.  

 

From this, we propose that the BF4¯ anion is positioned at/around the top of the imidazolium 

ring for pure [BMIM]BF4 such that it cannot form any specific hydrogen bonding, as also 

suggested by previous studies and supported by the optimized configuration from DFT 

calculations as shown in Fig 7(c)57,66,81
 . With this weaker interaction between BF4¯ and C-H, 

the BF4¯ and the imidazolium cation seem and behave almost like separate entities. This can 

also explain why the chemical shifts of C(2)-H, C(4)-H and C(5)-H do not vary significantly 
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with decreasing [BMIM]BF4 concentration (pink lines in Figs.6(a)-(c)). Due to this weak 

interaction, the C(2)-H, C(4)-H and C(5)-H peaks in IR spectra (Fig. 1) are more blue-shifted 

compared with [BMIM]X (X = Cl¯, Br¯, I¯). As for the relative position of BF4¯ vs. [BMIM]
+
, 

previous reports also support our proposition57,69,82,.  

 

To further investigate the relative position of the anions vs. the [BMIM]
+
 imidazolium ring, 

we show in Fig. 8 and 9 an alignment of the chemical shifts values at infinite dilutions for 

different protons to a common zero value. Using these plots we find that for [BMIM]Cl, 

[BMIM]Br and [BMIM]I, C(2)-H is more downfield-shifted than C(4,5)-H (Figs. 8(a), (b), 

and (c)), indicating that the former protons are subject to a larger influence with increasing IL 

concentration. Again, this can be attributed to a stronger hydrogen bonding ability, and 

C(2)-H···anion interactions preferred over C(4,5)-H···anion interactions
41,83

. The chemical 

shifts all go upfield by dilution (except for a brief downfield shift for [BMIM]Br and 

[BMIM]I at very dilute concentrations lower than 0.1 mf, blue and red lines in Fig. 8(c)) for 

the halide based ILs. 

 

In contrast to [BMIM]X (X = Cl¯, Br¯, I¯), the C(2)-H of [BMIM]BF4 is upfield-shifted with 

increasing IL concentration (Fig. 8(d)), albeit only by a small amount. We propose that this is 

due to electron-rich BF4¯ ions shielding the imidazolium ring hydrogen atoms (C(2)-H, 

C(4)-H, C(5)-H) by being located around the top of the imidazolium rings, while the specific 

interaction between BF4¯ and C(2)-H is always very weak. Thus, by interpreting the outcomes 

from Figs. 5, 6 and 8, we propose that BF4¯ anion is positioned around the top of the 

imidazolium ring (Fig. 7(c)), and presumably closer to the C(4,5)-H. The chemical shifts from 

the DFT calculations are 6.7 ppm for the C(4,5)-H protons, and 10.0 ppm for the C(2)-H, 

qualitatively supporting the experimental results in Fig. 8(d).  

 

In Fig. 9, the relative chemical shifts for the protons in the methyl group of the imidazolium 

ring and those in the butyl group are shown. With an increasing IL concentration a gradual 

upfield shift due to intermolecular effect would generally be expected, which is indeed shown 
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representatively in C(9)-H and C(10)-H for [BMIM]I and [BMIM]BF4 (pink and green lines 

in Figs. 9(c) and (d)). This upfield shift is less prominent and even changes quickly to strong 

downfield shift for [BMIM]Cl and [BMIM]Br, especially for protons relatively closer to the 

imidazolium ring (see e.g. red and black lines in Figs. 9(a) and (b)). This indicates that 

hydrogen bonding between these protons and the halide anions (Cl- and Br-) gives rise to 

downfield shifts which overcome the intermolecular effect and results in a net downfield shift 

with increasing IL concentration. 

 

As for [BMIM]BF4 in Fig. 9(d), the chemical shift changes little with concentration, 

indicating the weaker interaction between BF4¯ and the protons in the butyl group overall. In 

detail, the chemical shift curves for C(6)-H and C(7)-H overlap for [BMIM]X (X = Cl¯, Br¯, 

I¯) (Figs. 9(a), (b), and (c)) suggesting the chemical environments of C(6)-H and C(7)-H are 

similar for these ILs. In contrast, for [BMIM]BF4 the curves of C(6)-H and C(7)-H are 

separated (Fig. 9(d), black and red lines), suggesting slightly different environments for these 

protons.  

 

3.5 H-D exchange of the C(2)-H in D2O/IL mixture 

 

As the C(2)-H is known to be the most acidic hydrogen of the imidazolium cation, its 

deuterium substitution rate in D2O will be influenced by the hydrogen bonding strength 

within the IL. As shown in Fig. 10, the H(2) NMR peaks decrease at different rates depending 

on the size of halide anion, and for [BMIM]Cl decreases quickly after 21 h. After 3 days, the 

peak area ratios between H(2) and H(4) are 0.1, 0.14, 0.21 for [BMIM]Cl, [BMIM]Br and 

[BMIM]I, respectively. (In contrast, C(2)-H was completely deuterated after 20 hours for 

[BMIM]I in our previous work66, likely accomplished by virtue of a ten-times lower IL 

concentration (0.01 mole fraction).  

 

The deuterium exchange further confirms the hydrogen bonding strength to follow the order: 

C(2)-H···Cl > C(2)-H···Br > C(2)-H···I, as it weakens the C(2)-H bond and promotes 
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deuteration. In stark contrast, there is no exchange reaction at all for [BMIM]BF4
66, and thus 

we infer also from this result no specific hydrogen bonding to promote the deuterium 

exchange to occur. We have proposed that BF4¯ is located out of the imidazolium ring plane, 

and is not forming specific hydrogen bonding with C(2)-H. The much smaller change for 

C(2)-H of [BMIM]BF4 in the IR spectrum (Fig. 5(d)) and the NMR spectrum (Fig. 6(a)) upon 

dilution, and no H-D exchange in C(2)-H all support this proposition. Quantum chemical 

calculations show that positive charges are distributed over the imidazolium ring. Thus it can 

be imagined that the negative charges distributed over 4 fluoride atoms at the vertices of the 

tetrahedral BF4
-
 favor this on-top position in terms of Coulomb attraction with the 

imidazolium cation. 

 

4. Conclusions 

 

We have investigated the bulk structures of [BMIM]X (X= Cl¯, Br¯, I¯) and [BMIM]BF4 by 

IR and NMR spectra, all supported by DFT calculations. With a decreased halide anion size, 

the ν(C(2)-H) peak is more red-shifted in the IR spectrum, and the chemical shift of the 

C(2)-H proton moved further downfield in the NMR spectrum, which both suggest that the 

hydrogen bonding is stronger for C(2)-H with a smaller halide anion. The H-D exchange rates 

also confirm the hydrogen bonding strength to follow the order: C(2)-H···Cl > C(2)-H···Br > 

C(2)-H···I. Quite different from [BMIM]X (X= Cl¯, Br¯, I¯), the IR and NMR spectra in the 

imidazolium ring region of [BMIM]BF4 did not change appreciably with concentration in our 

aqueous solution systems. This can be ascribed to a different relative position of the BF4¯ 

anion with respect to the [BMIM]
+
 imidazolium ring and a different nature of the anion-cation 

interaction. Halide anions are expected to be in the imidazolium ring plane and close to the 

C(2)-H hydrogen, as indeed obtained as stable geometries for the DFT ion-pair model 

calculations, while BF4¯ is believed to be located above the imidazolium ring and thus farther 

away from the C(2)-H hydrogen. The joint observations of a much smaller vibrational shift 

for C(2)-H of [BMIM]BF4 in the IR spectrum (Fig. 5(d)), the much smaller chemical shifts in 

the NMR spectrum (Fig. 6(a)) for this proton upon dilution, and the lack of H-D exchange for 

Page 19 of 37 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



20 

 

the C(2)-H group, all support this particular IL to have weak hydrogen bonding. This 

structural difference between the ionic liquids depending upon the anions type will work as a 

key element to build further the structure-property relation of ionic liquids. 
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Table 1. Gaussian fitting values obtained from the IR absorption spectra (Fig. 2) for pure 

[BMIM]Cl, [BMIM]Br, [BMIM]I, and [BMIM]BF4. 

 [BMIM][BF4] [BMIM]I [BMIM]Br [BMIM]Cl 

vssHC(4)C(5)H 3163 3018 3018 3137 

vasHC(4)C(5)H 3122 3078 3074 3057 

vC2(H) 3114 3032 3020 3018 

vas(N)CH3 3036 3019 3015 2995 

vss(N)CH3 2985 2981 2980 2078 

vasCH3 2965 2956 2957 2957 

vFRCH3 2938 2932 2934 2934 

vssCH3 2877 2870 2870 2870 

vasCH2 2913 2906 2906 2907 

vssCH2 2856 2848 2844 2845 
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Table 2. IR frequencies and NMR chemical shifts from the DFT calculations. 

 [BMIM]Cl [BMIM]Br [BMIM]BF4 [BMIM]+
 

 vacuum C-PCM vacuum C-PCM vacuum C-PCM vacuum C-PCM 

 IR frequency (cm
-1

)  

ν(C(2)-H) 2746 3171 2847 3172 3250 3171 3284 3219 

νas(C(4,5)-H) 3272 3189 3274 3188 3270 3188 3280 3232 

νss(C(4,5)-H) 3291 3206 3293 3206 3298 3206 3298 3250 

 NMR chemical shift (ppm)  

C(2)-H 14.8 8.3 14.5 8.4 10 8.3 7.6 7.7 

C(4,5)-H 6.6 7.6 6.5 7.6 6.7 7.6 7.2 7.3 

C(4,5)-H 6.6 7.6 6.5 7.6 6.7 7.6 7.2 7.3 
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Figure 1. IR spectra of pure [BMIM]Cl, [BMIM]Br, [BMIM]I and [BMIM]BF4 in the 

CHx range. Inset shows the chemical structure of the 1-butyl-3-methyl imidazolium 

cation ([BMIM]
+
). 
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Figure 2. Deconvolution of the IR spectra in the CHx range for pure [BMIM]Cl, 

[BMIM]Br, [BMIM]I, and [BMIM]BF4. 
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Figure 3. IR spectra of pure [BMIM]Cl, [BMIM]Br, [BMIM]I and their isotopic 

substituted d-[BMIM]Cl, 
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Figure 4. NMR chemical shifts of various protons (as labelled in Fig. 1) of 

imidazolium cations in pure ILs. 
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Figure 5. IR absorption spectra of [BMIM]X/D2O. In (a), (b) and (c), from bottom to 

top, the molar fraction (mf) of ILs is 0.1, 0.2, 0.3, 0.4 and 1, respectively. In (d) [29], 

from bottom to top, the molar fraction (mf) of ILs is 0.024, 0.054, 0.12, 0.23 and 1. 

(e) peak positions of C(2)-H and C(4,5)-H vibrational modes vs. concentration (black: 

[BMIM]Cl, red: [BMIM]Br, blue: [BMIM]I)  
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Figure 6. Chemical shift δobsd (ppm) of C(2,4,5,10)-H protons with increasing 

[BMIM]X (X= Clˉ, Brˉ, Iˉ, BF4ˉ) concentration in water. 
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Figure 7: The optimized geometries, B3LYP/6-311+G*, of the [BMIM]X ion-pair 

with the cation in the GA conformation, in: (a) gas phase and (b) using the C-PCM 

continuum model with water as solvent X = Cl, (c) gas phase X = BF4. 
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Figure 8. Normalized chemical shift δobsd (ppm) of protons in imidazolium ring with 

increasing [BMIM]X (X= Clˉ, Brˉ, Iˉ, BF4ˉ) concentration in water. 
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Figure 9. Normalized chemical shift δobsd (ppm) of protons in alkyl chain with 

increasing [BMIM]X (X= Clˉ, Brˉ, Iˉ, BF4ˉ) concentration in water. 
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Figure 10. HNMR spectra of [BMIM]X (X= Clˉ, Brˉ, Iˉ) in D2O at 0.1 mole fraction: 

(upper left) after 21 h; (upper right) after 3 days. (below) C(2)-H peak area change vs. 

time concentration (black: [BMIM]Cl, red: [BMIM]Br, blue: [BMIM]I). 
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