
CHAPTER-V 

 

Exploring Inclusion Complexes of Ionic Liquids with α- and β- 

Cyclodextrin by NMR, IR, MASS, Density, Viscosity, Surface Tension and 

Conductance Study 

 

1. Introduction:   

The spontaneous association of the host and guest molecules by means of the non-

covalent interactions under equilibrium conditions results stable and well-defined 

structures[1].  The typical self-assembly association is the inclusion of the various guest 

molecules with cyclodextrins [2-5].  Among various host molecules α-cyclodextrin (α-

CD), β-cyclodextrin (β-CD) are the common host molecules. Cyclodextrins are the cyclic 

oligosaccharides containing n number of glucose units. The cyclodextrins are named as 

α-cyclodextrin, β-cyclodextrin and γ-cyclodextrin according to the number of the 

glucose units as 6, 7 and 8 respectively. The glucose units are linked by 1,4 glycosidic 

linkages. The glucose units in CDs are arranged in such a way that they get a truncated 

cone structure with a hydrophobic cavity and a hydrophilic exterior characterised by 

hydroxylated, hydrophilic rims (a narrower, primary rim and a wider, secondary rim) 

[Fig.1] . This special structure makes cyclodextrin highly versatile to form inclusion 

complexes with different kinds of organic and inorganic guest molecules. [6]. Such 

distinct properties make them suitable as complexing agent with hormones, vitamins, 

and many compounds frequently used in tissue and cell culture applications. Moreover, 

CDs are also used in food industry [7], as IL carriers [8] [9] [10] [11] as building blocks 

for polymers, [12] [13] and as adsorbents for separation techniques, [14]. Ionic liquids 

(ILs) are the main point of attraction now days due to their unique non-volatile, non-

flammable properties, thermal and chemical stability, highly polarity and naturally 

friendly characteristics, wide solvating properties. Ionic liquids (ILs) are widely used in 

different fields of chemistry such as organic chemistry, electrochemistry, catalysis, 

physical chemistry and applied supramolecular chemistry. [15-20] The use of ILs in 

different chemical reactions, synthesis, cellulose processing, nuclear fuel reprocessing, 

waste recycling, metal air batteries is now a growing trend. Beside all these, the most 

important property of the ILs is the naturally green property as this is most demanding 
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one in recent age. In enantioseparation by electrophoresis, [21] [22] [23] in gas and 

high-performance liquid chromatographies, [24] [24, 25] and also in supramolecular 

chemistry, for the synthesis of new materials having various significant properties the 

room temperature ionic liquids (RTILs) have been used together with CDs.  In all the 

above discussed fields, the knowledge of the physicochemical properties and various 

interactions of CD−RTIL are of major interest.  

Imidazolium-based ILs are popular among the most studied ILs. Selection of the 

imidazolium ring as a cation is often done as it is stable within oxidative and reductive 

conditions [26], low viscosity and their ease of synthesis [23]. In this article we have 

studied the inclusion complexation of two imidazolium based ionic liquids namely 1-

benzyl-3-methylimidazolium chloride ([BMIm]Cl) and 1-hexyl-3-methylimidazolium 

chloride ([HMIm]Cl) [Fig.1] with α-CDs and β-CDs. These ILs are of industrially 

interesting due to their green nature and high stability in the normal atmospheric 

conditions. Here, the formation of the host-guest inclusion complexation and 

physicochemical properties of the two said ILs with the CDs have been studied. These 

types of inclusion complexes are of great attention owing to their stability, good 

carrying property and ability of controlled release in the normal atmospheric 

conditions. With the help of the easily available methodology such as Density 

measurement, viscosity measurement, surface tension measurement, conductance 

measurement and spectroscopic analysis namely 1H-NMR and IR the formation of the 

host-guest inclusion complexation and the physicochemical properties have been 

studied  
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                                            [BMIm]Cl                                                        [HMIm]Cl 

     

Fig.1 Representation of Molecular structure of of [BMIm]Cl and [HMIm]Cl and an 

overall view of cyclodextrin.  

 

2. Experimental Section 

 

2.1 Materials  

α-Cyclodextrin, β-cyclodextrin, 1-Benzyl-3-methylimidazolium chloride, 1-Hexyl-3-

methylimidazolium chloride of puriss grade were purchased from Sigma Aldrich. The 

mass fraction purity of α-CD and β-CD used was ≥0.99 and that of [BMIm]Cl and 

[HMIm]Cl was ≥0.99. 

 

 

2.2 Apparatus and procedure  

Before starting of the experimental work the solubility of the compounds under 

consideration has been precisely checked and found the selected ILs ([BMIm]Cl, 

[HMIm]Cl), and the host molecules α-CD and β-CD were freely soluble in triply distilled 

and degassed water (with a specific conductance of 1×10-6S∙cm-1). Different solutions of 

ILs for experiment were prepared by mass (Mettler Toledo AG-285 with uncertainty 

±0.0003g), and the working solutions were prepared by the procedure of mass dilution 

at 298.15 K. 

The solid inclusion complexes namely [BMIm]Cl + α-CD, [BMIm]Cl + β-CD, [HMIm]Cl + 

α-CD, and [HMIm]Cl + β-CD have been prepared adding ethanol solution of IL drop by 

drop to the aqueous CD solution. The aqueous solution of CD and ethanolic solution of 

IL have been prepared dissolving 1.0mM of cyclodextrin in 20 mL of water and 1.0 mM 
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of ionic liquid in 20 mL of ethanol respectively and stirring separately for 3h. The 

mixtures have then been stirred for 48h at 500C. The solid obtained in each case has 

been filtered at the same temperature and then allowed to cool to 50C and kept for 12 h. 

The resulting suspension has been filtered to obtain a white polycrystalline powder. 

This have been washed with ethanol repeatedly and dried in air.  

1H NMR spectra of the pure solutions and mixtures of hosts and guests were recorded 

on Bruker ADVANCE 400 MHz spectrometer using D2O at 298.15K. Signals were quoted 

as δ values in ppm using residual protonated solvent signals as internal standard (D2O: 

δ 4.79 ppm). Data obtained were reported as chemical shift. 

FT-IR spectra were recorded by Perkin Elmer FT-IR Spectrometer applying KBr Desk 

technique with scanning range 400 to 4000 cm-1.  

The Mass Spectroscopic analyses were carried out using JEOL GC MATE II quadruple double 
focusing mass analyser instrument by electron impact ionization. 
 
With the help of platinum ring detachment method using a Tensiometer (K9, KRŰSS; 

Germany) at the studied temperature the surface tension experiments were carried out. 

The precision of the measurement was within ±0.1 mN∙m−1. Temperature of the system 

was maintained throughout the experiment using circulating auto-thermostated water 

through a double-wall glass vessel containing the solution.  

The conductivities of the solutions were studied using a Mettler Toledo Seven Multi 

conductivity meter having an uncertainty of 1.0 mSm-1. The experiment was carried out 

in a thermostated water bath at 298.15K with an uncertainty of -0.01K. HPLC grade 

water was used with a specific conductance of 6.0 mSm-1. Calibration of the conductivity 

cell was done using 0.01 M aqueous KCl solution. 

The densities (  ) of the solvent and different solutions were measured using vibrating 

u-tube Anton Paar digital density meter (DMA 4500M) with accuracy of ±0.00005gcm-3 

maintained at ±0.01K of the experimental temperature. The system was calibrated by 

passing doubly distilled, deionized, degassed water and dry air. 

The viscosities (η) were measured using a Brookfield DV-III Ultra Programmable 

Rheometer with spindle size-42 fitted to a Brookfield digital bath TC-500.  The 

viscosities were obtained by the equation below. 

 

η = (100/RPM) X TK X torque X SMC 
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Here, TK (0.09373),  SMC (0.327) and , RPM to be the viscometer torque constant, 

spindle multiplier constant and speed of the spindle respectively. The instrument was 

calibrated with the help of the standard viscosity samples which was supplied with the 

instrument, water and aqueous CaCl2 solution. The temperature was maintained ±0.010 

C using a Brookfield TC-500 thermostat digital bath. The viscosities of the different 

solutions were measured with an accuracy of ±1%. Every measurement reported here 

as an average of three readings taken successively with a precision of 0.3%. 

 

3. Result and Discussion 

 

3.1. NMR Spectroscopic Study: 

The 1H-NMR spectroscopic study is one of the most reliable tools to establish the host-

guest inclusion complexation [27].  Here, we have studied the inclusion phenomena of 

the two ILs namely [BMIm]Cl and [HMIm]Cl with α-CD and β-CD respectively. The 1H-

NMR study is characterised by the change of the chemical shift of protons of host and 

guest molecules in the complex, with respect to the same protons in the free host and 

guest molecules [28]. It has been shown in the [Fig. 1] that the hydrophobic interior 

part contains H3 and the H5 protons in the wider rim and narrower rim formed by the 

methylene protons H6 respectively. The protons H1, H2 and H4 are located on the outer 

side of the molecule[23]. The result has shown the proton H3 of CDs to present 

significantly at the up field position in the complex compared to the spectra of pure CDs.  

[Table1,S1, Fig.2 and S1]. Another proton H5 has again been found to present to an up 

field position but here the shift is slightly less than proton H3 [Table1]. The other 

protons e.g., H1, H2, H6 have been found to situate at the same position in spectra of the 

pure and the complex. Hence the result shows a reasonable shift. On the other hand the 

protons in the hydrophobic part of the ILs have changed their chemical shift also. As in 

both the cases of α-CD and β-CD the guest molecule is same, it is better to consider the 

shift of the protons of the host molecules while discussing the comparison of the 

feasibility of the inclusion[29]. The comparison of the shift of the H3 and H5 protons has 

indicated clearly the feasibility of inclusion from the wider rim compared to the 

narrower rim. The NMR peak due to H3 and H5 protons were found in more up field 

position for β-CD than α-CD in both the cases of inclusion, indicates the more feasibility 

of [BMIm]Cl- β-CD inclusion[30]. 
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Table1.  Change in chemical shifts (ppm) of the H3 and H5 protons of cyclodextrin 

molecules in four different host-guest complexes in D2O at 298.15 Ka.  

 

Protons of CD [BMIm]Cl+ α-

CD 

[BMIm]Cl+ β-

CD 

[HMIm]Cl+ α-

CD 

[BMIm]Cl+ β-

CD 

H3 0.25 0.28 0.20 0.26 

H5 0.08 0.14 0.03 0.09 

aStandard uncertainties in temperature u are: ±0.01K, Pressure: ± 10kPa,  
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(a) 

 

(b) 

Fig.2.  1H NMR spectra of (a) pure β –CD(top), [BMIm]Cl (middle) and β –CD&[BMIm]Cl 

complex (bottom) (b)  pure β –CD(top), [HMIm]Cl (middle) and β –CD&[HMIm]Cl 

complex (bottom). 
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3.2. Surface Tension Study 

The surface tension of the systems has been carried out to support the above 

explanation of host-guest inclusion complexation. In determining the stoichiometry of 

the IC among various possible stoichiometries [Fig.3], the surface tension study is the 

most important one. The values of surface tension (γ) have been found to increase with 

the increasing concentration of the CD [TableS2].  The guest molecules [BMIm]Cl and 

[HMIm]Cl are the surface active in nature. During addition of CD molecules the IL 

molecules are encapsulated inside into the CD molecules and hence the surface activity 

gradually decrease which leads to the higher values of the surface tension. Here, it is to 

be noted that in our previous investigation it has been observed that both the 

investigated cyclodextrins are similar in nature and their surface tension (γ) values 

does not show any significant changes in pure water [31].  Hence, the change in surface 

tension is purely due to the formation of the ICs in the solutions.  

 

       2:1         1:2       2:2       1:1 

Fig.3. Plausible stoichiometric inclusion ratio of the host and guest molecule. 
(Host:Guest) 
 
Again the plot of γ against the concentration of the CD shows single break point in all 

the cases indicating the 1:1 stoichiometry of the inclusion [Fig.S2]. The values of the 

surface tension and the corresponding concentration at the break point have been listed 

in the [Table2]. Table2 shows the break point concentration of the CD is lowest for 

[BMIm]Cl & β-CD complex indicating the most feasibility of the formation of the host-

guest inclusion complex compared to the others. The molecule [BMIm]Cl has a 

hydrophobic benzyl ring which can be better fit inside into the more suitable cavity of β-
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CD[32]. Here, hydrophobic interaction play the main role to stabilise the complex[33, 

34] [34].  

Table2. Values of surface tension (γ) and at the break point with corresponding 

concentration of aqueous α and β-cyclodextrins at 298.15 Ka 

 
Surface tension 

 
[BMIm]Cl+α-CD [BMIm]Cl+β-CD [HMIm]Cl+α-CD [HMIm]Cl+β-CD 

Conc. Of CD/ 

mM 
5.158 5.03 5.199 5.082 

γ/mN m-1 64.04 69.438 59.807 60.845 

aStandard uncertainties in temperature: ± 0.01 K, Pressure: ± 10kPa, surface tension: ±0.01 mNm-1 

3.3. Conductivity study 

The formation of the host-guest inclusion complex can again be explained by studying 

conductivity with high precision and at a reasonably low concentration. [35] [36]. From 

the trend of the conductance the formation of the IL-CD inclusion complex as well as the 

stoichiometry can be determined. Here, the mobility of the species in the aqueous 

solutions of the studied two ionic liquids has been measured taking initially 10 mL of 

the IL solution. The successive addition of α-CD and β-CD at 293.15K, 303.15K and 

313.1K has given the values of the conductivity which have been listed in the [TableS3, 

S4]. The continuous addition of the CD solution leads to the decrease of the conductance 

values gradually. This is due to certain change in the solution that can be explained as 

there is the association of the host and guest molecules. As the inclusion of the anion 

(Chloride) is unfavourable the IL molecule favourably enters into the hydrophobic 

cavity of the CD molecules [Fig.S4] which leads to decrease the number of the free 

cation and increase the number of the associated cations with gradual addition of the 

CD molecules, which is reflected by the conductivity values. The plot of conductivity 

against concentration [Fig.S3] shows the similar trend of the conductivity with a break 

point at a certain concentration of CD. This leads to conclude the formation of the 

inclusion complexes in the solutions with 1:1 stoichiometry [37][TableS5]. The tableS5 

shows the formation of the IC starts earlier in case of the β-CD than α-CD, which again 

indicates the better feasibility of inclusion of the IL with β-CD than α-CD. Again the 

initiation of the inclusion has been found in case of the [BMIm]Cl & β-CD system at the 
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lowest concentration of the β-CD, which concludes the most feasibility of formation of IC 

among the four combinations.  

3.4. Association constants and thermodynamic parameters 

The association of the complexes can also be explained quantitatively by means of the 

non-linear programme taking into account the conductivity of the IL-CD mixtures at 

different temperatures. [38] [39] [40].  

The 1:1 IL+CD complex can be expressed as 

aK

f fIL CD IC                                                  (1) 

The association constant (Ka) for the formation of IC may be expressed as 

[ ]

[ ] [ ]
a

f f

IC
K

IL CD


                                                                  (2)

 

Where, [IC], [ILf and [CD]f  signifies the equilibrium concentration of IC, free IL and  free 

CD respectively. Again the association constant (Ka) in the form of the binding isotherm 

can be written as 
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                      (4) 

Here, ko, kobs and k represents the conductivity of IL at initial state, during addition of CD 

and final state, respectively. [IL]ad and [CD]ad represent the analytical concentrations of 

the added ionic liquid and added cyclodextrin respectively. Thus the value of [CD]f  and 

Ka can be evaluated from the above equations (3) and (4).  

The Thermodynamic parameters such as enthalpy, entropy depend on the interactions 

taking place between the host and the guest molecules, solvation energies of the species 

in the solvent system involved in the complexation reaction, possibilities of the 

hydrogen bonds, change in the number of species due to association etc. From the linear 

least-squars analysis basing upon the following equation the values of ∆H0 and ∆S0 for 

complexation can be evaluated.  
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0 02.303log f

H S
K

RT R

 
                                                            (5) 

The enthalpy and entropy of complexation have been determined from the slope and 

the intercept of the plot [Fig.4] of log fK against 
1

T
 and the results have been listed in 

the Table3. The table shows that the values of ∆H0 and ∆S0 are negative. This can be 

interpreted as the decrease of the energy of the system which favours the formation of 

the inclusion complexes. As inclusion complex has formed i.e., one host and one guest 

molecule have got associated to form inclusion complex, the system was more ordered. 

This has been revealed by the negative result of the entropy. It can be concluded that 

the negative enthalpy is the main driving force of the process [41].  
 

Table3. Association constants (Ka), Gibb's free energy, enthalpy and entropy of various 
ionic liquid-cyclodextrin systems 

IL & CD systems logKa  (M
-1) ΔG0                     

(kJ mol-1) 
ΔH

0               
(kJ mol-1) 

ΔS
0                           

(J mol-1) K-1 293.15 303.15 313.15 

HMIMCl & α-CD 3.74 3.37 3.06 -99.205 -59.739 -132.37 

HMIMCl & β-CD 3.81 3.47 3.14 -96.901 -58.82 -127.722 

BMIMCl & α-CD 3.9 3.56 3.24 94.632 -57.94 -123.063 

BMIMCl & β-CD 3.97 3.61 3.32 -92.613 -57.118 -119.049 
aStandard uncertainties in temperature u are:  ±0.01K. bMean errors in Ka ±0.01M-1, ΔH°, ±0.01 kJ mol−1; ΔS°, ±0.01 J mol−1 K−1;  

  

Again the values of ∆G0 for complex formation have been found negative which clearly 

indicates that the process of inclusion is spontaneous [37, 42] [43].  Thus from the 

values of the thermodynamic parameters the more spontaneity of the [BMIm]Cl & β-CD 

complexation over the other combinations can easily be explained.  

 

Fig.4. Linear relationships of logKa vs. 1/T for the interaction of [HMIm]Cl and α-CD (♦), 

[HMIm]Cl and β-CD (■), [BMIm]Cl and α-CD ( ▲), [BMIm]Cl and β-CD(•).  
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3.5. FT-IR Spectroscopy 

FT-IR spectroscopic study is another reliable tool for the confirmation of the inclusion 

phenomena. [44];[45];[46];[47]. Characteristic IR frequencies of [BMIm]Cl, [HMIm]Cl, α-

CD, β-CD, [BMIm]Cl & α-CD, [HMIm]Cl & α-CD, [BMIm]Cl & β-CD and [HMIm]Cl & β-CD  

are listed in the table Table S6.  The comparison of the different frequencies for 

different groups of pure CD, pure IL, and the Corresponding complexes support the 

phenomena of inclusion. The –O-H stretching frequencies (broad peak) of both α-CD 

and β-CD have been found at a lower frequency region in all the four ICs, which may be 

due to the interaction of the –O-H groups of the CD molecules with the imidazolium 

cation [Fig. 5 , S5]. Few characteristic peaks have been found to be absent or got merged 

in the spectra of the IC, which is caused due to the interactions taking place in the ICs.  

The –O-H stretching frequency from the guest [HMIm]Cl has been found absent  in the 

spectra of IC, clearly indicates the insertion of the guest into the cavity of CDs. The 

characteristic frequencies of -C=N stretching -C=C stretching of both [BMIm]Cl and 

[HMIm]Cl have been found in lower frequency region in the complex compared to the 

pure spectra. The peaks due to aromatic -C-H stretching (benzene ring) of [BMIm]Cl and  

-C-H stretching of hydrophobic chain (hexyl group) of [HMIm]Cl have been found to be 

absent in all the complexes. This is due to the insertion of the hydrophobic chain inside 

into the hydrophobic cavity of the CDs. 
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(a) 

 

(b) 

Fig.5.  FT-IR Spectra of (a) pure β –CD, [BMIm]Cl, and [BMIm]Cl + β –CD inclusion 

complex  (b)pure β –CD, [HMIm]Cl, [HMIm]Cl + β –CD inclusion complex. 
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3.6 EI-Mass spectroscopic analysis 

The EI-Mass spectroscopic analysis was carried out using the solid mass prepared using 

the method stated in the experimental section. The m/z values have been given in 

table4 and the spectra are shown in Fig.S6. The spectra of each complex shows peak of 

the complex ion having m/z value equal to the sum of one host and one guest molecule. 

This indicates the formation of the inclusion complex with 1:1 stoichiometry[48]. 

 
Table4. The observed peaks at different m/z with corresponding ions for the solid 
inclusion complexes 
 
 

BMImCl-α-CD inclusion complex HMImCl-α-CD inclusion complex 

Ions m/z values Ions m/z values 

[BMImCl]+ 208.6914 [HMImCl]+ 202.7281 

[α-CD]+ 972.8423 [α-CD]+ 972.8423 

[BMImCl+ α-CD]+ 1181.5306 [HMImCl+ α-CD]+ 1175.5602 

BMImCl-β-CD inclusion complex HMImCl-β-CD inclusion complex 

Ions m/z values Ions m/z values 

[BMImCl]+ 208.6914 [HMImCl]+ 202.7281 

[β-CD]+ 1134.9623 [β-CD]+ 1134.9623 

[BMImCl+ β-CD]+ 1343.6508 [HMImCl+ β-CD]+ 1337.6814 

 

 

3.7. Apparent molar volume  

 The sum of the geometric volume of the solute molecules and the change in the solvent 

volume due to its interaction with the solute is termed as the apparent molar volume. 

Using the equation (1) and the values of the densities of different solutions of different 

concentrations obtained experimentally the values of apparent molar volume (Φv) have 

been measured (TableS7, S8 & S9). 

(Φv) = M/ρ – 1000. (ρ - ρ0) / m.ρ.ρ0 (6) 

Where, M is the molar mass of the solute molecule, m is the molarity of the solution, ρ 

and ρ0 are the densities of the solution and aqueous solvent of CD respectively. The 
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values of apparent molar volume (Φv) listed in the table are positive, which indicates 

the stronger solute-solvent interaction [49]. Also the values of Φv are found to be 

decreased with the increase in the concentration of the CDs whereas with the increasing 

mass fraction the values increase showing greater solute-solvent interaction. 

Using the Masson Equation [7] by a least-square treatment to the plot of apparent molar 

volume (Φv) versus √m the limiting apparent molar volume (Φv0) has been obtained. 

 

Φv= Φv0 + SV*. √C                                              (7) 

 

Where, Φv0 is the Partial molar volume at infinite dilution obtained from the intercept of 

the plot and SV* is the experimental slope. The plots of Φv with √m have been found 

linear with negative slopes. The values of Φv0 and SV* are reported in the Table5 [Fig.6].  

At infinite dilution the solute molecules are surrounded only by the solvent molecules 

and hence sufficiently apart from each other to interact. Thus Φv0 is unaffected by the 

solute-solute interaction and only the measure of the solute-solvent interaction [50] 

[51] The solute hydrophobicity, hydration properties, and solute solvents are also 

embedded with apparent molar volume data [52]. It has been observed from the table 

that the values of Φv0 are positive and increase with the mass fraction of the solvent, the 

values of SV* have been found negative. This in fact, indicates the presence of higher 

solute-solvent interaction. Table shows the higher value of Φv0 for [BMIm]Cl-β-CD 

system than the others indicating the best possibility of complexation among the four 

combinations. 
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(b) 

Fig.6 (a) Limiting apparent molar volume (φv0) and Sv* (b) viscosity A and B-coefficient 

of [BMIm]Cl and [HMIm]Cl in different mass fractions (w1) of aqueous (■) α-CD and ( ) 

β-CD solution at 298.15K.  

3.8. Viscosity calculation:  

To support the inclusion phenomena the viscosity of the IL-CD mixtures of different 

concentrations have been observed and explained. The viscosity values of pure CDs 

have been listed in the Table S7.  The experimentally obtained data have been listed in 

Table S8-S9. Using Jones-Dole equation [8] the data were calculated. 

 

(ƞ/ƞ0-1) m1/2 = A+Bm1/2     (8) 

 

Where,   and 0  signifies viscosity coefficients of the solution and the pure solvent 

respectively, M is the molal concentration of the ternary solution. A and B are the 

empirical constants, known as viscosity A and B co-efficient respectively [53] [54]. The 

A and B signify the solute-solute and solute-solvent interactions respectively. The values 

of A decrease with the increase in the mass fraction of CDs in the solutions whereas the 

B values increase with the mass fraction. This leads to the conclusion that with the 

increase in the mass fraction of the solvent molecules there is an increase in the IL-CD 

interaction which is higher than IL-IL interaction. Hence, this can be taken as supporting 

tool for the formation of the inclusion complexation described by the other 

observations[55] [56]. Again, the trend of the B values obtained from the Table5 is also 

in the good agreement with the explanation obtained from the density calculations. 
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Table5.  Limiting apparent molar volume (φv0), Experimental slope (Sv*), 

Viscosity B and A coefficient of [BMIm]Cl and [HMIm]Cl in different 

concentration of aqueous α-CD and β- CD solvent mixtures at 298.15Ka 

mass fraction 

(w1) 
φv0 X 106 Sv* B A 

[BMIm]Cl 

α-CD 

0.001 126.83 -57 0.8432 0.0632 

0.003 127.90 -50.68 1.008 0.0477 

0.005 128.91 50.53 1.0126 0.0386 

β- CD 

0.001 129.56 -54.47 1.1138 0.1171 

0.003 130.65 -47.03 1.2552 0.0941 

0.005 131.94 -40.46 1.4157 0.0785 

[HMIm]Cl 

α-CD 

0.001 124.12 -52.03 0.7698 0.0068 

0.003 125.13 -49.95 0.9352 0.0082 

0.005 126.19 -54.98 1.0004 0.0474 

β- CD 

0.001 127.83 -60.19 0.9271 0.0767 

0.003 128.86 -58.3 1.0157 0.0481 

0.005 129.70 -56.93 1.1915 0.0239 

aStandard uncertainties in temperature u are: u(T) = 0.01 K. 

3.9. Structural effect   

The CD molecules have different cavity sizes with structural speciality. The only guest 

molecules with proper dimensions can fit inside into the host CD molecules to form 

host-guest ICs. The hydrophobic interior is the responsible for binding the hydrophobic 

part of the guest molecule whereas the hydrophilic part of the rims help to interact with 

the polar part of the guest molecule.  Thus the formation of the inclusion complex is 

only favoured for the host and the guest molecules with proper dimensions. All the 

interactions taking place here are the non-covalent [57]. In the aqueous solution of CD 
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few water molecules occupy the hydrophobic cavity which is unfavourable energetically 

and hence the cavity can easily be replaced by the appropriate guest molecule. [58].  

Here, CD molecules have wider rim formed with the secondary hydroxyl groups and 

narrower rim formed with the secondary hydroxyl groups. The inclusion is favourable 

through the wider rim [59];[60]. The guest molecule while enter into the cavity of CD 

through the wider rim the other molecule find it blocked for 1:1 ICs. The studied IL 

[BMIm]Cl has a benzyl moiety whereas [HMIm]Cl has a hydrophobic hexyl side chain. 

During the inclusion the hydrophobic parts of the ILs enter inside into the hydrophobic 

cavity which is proved by the NMR and IR studies.  Thus, comparatively more 

hydrophobic benzyl moiety lowers the energy of the ICs by the more hydrophobic 

interactions compared to the hexyl moiety of the [HMIm]Cl. Moreover, displacing the 

polar water molecule from the cavity the [BMIm]Cl better fits with the β-CD which is 

reflected in the observation of the investigations [Fig.7]  

 

 

 

(a) 
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(b) 

Fig.7.  Schematic representation of inclusion of (a) [BMIm]Cl and [HMIm]Cl with α-CD 

and (b) [BMIm]Cl and [HMIm]Cl β-CD. 

 

4. Conclusion  

The thorough physicochemical and spectroscopic studies that are discussed above lead 

to the conclusion that the ILs i.e., [BMIm]Cl and [HMIm]Cl associates to form host-guest 

inclusion complexes with both the CDs. The proton NMR studies provides enough 

information which confirms the formation of ICs while Surface tension, Conductivity 

study and mass spectroscopic study supports the above mentioned phenomena and 

determines the 1:1 stoichiometry of the host-guest inclusion complexation. The Density 

and viscosity studies again support the phenomena of inclusion with a good agreement. 

Binding constants for the ICs have been determined with the help of the conductivity 

study by using a non-linear programme. Finally, the formation of the host-guest 

inclusion complexes has been found most feasible in case of the [BMIm]Cl-β-CD system 

than the other combinations. Based on the above information the plausible inclusion 
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structures have been speculated. In the field of Nano-sensing, drug delivery and in many 

other fields these types of inclusion complexes have the extensive applications.  

 

Supplementary material 

Tables 

TableS1. 1H-NMR spectra of [BMIm]Cl, [HMIm]Cl, α-CD, β-CD,  and 

[BMIm]Cl+α-CD, [BMIm]Cl+β-CD,  [HMIm]Cl+α-CD, [HMIm]Cl+β-CD 

complexes 

α-Cyclodextrin (400 MHz, Solvated in D2O)              

δ /ppm 

β-Cyclodextrin (400 MHz, Solvated in D2O) 

δ /ppm 

3.48-3.51 (6H, t, J= 9.00 Hz), 3.53-3.56 (6H, 

dd, J= 10.00, 3.00 Hz), 3.74-3.83 (18H, m), 

3.87-3.91 (6H, 

t, J = 9 Hz), 4.96-4.97 (6H, d, J = 3 Hz) 

3.49-3.54 (6H, t, J = 9.2 Hz), 3.57-3.60 (6H, 

dd, J =9.6, 3.2 Hz), 3.79-3.84 (18H, m), 3.87-

3.92 (6H,t, J = 

9.2 Hz), 5.00-5.01 (6H, d, J = 3.6 Hz) 

[BMIm]Clb 

δ /ppm 

[HMIm]Cl b                                                                                 

δ /ppm 

3.68(3H, s), 5.15 (2Hs), 7.21-7.27 (5H,m), 

8.58-8.62 (2H, dd).  

0.75(3H, t, J=7Hz), 1.13-1.21 (6H, m), 1.77-

1.79 (2H,m), 3.86 (3H, s), 4.14-4.17 (2H, t, 

J=6.8Hz), 7.28-7.35 (2H, dd) 

[BMIm]Cl+α-CDa [BMIm]Cl+β-CDa 

3.48-3.51 (6H, t, J= 9.00 Hz), 3.53-3.56 (6H, 

dd, J= 10.00, 3.00 Hz), 3.68(3H, s), 3.69-

3.74 (18H, m), 3.62-3.67 (6H, 

t, J = 9 Hz), 4.96-4.97 (6H, d, J = 3 Hz), 5.30 

(2H, s), 7.41-7.47 (5H,m), 8.59-8.65 (2H, 

dd). 

3.49-3.54 (6H, t, J = 9.2 Hz), 3.57-3.60 (6H, 

dd, J =9.6, 3.2 Hz), 3.68(3H, s), 3.66-3.70 

(18H, m), 3.60-3.64 (6H,t, J = 

9.2 Hz), 5.00-5.01 (6H, d, J = 3.6 Hz), 5.25 

(2Hs), 7.35-7.42 (5H,m), 8.59-8.64 (2H, 

dd). 

[HMIm]Cl+α-CDa [HMIm]Cl+β-CDa 
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0.67-0.80(3H, t, J=7Hz), 1.19-1.30 (6H, m), 

1.81-1.87 (2H,m), 3.48-3.51 (6H, t, J= 9.00 

Hz), 3.53-3.56 (6H, dd, J= 10.00, 3.00 Hz), 

3.74-3.8 (18H, m), 3.67-3.71 (6H, 

t, J = 9 Hz), 3.86 (3H, s), 4.20-4.28 (2H, t, 

J=6.8Hz), 4.96-4.97 (6H, d, J = 3 Hz), 7.28-

7.35 (2H, dd).  

0.85-0.89(3H, t, J=7Hz), 1.30-1.36 (6H, m), 

1.88-1.96 (2H,m), 3.49-3.54 (6H, t, J= 9.00 

Hz), 3.57-3.60 (6H, dd, J= 10.00, 3.00 Hz), 

3.68-3.73 (18H, m), 3.59-3.65 (6H, 

t, J = 9 Hz), 3.86 (3H, s), 4.20-4.29 (2H, t, 

J=6.8Hz), 5.00-5.01 (6H, d, J = 3 Hz), 7.45-

7.55 (2H, dd). 

a mixed in 1:1 molar ratio, 400 MHz, Solvent: D2O;  b400MHz, Solvent: D2O                        

TableS2. Surface Tension (γ) values of aqueous [BMIm]Cl and [HMIm]Cl with α-CD and β-

CD at 298.15 Kɑ 

conc.of    

α-CD 

(mM) 

Surface Tension of  

[BMIm]Cl+α-CD 

(mN.m-1) 

Surface Tension 

of [HMIm]Cl+α-

CD     (mN.m-1) 

conc.of   

β- CD 

(mM) 

Surface Tension 

of  [BMIm]Cl+β-

CD (mN.m-1) 

Surface Tension 

of   [HMIm]Cl+β-

CD     (mN.m-1) 

0 49.32 45.29 0 49.32 45.29 

0.9091 51.33 46.8 0.909 52.03 48 

1.6667 53.61 49.08 1.667 54.31 50.28 

2.3077 55.53 51.12 2.307 56.55 52.32 

2.8571 57.25 52.91 2.857 58.23 54.11 

3.3333 58.62 54.42 3.333 59.65 55.62 

3.75 59.76 55.47 3.75 60.89 56.67 

4.1176 60.91 56.67 4.117 61.94 57.87 

4.4444 62.09 57.78 4.444 63.06 58.98 

4.7368 62.76 58.47 4.736 63.79 59.67 

5 63.86 59.35 5 64.82 60.68 

5.2381 64.13 59.8 5.238 65.03 61 

5.4545 64.52 60.11 5.454 65.49 61.31 

5.6522 64.68 60.25 5.652 65.65 61.45 

5.8333 65.07 60.52 5.833 66.07 61.72 

6.000 65.32 60.74 6 66.31 61.94 

6.1538 65.52 60.92 6.153 66.53 62.12 

6.2963 65.79 61.14 6.296 66.79 62.34 

6.4286 65.87 61.34 6.428 66.89 62.54 

6.5517 66.14 61.46 6.551 67.12 62.66 
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6.6667 66.23 61.64 6.666 67.32 62.84 

6.7742 66.49 61.74 6.774 67.47 62.94 

6.875 66.6 61.82 6.875 67.61 63.02 

6.9697 66.7 61.88 6.969 67.73 63.08 

7.0588 66.81 61.93 7.058 67.83 63.13 

ɑStandard uncertainties in temperature: ± 0.01K, Pressure: ± 10kPa, Surface tension: ±0.01 mNm-1 

 

Table S3.  Data for the conductivity study of aqueous [BMIm]Cl+β-CD and [BMIm]Cl+β-CD 

system (concentration of stock solution of [BMIm]Cl  and  [HMIm]Cl = 10mM, concentration of 

stock solution of β-CD = 10mM) at 293.15Ka, 303.15Ka, 313.15Ka 

Conc. Of 

β-CD 

(mM)  

Conc. Of 

[BMIm]Cl 

(mM) 

Conductance (mScm-1) Conc. Of 

[HMIm]Cl 

(mM) 

Conductance (mScm-1) 

293.15K 303.15K 313.15K 293.15K 303.15K 313.15K 

0.00 10.00 10.00 13.00 16.43 10.00 10.86 15.04 17.14 

0.91 9.09 9.18 11.82 15.02 9.09 9.89 13.50 15.64 

1.67 8.33 8.31 10.73 13.46 8.33 8.89 12.20 14.07 

2.31 7.69 7.62 9.70 12.20 7.69 8.31 11.13 12.71 

2.86 7.14 7.01 8.90 11.20 7.14 7.75 10.12 11.64 

3.33 6.67 6.43 8.17 10.34 6.67 7.13 9.27 10.67 

3.75 6.25 6.01 7.47 9.41 6.25 6.63 8.57 10.00 

4.12 5.88 5.54 6.94 8.61 5.88 6.12 7.87 9.19 

4.44 5.56 5.21 6.41 7.91 5.56 5.73 7.23 8.59 

4.74 5.26 4.92 6.03 7.36 5.26 5.44 6.66 7.96 

5.00 5.00 4.67 5.68 7.00 5.00 5.04 6.22 7.43 

5.24 4.76 4.61 5.50 6.69 4.76 4.97 6.01 7.20 

5.45 4.55 4.55 5.31 6.40 4.55 4.84 5.88 7.04 

5.65 4.35 4.50 5.22 6.10 4.35 4.79 5.78 6.86 

5.83 4.17 4.45 5.11 5.91 4.17 4.78 5.74 6.77 

6.00 4.00 4.39 5.01 5.69 4.00 4.75 5.71 6.62 

6.15 3.85 4.32 4.94 5.49 3.85 4.72 5.61 6.51 

6.30 3.70 4.30 4.84 5.36 3.70 4.68 5.58 6.48 

6.43 3.57 4.27 4.78 5.11 3.57 4.61 5.51 6.37 

6.55 3.45 4.21 4.67 4.91 3.45 4.57 5.46 6.28 
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6.67 3.33 4.18 4.60 4.74 3.33 4.52 5.39 6.20 

ɑStandard uncertainties in temperature: ± 0.01K, conductivity: ± 0.02 mS m-1. Pressure: ± 10kPa 
 

Table S4.  Data for the conductivity study of aqueous [BMIm]Cl+α-CD and [HMIm]Cl+α-

CD system (concentration of stock solution of [BMIm]Cl  and  [HMIm]Cl = 10mM, 

concentration of stock solution of α-CD = 10mM) at 293.15Ka, 303.15Ka, 313.15Ka 

Conc. Of 

α-CD 

(mM)  

Conc. Of 

[BMIm]Cl 

(mM) 

Conductance (mScm-1) Conc. Of 

[HMIm]Cl 

(mM) 

Conductance (mScm-1) 

293.15K 303.15K 313.15K 293.15K 303.15K 313.15K 

0.00 10.00 10.00 13.00 16.43 10.00 10.86 15.04 17.16 

0.91 9.09 9.23 11.87 15.08 9.09 9.95 13.57 15.67 

1.67 8.33 8.36 10.78 13.52 8.33 8.95 12.26 14.11 

2.31 7.69 7.67 9.75 12.26 7.69 8.38 11.16 12.78 

2.86 7.14 7.06 8.95 11.26 7.14 7.80 10.19 11.68 

3.33 6.67 6.56 8.22 10.40 6.67 7.16 9.32 10.73 

3.75 6.25 6.10 7.52 9.47 6.25 6.69 8.67 10.05 

4.12 5.88 5.68 6.99 8.77 5.88 6.18 7.94 9.25 

4.44 5.56 5.39 6.46 8.12 5.56 5.78 7.29 8.67 

4.74 5.26 5.12 6.08 7.50 5.26 5.50 6.73 8.02 

5.00 5.00 4.72 5.73 7.16 5.00 5.00 6.16 7.46 

5.24 4.76 4.66 5.55 6.75 4.76 4.90 6.02 7.25 

5.45 4.55 4.62 5.36 6.46 4.55 4.88 5.92 7.08 

5.65 4.35 4.58 5.27 6.16 4.35 4.84 5.84 6.93 

5.83 4.17 4.53 5.16 5.97 4.17 4.83 5.80 6.90 

6.00 4.00 4.49 5.06 5.75 4.00 4.82 5.79 6.69 

6.15 3.85 4.45 4.99 5.55 3.85 4.79 5.69 6.60 

6.30 3.70 4.40 4.89 5.42 3.70 4.76 5.66 6.58 

6.43 3.57 4.37 4.83 5.17 3.57 4.73 5.60 6.49 

6.55 3.45 4.33 4.78 4.97 3.45 4.68 5.59 6.39 

6.67 3.33 4.30 4.70 4.81 3.33 4.67 5.57 6.36 

ɑStandard uncertainties in temperature: ± 0.01K, conductivity: ± 0.02 mS m-1. Pressure: ± 10kPa 

 
TableS5. Values of conductivity (k) at the break point with 
corresponding concentration of aqueous α and β-cyclodextrins at 
298.15 Ka, 298.15 Ka, 298.15 Ka 
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  α-CD β-CD 

 
[BMIm]Cl 

 
293.15K 303.15 K 313.15 K 293.15K 303.15 K 313.15 K 

Conc. Of 
CD    / mM 

5.098 5.077476 5.023818 5.07339 5.057 4.987 

k/Sm-1 0.47 0.563 0.707 0.466 0.56 0.702 

 
[HMIm]Cl 

Conc. Of 
CD    / mM 

5.202525 5.15957 1008.325 5.158722 5.129652 5.070542 

k/Sm-1 0.493 0.605 0.734 0.497 0.607 0.731 
ɑStandard uncertainties in temperature: ± 0.01K, Conductivity: ± 0.01 mS m-1. 

TableS6. Data obtained from FT-IR spectroscopic study of α-CD, β-CD, 

[BMIm]Cl, [HMIm]Cl, α-CD+[BMIm]Cl,  β-CD+[BMIm]Cl, α-CD+[HMIm]Cl, β-

CD+[HMIm]Cl 

Group 

Wave number (Cm-1) 

α-CD β-CD 
α-CD+ 

BMIMCl 

β-CD+ 

BMIMCl 

α-CD+ 

HMIMCl 

β-CD+ 

HMIMCl 

stretching of O-H 3410 3408 3354 3347 3368 3353 

stretching of –C-

H from –CH2 
2934 2941 2929 2924 2930 2938 

bending of –C-H 

from –CH2 and 

bending of O-H 

1420 1404 1411 1393 1416 1398 

bending of C-O-C 1160 1160 1156 1152 1160 1154 

vibration 

involving α-

1,4linkage 

954 954 949 945 952 952 

  BMIMCl HMIMCl 
    

Aromatic -C-H 

Stretching  
3112 3178 ….. ….. ….. ….. 

Stretching -C-H  2976 2958 ….. ….. ….. ….. 

Stretching -C=N 1650 1662 1642 1639 1656 1653 

Stretching -C=C 1578 1586 1569 1566 1582 1578 

Stretching of C-N  1164 1182 ….. ….. ….. ….. 
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Table S7. Experimental values of density (ρ) and viscosity (η) in deferent mass 

fractions of aq. α-CD and β-CD 

Aqueous 

solvent 
Mass fraction 

ρ×10-3 

/Kg.m3 
η/mP.S 

α-CD 

0.001 0.99733 1.30 

0.003 0.99796 1.31 

0.005 0.99864 1.32 

β-CD 

0.001 0.99753 1.31 

0.003 0.99817 1.32 

0.005 0.99894 1.33 

a Standard uncertainties are: (ρ) = 5×10-5 g∙cm-3, (η) = 0.003 mP∙s, in 

temperature: ± 0.01K, Pressure: ± 10kPa 

 

Table S8. Experimental values of densities (ρ) and viscosities (η) with varying 

concentration in different mass fractions of aq. α-CD and β-CD [BMIm]Cl at 

298.15K 

Conc.       

(m) 

aρ∙10-3  

(kg∙m-3) 
φv 

cη              

(mP·s) 

aρ∙10-3  

(kg∙m-3) 
φv 

cη              

(mP·s) 

[BMIm]Cl 

 
α-CD β-CD 

w1=0.001 b 

0.01 0.99825 121.008 1.33 0.99843 123.99 1.34 

0.025 0.99965 117.800 1.35 0.99978 120.983 1.37 

0.04 1.00111 115.494 1.37 1.00119 118.727 1.40 

0.055 1.00262 113.534 1.39 1.00265 116.791 1.43 

0.07 1.00418 111.698 1.41 1.00415 115.111 1.45 

0.085 1.00579 109.92 1.43 1.0057 113.435 1.48 

w1=0.003 b 

0.01 0.99892 122.928 1.34 0.99906 125.913 1.35 

0.025 1.00029 119.722 1.36 1.00037 123.308 1.38 

0.04 1.00171 117.668 1.39 1.00174 121.154 1.41 
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0.055 1.00317 116.006 1.41 1.00315 119.447 1.44 

0.07 1.00467 114.484 1.43 1.00458 118.185 1.47 

0.085 1.00621 113.027 1.45 1.00605 116.897 1.5 

w1=0.005 b 

0.01 0.99956 123.85 1.35 0.99979 127.82 1.36 

0.025 1.00091 120.846 1.37 1.00106 125.618 1.39 

0.04 1.00231 118.843 1.39 1.00238 123.816 1.43 

0.055 1.00376 117.023 1.42 1.00373 122.451 1.46 

0.07 1.00524 115.553 1.44 1.00511 121.242 1.49 

0.085 1.00677 114.014 1.46 1.00653 119.989 1.52 

bw1is the mass fractions of aq. α-CD and β-CD 
a uncertainity in the density values: ±5x10-5 kg m−3. 
c uncertainity in the viscosity values: ±0.003 mPa s 
temperature: ± 0.01K,  
Pressure: ± 10kPa 

 

TableS9. Experimental values of densities (ρ) and viscosities (η) of 

[HMIm]Cl with varying concentration in different mass fractions of aq. α-

CD and β-CD at 298.15 K 

Conc.       

(m) 

aρ∙10-3  

(kg∙m-3) 
φv 

cη              

(mP·s) 

aρ∙10-3  

(kg∙m-3) 
φv 

cη              

(mP·s) 

[HMIm]Cl 

 
α-CD β-CD 

w1=0.001 b 

0.01 0.99821 119.033 1.32 0.99839 122.015 1.32 

0.025 0.99955 115.825 1.34 0.9997 118.206 1.35 

0.04 1.00095 113.519 1.35 1.00108 115.5 1.37 

0.055 1.00239 111.741 1.37 1.0025 113.54 1.39 

0.07 1.00386 110.296 1.38 1.00396 111.848 1.41 

0.085 1.00536 109.007 1.4 1.00545 110.399 1.43 

w1=0.003 b 

0.01 0.99889 119.953 1.33 0.99903 122.938 1.33 

0.025 1.0002 117.348 1.35 1.00031 119.732 1.35 

0.04 1.00157 115.193 1.37 1.00166 117.177 1.38 

0.055 1.00298 113.486 1.39 1.00306 115.106 1.4 
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0.07 1.00444 111.794 1.4 1.0045 113.349 1.42 

0.085 1.00593 110.346 1.42 1.00598 111.741 1.44 

w1=0.005 b 

0.01 0.99953 120.876 1.35 0.99977 123.846 1.34 

0.025 1.00085 117.271 1.37 1.00103 120.843 1.36 

0.04 1.00222 115.119 1.4 1.00236 118.341 1.39 

0.055 1.00365 113.048 1.42 1.00374 116.293 1.42 

0.07 1.00509 111.721 1.44 1.00515 114.694 1.44 

0.085 1.00659 110.156 1.46 1.00663 112.835 1.46 

 bw1is the mass fractions of aq. α-CD and β-CD 
a uncertainity in the density values: ±5x10-5 kg m−3. 
c uncertainity in the viscosity values: ±0.003 mPa s. 
temperature: ± 0.01K,  
Pressure: ± 10kPa 

 
 

Figures: 

(a) 
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(b) 

FigS1. 1H NMR spectra of (a) pure α–CD(top), [BMIm]Cl (middle) and α–CD&[BMIm]Cl 

complex (bottom) (b)  pure α –CD(top), [HMIm]Cl (middle) and α–CD&[HMIm]Cl 

complex (bottom). 
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Fig.S2. Surface tension of (a) [BMIm]Cl with α –CD (b) [BMIm]Cl with β–CD (c) 

[HMIm]Cl with α –CD (D) [HMIm]Cl with β - CD at 298.15 K.  
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Fig.S3. Plot of conductivity against square root of molar concentration (c) for (a) 

[BMIm]Cl + α-CD, (b) [BMIm]Cl+β-CD (c) [HMIm]Cl+α-CD and (d) [HMIm]Cl+β-CD 

complexes at 293.15 K (♦), 303.15K (■) and 313.15K (▲) 

 

 

 

FigS4. Schematic representation of fate of the ionic liquid in aqueous medium. 

 

 

(a) 
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(b) 

FigS5.  FT-IR Spectra of (a) pure β –CD, [BMIm]Cl, and [BMIm]Cl + β –CD inclusion 

complex  (b)pure β –CD, [HMIm]Cl, [HMIm]Cl + β –CD inclusion complex. 
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(a) 

 

(b) 
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(c)

(d) 

Fig.S6. ESI Mass spectra of (a) [BMIm]Cl-α-CD (b) [BMIm]Cl-β-CD (c) [HMIm]Cl-α-CD 

(d) [HMIm]Cl-β-CD inclusion complexes.  


