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Inclusion complexes of ionic liquid, 1-butyl-2, 3-dimethylimidazolium tetrafluoroborate                 
(BDMImBF4) into cavity of hollow cylinder oligosaccharide, α- and β-cyclodextrins are manifested in 
aqueous medium. The inclusion phenomenon is confirmed with IR and 1HNMR spectroscopy whereas 
the stoichiometry of interfacial inclusion is proved with surface tension and conductance 
measurements. The interaction between cyclodextrin and ionic liquid is characterized by volumetric 
and viscometric studies. 
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1. Introduction 

The hollow cylinder oligosaccharides α-, β- and γ-cyclodextrin contain 
six, seven and eight glucopyronose units are bound by α-(1–4) linkages 
and form truncated conical structures with inner cavity of the 
hydrophobic nature and the rim of hydrophilic nature [1]. The wider rim 
has all secondary hydroxyl groups and the narrow rim has all primary 
hydroxyl groups (1 and Scheme 2). This unique nature of cyclodextrin 
helps forming host-guest inclusion complexes with the hydrophobic part 
of any molecules [2]. The hydrophobic part the moiety is encapsulated into 
hydrophobic cavity of cyclodextrin. In aqueous solution the water 
molecules may occupy the cavity of α-, β- and γ-cyclodextrin which is very 
energetically unfavorable hence any appropriate molecule having a 
hydrophobic moiety replace the water molecule easily. This guest 
molecule along with the host cyclodextrin molecule forms the inclusion 
complex through host-guest interactions. Due to this special property, α-, 
β- and γ-cyclodextrin have been used widely in pharmaceuticals, 
pesticides, foodstuffs, toilet articles, and textile processing [3, 4]. In 
addition to these industrial applications, they are related to many 
interesting topics, such as molecular recognition, self-assembly, 
selectivity, molecular encapsulation, chemical stabilization, and 
intermolecular interactions [5, 6]. 

Ionic liquids (ILs) are nonvolatile, nonflammable and thermally stable 
solvents. They are used as alternative solvents in organic synthesis, 
chemical reactions, chemical separations, and material preparations [7]. 
They are considered to be green solvents as they do not produce any 
environmental hazards (8).  ILs were designed as oriented solvents which 
could impact selectivity in reactions by ordering reactants. Cyclodextrin 
encapsulated IL can be used as stationary phase in chromatography. They 
are also used as heat transfer fluids for processing biomass and as 
electrically conductive liquids in electrochemistry (batteries and solar 
cells) [9–11]. 

In this paper we examined the formation of inclusion complexes of 1-
butyl-2,3 dimethylimidazolium tetrafluoroborate (BDMImBF4)  insight 
into α-and β-cyclodextrin  by different dependable methods such as 1H 
NMR, FT-IR, surface tension, conductivity, density and viscosity 
measurements. The structure of the IL, BDMImBF4 is shown in Scheme 1. 
 

 

 
1-butyl-2, 3-dimethylimidazolium tetrafluoroborate 

Scheme 1 Structure of α-and β-cyclodextrin and (BDMImBF4) 

 

2. Experimental Methods 

2.1 Materials 

The studied IL, 1-butyl-2, 3-dimethylimidazolium tetrafluoroborate and 
α-and β-cyclodextrin of purist grade were procured from Sigma-Aldrich, 
Germany and used as purchased. The mass fraction purity of the IL and α-

and β-cyclodextrin were >0.99, >0.98 and >0.98 respectively. 
 
2.2 Apparatus and Procedure 

The solubility of α-and β-cyclodextrins and that of the ionic liquid in 
triply distilled and degassed water was thoroughly checked before 
starting the experimental works. The solutions were prepared by adding 
known volume of water in airtight stoppered-bottle. Sufficient precautions 
were taken to minimize weight loss during mass measurements. The mass 
measurements were carried out on a Mettler AG-285 electronic balance 
with a precision of ±0.0003x10-3 kg. The conversion of molarity into 
molality was accomplished using experimental density values. The 
uncertainty in molality of solution is estimated to be ±0.0001 molkg-1. All 
the solutions are prepared freshly before use. 
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Scheme 2 Molecular structure of β-cyclodextrin 

The surface tensions of the solutions were measured using a 
Tensiometer (K9, KRUSS; Germany) at the experimental temperature with 
a precision of 0.1 mNm-1. The temperature of the system was kept constant 
by circulating thermostatic water through a double-wall glass vessel 
holding the solution. The platinum plates were thoroughly cleaned by 
washing with triply distilled and degassed water before each 
measurement.  The vertically platinum plate was dipped into liquids to 
calculate the surface tension. The force needed to pull the ring, though the 
boundary was then expressed as the surface tension. 

The density (ρ) was measured by means of vibrating-tube Anton Paar 
Density-Meter (DMA 4500M) with a precision of 0.00001x10-3 (kgm−3). It 
was calibrated by double-distilled water and dry air [12]. The temperature 
was automatically kept constant within ±0.01 K.  

The viscosity was determined with the aid of Brookfield DV-III Ultra 
Programmable Rheometer with spindle size-42 fitted to a Brookfield 
Digital Bath TC-500 calibrated at 298.15 K with doubly distilled water and 
purified methanol [13]. The uncertainty in viscosity measurements is 
within ±0.003 mPas. 

The conductance measurements were done in a Systronic-308 
conductivity meter (accuracy ± 0.01%) using a dip-type immersion 
conductivity cell, CD-10, having a cell constant of approximately (0.1 ± 
0.001) cm−1. Measurements were made in a water bath maintained within 
T = (298.15 ± 0.01) K and the cells were calibrated by the method 
proposed by Lind et al [14]. The conductivity cell constant was calibrated 
using aqueous KCl (0.01 M and 0.1 M) solutions. The conductance data 
were reported at a frequency of 1 kHz and the accuracy was ±0.3%. 

Fourier transform infrared (FT-IR) spectra were taken with a Perkin 
Elmer FT-IR. Samples were prepared as KBr disks with 1 mg of complex 
and 100 mg of KBr. The FTIR measurements were made in a scanning 
range of 4000–400 cm-1 at room temperature. 

NMR spectra were taken in D2O unless otherwise stated. 1H NMR 
spectra were recorded at 400 MHz using Bruker ADVANCE 400 MHz 
instrument at 298.15 K. Signals are quoted as δ values in ppm using 
residual protonated solvent signals as internal standard (D2O: d 4.79 
ppm). Data are reported as chemical shift. 
 

3. Results and Discussion 

3.1 Surface Tension Study 

Surface tension (γ) measurement gives important clue about formation 
of IC as well as stoichiometry of the host-guest assembly [15, 16].  Ionic 
liquid with long alkyl chain acts as a surface active compounds in its 
aqueous solution [17]. The addition of CD to pure water does not show any 
considerable change to the surface tension of water which is an indication 
that both cyclodextrins are almost surface inactive compounds.28. Here 
we measured the surface tension of the ionic liquid with increasing 
concentration of the α-and β-cyclodextrins and observed that the surface 
tension values increase with increasing concentration of α-and β-
cyclodextrins up to a certain point and after that break point the surface 
tension become approximately steady (Fig. 1). This may be regarded as the 
formation of bigger micelle structure up to a certain concentration of 
cyclodextrinx. This phenomenon may be elucidated on the basis of 
inclusion complexes formation [18, 19]. 
 

    
Fig. 1 Variation of surface tension of ionic liquid corresponding to the added 
concentration of aqeous (A) α-cyclodextrin and (B) β-cyclodextrin 

The alkyl part of the IL penetrates into the hydrophobic cavity. The plot 
of surface tension against concentration of cyclodextrin gives only one 
break point which indicates 1:1 stoichiometric inclusion complex 
formation of IL in cyclodextrin cavity (Scheme 3). If there are two or more 
break points in graph of surface tension then the probable stoichiometries 
of inclusion complex will be 1:2 and 2:2 respectively [20]. The values of 
surface tension of different mass fraction of IL at the break point are listed 
in Table 1. In our present study the concentration ratio of CD and IL at the 
break point is 1:1. So the IL forms host-guest complexes with both α-and 
β-cyclodextrins of 1:1 stoichiometry. The γ value for β-CD is higher than 
that of α-CD which indicates that β-CD forms better complex than α-CD. 
 
Table 1 Values for surface tension at the break point in different mass fractions of 
aqueous CDs at 298.15 K 
 

Mass fraction of IL Surface tension at break 

point for  β-CD 

Surface tension at break 

point for  α-CD 

w = 0.001 61.79 62.38 

w = 0.003 63.19 63.81 

w = 0.005 64.55 65.2 

 
Scheme 3 Inclusion complex formation 

 
3.2 Conductivity Study 

 The inclusion complex formation as well as stoichiometry of assembly 
may also be established by conductivity study [21, 22]. The conductivity of 
the IL is measured with the successive addition of CD. It is observed that 
the molar conductivity of the IL decreases with increasing concentration 
of CD up to a certain point after which no further decrease of conductivity 
is noted (Fig. 2). This observation also establishes the formation of 
inclusion complexes [23]. The hydrophobic part of the IL penetrates into 
the hydrophobic cavity of both the CDs. As a result the mobility of the 
encapsulated IL gets arrested. The remarkable decrease in conductivity 
with increasing concentration of CD continues till the process of inclusion 
complex formation completed. Values for conductance at the break point 
in different mass fractions of IL in aqueous CDs are shown in Table 2. After 
the break point no further decrease in conductance will be observed since 
the mobility of the free ions get arrested due to inclusion complexes 
formation. It is noticed that the break point occurs at equimolar addition 
of CD in aqueous solution of IL. This indicates that total inclusion complex 
formation takes place at 1:1 stoichiometry of IL and CD [24, 25]. If we 
compare the conductivity curves of the IL in α-and β-cyclodextrins, it is 
observed that the conductance at break  point in case if α-CD is lower than 
that of β-CD which indicates that α-CD is more efficient than β-CD in the 
formation of inclusion complexes with the IL. 
 

       
Fig. 2 Variation of conductance of ionic liquid corresponding to concentration of 
aqueous (A) α-cyclodextrin and (B) β-cyclodextrin 
 
Table 2 Values for conductance at the break point in different mass fractions of 
aqueous CDs at 298.15 K 
 

Mass fraction of IL Conductance at break 

point for  β-CD 

Conductance at break 

point for  α-CD 

w = 0.001 0.636 0.437 

w = 0.003 0.689 0.479 

w = 0.005 0.736 0.508 

 
3.3 Density Study: Interaction between Host and Guest 

We may get valuable interactions between IL and cyclodextrin 
molecules from density study. The values of density (ρ), viscosity (η) of 
different mass fractions of aqueous α and β-cyclodextrin mixtures and of 
density (ρ) and viscosity (η) of the ionic liquid in different mass fractions 
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of aqueous α and β-cyclodextrin mixtures at 298.15 K are shown in Tables 
3 and 4 respectively. We can calculate apparent molar volume, ϕV from 
densities of different molalities of IL in aqueous solution of α-and β-
cyclodextrins of varying mole fraction (Table 5). The apparent molar 
volume can be considered to be the sum of the geometric volume of the 
solute molecule and changes in the solvent volume due to its interaction 
with the solute [26]. 

 

                ϕV = M /  – 1000 ( - 0 ) / (m0 )                       ( 1) 
 

 The limiting apparent molar volume, ϕV
0 were obtained by a least-

square treatment to the plots of ϕV versus √m using the Masson equation 
[27]. 

                      ϕV = ϕV
0 + SV

* √m                         (2) 
 
Table 3 Experimental values of density (ρ), viscosity (η) of different mass fractions 
of aqueous α and β-cyclodextrin mixtures at 298.15 K 
 

Aqueous solvent mixture ρ×10-3/kgm-3 ƞ/mPs 

α-CD 

W1=0.001 0.99745 1.2895 

W2 = 0.003 0.99808 1.2987 

W3 = 0.005 0.99828 1.3092 

β-CD 

W1=0.001 0.99771 1.2992 

W2 = 0.003 0.98816 1.3082 

W3 = 0.005 0.99887 1.3184 

 
Table 4 Experimental values of density (ρ) and viscosity (η) of the ionic liquid in 
different mass fractions of aqueous α and β-cyclodextrin mixtures at 298.15 K 
 

Molality 

Mol.kg-1 

ρ×10-3 

kgm-3 

ƞ 

mPs 

Molality 

Molkg-1 

ρ×10-3 

kgm-3 

ƞ 

mPs 

W1 = 0.001 W2 = 0.001 

0.001 0.99789 1.3723 0.001 0.99815 1.383 

0.002 0.99835 1.4178 0.002 0.99861 1.4281 

0.004 0.99882 1.4913 0.004 0.99909 1.5038 

W1 = 0.003 W2 = 0.003 

0.001 0.99852 1.3827 0.001 0.99860 1.3934 

0.002 0.99898 1.4287 0.002 0.99907 1.4399 

0.004 0.99946 1.5048 0.004 0.99955 1.5180 

W1 = 0.005 W2 = 0.005 

0.001 0.99872 1.3943 0.001 0.99931 1.4047 

0.002 0.99919 1.4413 0.002 0.99978 1.4518 

0.004 0.99967 1.5192 0.004 1.00027 1.5320 

W1 and w2 are mass fraction of IL in aqueous α and β-cyclodextrin respectively. 

Table 5 Apparent molar volume (ϕV) and (ηr-1)/√m of the ionic liquid in different 
mass fractions of aqueous α and β-cyclodextrin mixtures at 298.15 K 
 

molalty 

molkg-1 

ϕV x 106 

(m3mol-1) 

( / 0 –1) 

/ √m 

(molkg-1)-1/2 

molalty 

molkg-1 

ϕV x 106 

(m3mol-1) 

( / 0 –1) 

/ √m 

(molkg-1)-1/2 

W1 = 0.001 W2 = 0.001 

0.001 196.5612 0.642 0.001 196.5100 0.645 

0.002 195.6088 0.703 0.002 195.3574 0.701 

0.004 194.8903 0.782 0.004 194.5054 0.786 

W1 = 0.001 W2 = 0.001 

0.001 196.4372 0.647 0.001 196.4214 0.651 

0.002 195.2849 0.708 0.002 195.1190 0.712 

0.004 194.4333 0.793 0.004 194.0838 0.801 

W1 = 0.001 W2 = 0.001 

0.001 196.3978 0.6502 0.001 196.2818 0.655 

0.002 195.1457 0.7133 0.002 194.7801 0.715 

0.004 194.0605 0.8011 0.004 193.6121 0.809 

W1 and w2 are mass fraction of IL in aqueous α and β-cyclodextrin respectively 

Table 6 Limiting apparent molar volume (ϕVo), experimental slope (SV*), viscosity A 
and B-coefficient of ionic liquid in different mass fractions of aqueous α and β-
cyclodextrin mixtures at 298.15 K 
 

Mol fraction of 

IL 

ϕV 0 x 106 

(m3mol-1) 

SV* x 106 

(m3mol-3/2 

kg1/2) 

B 

(kg1/2mol-1/2) 

A 

(kgmol-1) 

α-CD 

W1 = 0.001 198.8 -22.67 1.385 0.505 

W1 = 0.003 199.1 -27.21 1.451 0.502 

W1 = 0.005 199.8 -31.6400 1.504 0.5 

β-CD 

W2 = 0.001 199.2 -27.2200 1.412 0.503 

W2 = 0.003 199.6 -31.7000 1.493 0.501 

W2 = 0.005 199.9 36.2300 1.543 0.499 

W1 and w2 are mass fraction of IL in aqueous α and β-cyclodextrin respectively 

The ϕV
0 gives the idea about solute-solvent interaction. Here IL is the 

solute and aqueous solution of both α-and β-cyclodextrins act as co-
solvent. The variation of limiting apparent molar volumes (V

0) of IL in 
aqueous α-and β-cyclodextrins solutions with molality are reported in 
Table 6 and Fig. 3. In our present study, it is observed that ϕV

0 values 
increase with increasing concentration of IL as well as CDs which indicates 
that solute and co-solute interactions increase with increasing 
concentration of CDs (Table 6). In the present cases the positively charged 
N-atom interacts with the hydrophilic –OH groups of CDs giving rise to so 
called ion-hydrophilic interaction and there is also a hydrophobic-
hydrophobic interaction between the alkyl group of the IL and the 
hydrophobic cavity of CDs. This hydrophobic-hydrophobic interaction is 
responsible for the formation of inclusion complexes [28]. It is also noticed 
that ϕV

0 values of the IL is higher in α-CD than β-CD which specify that the 
former is more efficient host than the latter in the formation of inclusion 
complexes .This may be explained on the fact that smaller cavity size of α-
CD forms compact structure with the IL with hydrophobic-hydrophobic 
interaction compared with the relatively larger cavity size of β-CD. 
 

 

Fig. 3 Variation of limiting apparent molar volumes (V0) of IL in aqueous α- and β-
cyclodextrins solution with molality shown in  red and blue column respectively 
 

3.4 Viscosity Study 

Viscosity study is also helpful for investigating the interaction between 
IL and CDs [29]. From the viscosities of the IL in different mass fraction of 
aqueous of CDs we can calculate the viscosity A and B coefficient using 
Jones-Does equation.  

 
              (η /η0 –1) / √m = A + B √m                                                 (6)  
 

where, η0 and η are the viscosities of the solvent mixture and solution, 
respectively. A and B values are the viscosity coefficients estimated by a 
least square method. The A and B values are obtained from the straight 
line by plotting (η /η0 –1) / √m against √m. The (ηr-1)/√m of the ionic 
liquid in different mass fractions of aqueous α and β-cyclodextrin mixtures 
at 298.15 K are reported in Table 5. 

The viscosity B coefficient gives valuable information about the solute-
solvent interaction [30, 31]. The viscosity B coefficient in our present 
study is positive and increases with increasing concentration of CDs (Table 
6 and Fig. 4). This indicates that interaction between IL and the CD 
increases with increasing concentration of CD. The interaction is ion-
hydrophilic and hydrophobic-hydrophobic in nature. The ion-hydrophilic 
interaction acts between positively charged N atom of the IL and –OH 
groups of CD whereas the hydrophobic-hydrophobic interaction acts 
between alkyl group of the IL and the hydrophobic cavity of CD. It is also 
important to note that the B coefficient value for α-CD is greater than that 
of than β-CD which again signifies that the former is more favorable than 
β-CD in forming ICs [32]. 
 

 

Fig. 4 Variation of viscosity B coefficient of IL in aqueous 𝝰- and β-cyclodextrins 
solution with molality shown in  red and blue column respectively with molality 
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3.5 FT-IR Spectroscopy 

Molecular interaction of the IC can be studied with the help of FT-IR 
spectroscopy [33-35].  The shift of the frequencies of IC from the IL and 
CDs indicate the formation of inclusion complexes [36, 37]. The FTIR 
spectra of α- and β-CD, IL and their ICs are shown in Figs. 5 and 6. The 
peaks of –C=N, -C-N and –C=C are present in the spectrum of the IL at about 
1634.5 cm-1, 1168 cm-1 and 1574.6 cm-1 respectively whereas the peak of –
OH at about 3412.10 cm-1  and 3349.84 cm-1 are present in the spectrum of 
α- and β-CD. 

 
Fig. 5 FTIR spectra of α-CD, BDMImBF4 and IC in D2O at 298.15 K 

 
Fig. 6 FTIR spectra of α-CD, BDMImBF4 and IC in D2O at 298.15 K 

 

The –O-H stretching frequencies of both the α- and β-CD have been 
shifted to lower energy of the spectrum of ICs possibly owing to the  
participation of H-bonding with the guest molecule. It is also observed that 
the peaks of –C=N and –C-N have not shifted which indicates that the 
immidazolium part of the IL stayed outside of the cavity of CDs and the 
hydrophobic part of the IL is encapsulated into the cavity of both the CDs. 

 

 

Scheme 4 Feasibility and restricted inclusion complex formation of host-guest 
molecule 

3.6 1H NMR Study Confirms the Inclusion Phenomenon 

The chemical shift of the protons of the cyclodextrin molecule in the 1H 
NMR spectra is observed due the interaction of the host cyclodextrin with 
the guest IL molecule [38]. In this work we studied the 1H NMR of the IL 
and the ICs of the IL with α- and β-CD. 1H NMR spectra of α- and β-CD, IL 
and their ICs are shown in Figs. 7 and 8. There is a considerable chemical 
shift of proton of CD molecule due to inclusion complex formation revealed 
from spectral studies. In the structure of cyclodextrin the H3 and H5 
hydrogens are positioned within the conical cavity, particularly, the H3 are 
placed at the wider rim whereas H5 are placed at the narrower rim of 
cyclodextrin molecule while the H1, H2 and H4 protons are located at the 
periphery of the CD molecule (Scheme 2) [39, 40]. When a guest molecule 
enters into the cavity of CD then there should an up field chemical shift of 
H3 and H5 protons due to interaction with the alkyl group of the guest 
molecule which ascertain the formation of inclusion complex [41]. It is 
observed that the up field chemical shift for H3 (located at wider rim of CD) 
is higher than that of H5 (located at narrower rim) which proves that the 
IL enters through the wider rim of CD. The up field chemical shifts for all 
the protons of IC in case of α-CD is greater than that of β-CD which signify 
that  α-CD binds strongly with IL than β-CD. Negligible chemical shifts for 
the other exterior protons are also detected due lesser interaction with the 
IL. 

 
Fig. 7  1H NMR spectra of α-CD, BDMImBF4 and IC in D2O at 298.15 K 

 
Fig. 8 1H NMR spectra of β-CD, BDMImBF4 and IC in D2O at 298.15 K 

 
3.7 Structural Influence of Cyclodextrins 

The inclusion complex formation depends on the size of the guest 
molecule as well as the cavity diameter of the host molecule. The diameter 
of cavities of α- and β -CD are 4.7–5.3 Å and 6.0–6.5 Å respectively. 
Cyclodextrin molecule having hydrophobic cavity and hydrophilic rims 
provides a proper environment for the apolar part of an IL to reside inside 
the cavity, while the polar part makes association with the polar rims, thus 
stabilizing the whole inclusion complex [42]. Due to the formation of the 
inclusion complex, the water molecules from the hydrophobic cavity of CD 
are released into the bulk [43]. This is an energetically favorable process 
[28]. But, no covalent bonds are broken or formed during formation of the 
inclusion complex [44]. The insertion of the guest amino acid molecule is 
expected from the wider rim of the cyclodextrin molecule, so as to make 
maximum contact of the alkyl groups with the cyclodextrin cavity (Scheme 
4), which is also supported by NMR data. The charged part of IL is 
projected outside the larger rim of CD in the aqueous environment and can 
make H-bonds with the –OH groups at both rims of the cyclodextrin 
molecule. Thus the inclusion complex is stabilized by the formation of H-
bonds between the polar groups of IL and the primary as well as the 
secondary –OH groups at both the rims of a and CDs. It is observed that α 
-CD is more suitable than β -CD for the formation ICs with the IL possibly 
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due to greater surface interaction, increasing the hydrophobic attractions 
which is in agreement with spectroscopic and physicochemical 
observations. The IC is of 1:1 stoichiometry possibly because of the 
difficulty for another molecule of IL to be trapped in the cavity of CD after 
the inclusion of the first. 
 

4. Conclusion 

The surface tension and conductance data reveal that the IL forms 
inclusion complex with α- and β –CD both in solution and the solid state. 
The chemical shift corresponding to H5 and H3 protons in NMR spectra 
also establish the inclusion of IL in the apolar cavity of both CD molecules. 
The CDs form steady inclusion complex (IC) with the IL with 1:1 
stoichiometries however the IL is fitted more suitably with α–CD than β –
CD. Density, viscosity data indicate the IL–CD interactions and also confirm 
the above results also. Solid state characterizations made by FT-IR confirm 
the existence of ICs in solid state also. 
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