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Chapter 3 

Ionic Liquids with a Cavity Based on Cyclodextrin 

 

Abstract 

Over the last decades, researchers in both academia and industry have shown 

significant interest in ionic liquids (ILs) because of their unique properties and 

applications. Here we present an unprecedented IL exhibiting a high concentration of 

the popular cyclodextrin (CD) moiety. Our CD IL exhibits fluidic properties at room 

temperature and can be synthesized through a ligand exchange method. We 

characterized the resulting IL employing 
1
H-NMR to identify the chemical structure 

and purity, DSC to determine the transition temperature, TGA to evaluate thermal 

stability, and rheometry to study viscoelastic behavior. Moreover, we found that our 

CD ILs exhibit low transition temperatures ranging from -5 to 22 °C, high thermal 

stability up to 200 °C, and maintain a functional cavity to incorporate guest 

molecules. 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter has been submitted for publication 



Chapter 3 

56 
 

3.1 Introduction 

Since the first ionic liquid (IL) forming molecule ethylammonium nitrate was 

discovered, a variety of ILs has been prepared. Their unique physical properties, i.e. 

negligible vapor pressure and inflammability, tunable structure, and low viscosity, 
[1-4]

 

arguably can render them superior to other solvents allowing their application in 

certain industrial processes, such as aluminium plating, cellulose dissolution, and 

paint formulation. 
[5]

 Through the combination of cationic and anionic moieties, chiral, 

[6]
 magnetic, 

[7]
 polymeric, 

[8]
 coordinated, 

[9]
 and mesoscopically nanostructured ILs 

[10]
 have been prepared. Particularly, the liquefaction of different materials ranging 

from small organic π-systems 
[11]

 to biomacromolecules 
[12]

 gained significant traction. 

This includes the fabrication of porous architectures, especially liquids with a 

permanent cavity. 
[13]

 Although exploiting the properties of confined spaces is an 

important research task, a cavity-containing IL has thus far, to the best of our 

knowledge, not been reported. This inspired us to investigate cyclodextrin (CD) as the 

basis of an unprecedented IL that maintains fluidity at room temperature. 

 

CDs are oligosaccharides derived from the hydrolysis of starch by glycosyltransferase. 

[14]
 Oligomers (n = 6, 7, 8) of glucopyranose units are connected by α-1,4-glucosidic 

linkages to form α-, β-, and γ-CD, respectively. The glucopyranose units align to 

resemble a truncated cone, such that the primary hydroxyl groups at the 6-position 

form the narrow rim of the structure whereas the secondary hydroxyl groups at the 2- 

and 3-positions form the wide rim. CDs bear a central hydrophobic cavity surrounded 

by a hydrophilic exterior, granting the ability to form host-guest complexes with solid, 

liquid, and gaseous compounds. 
[15-19]

 This unique amphiphilic behavior has been 

utilized for chromatography, catalysis, pharmaceutical formulations, and 

environmental protection. 
[18-22]

 Although there have been several attempts to fabricate 

CD ILs by introducing imidazolium functionalities, their melting temperatures could 

not yet be tuned below 100 °C. 
[23-26] 
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Here we prepare room temperature CD ILs with fully sulfated substituted 

α-cyclodextrin and β-cyclodextrin (α- and β-full-CD), as well as heptakis 

(6-O-sulfo)-β-cyclodextrin heptasodium salt (β-half-CD) (Scheme 1a and b). The CDs 

are complexed with tris[2-(2-methoxyethoxy)ethyl]amine (trisamine) through a 

two-step ion exchange method to form an IL with high CD concentrations. The ILs’ 

chemical structure, transition temperature, viscosity, thermal stability, and the ability 

to include guest molecules have been examined. 

 

Scheme 1. a) The fully sulfated substituted α-full-CD (n = 6) and β-full-CD (n = 7) 

and b) β-half-CD (n = 7). c) The ligand exchange process. Na
+
 is first exchanged by 

ANI to form a precipitate in aqueous solution. The precipitate is then exposed to 

trisamine replacing ANI to form CD ILs. 

 

3.2 Results and Discussion 

The CD ILs are fabricated by a two-step process that relies on the proton transfer 

between a Brønsted acid and a base (Scheme 1c). 
[27]

 The process is initiated by the 

precipitation of CD from an aqueous environment through the substitution of the 

sodium counterion with 4-(hexyloxy) anilinium (ANI). By electrostatic interactions, 

the hydrocarbon chains form a hydrophobic shell enveloping the CD molecules. 
[28-30]
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The complex is then transferred to an organic solvent whereupon the ligand is 

exchanged to trisamine by proton transfer thus forming a complex with CD exhibiting 

IL properties. The detailed synthetic procedures can be found in the experimental 

section. 

 

Proton nuclear magnetic resonance (
1
H-NMR) spectroscopy was carried out to 

compare the differences in chemical structure and environment between CD and CD 

IL and to determine their respective purities (Figure 1).  

 

Figure 1. Exerts from the 
1
H-NMR spectrum in D2O of β-half-CD (curve a) and its IL 

complex (curve b). 

 

In contrast to CD, the CD IL spectrum exhibits additional peaks at 3.87 (peak b) and 

3.53 ppm (peak a), which belong to the α-methylene group and methyl group of 

trisammonium, respectively. Further peaks at 3.70, 3.63 and 3.53 ppm are assigned to 

the remaining methylene groups. The peak H-6 from 4.25-4.36 ppm is attributed to 

the methylene group of CD. Peak H-6, peak a, and peak b integrate at a ratio of 2:6:9 
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demonstrating the stoichiometric exchange of ANI against trisamine and the high 

concentration of CD moieties. Additionally, the signals of H-1, H-3, H-5 and H-6 

from CD IL move to higher field in comparison to pristine CD, which we attribute to 

the screening effect of the surrounding trisammonium. The 
1
H-NMR spectrum of 

full-CD IL cannot be resolved properly and integrated due to the high propensity of 

the complexed ligand to screen CD proton resonances, 
[27] 

but can be found in the 

supporting information. 

 

The resulting CD ILs exhibit moderate fluidity at room temperature and turn brown 

during long-term storage, which we attribute to trace degradation products of 

trisamine as the NMR spectra do not change measurably. 
[31]

 On this basis we estimate 

the purity of the compounds to be at least 99%; however, we cannot exclude the 

possibility of trace impurities. The significant change in melting temperature of the 

CD-fluids is revealed by differential scanning calorimetry (DSC). Samples were 

subjected to 3 thermal cycles from -70 to 80 °C with a temperature ramping rate of 

10 °C∙min
-1

. As shown in Figure 2a, the transition temperature of α-full-CD ILs is 

located at 5 °C, while β-full-CD is at -5 °C. The low transition temperatures can be 

explained by the absence of external polar groups on the CD-trisammonium complex 

which minimizes the intermolecular interactions. Moreover, the large tertiary amine 

hinders coordination with the sulfate groups and the flexible C-O-C group further 

improves the molecular mobility. While α-full-CD and β-full-CD ILs have identical 

repeating units, their transition temperatures notably vary by 10 °C. This deviation 

mainly results from the rigidity in α-full-CD, which has one glucose unit fewer than 

β-full-CD, probably resulting in a more compact oxyethylene structure producing 

higher intermolecular friction. In contrast, the β-half-CD IL shows a higher transition 

temperature of 22 °C, which might originate from the accessible hydroxyl groups on 

the wide rim undergoing intermolecular hydrogen bonding. Subsequently, the thermal 

stability was examined by thermogravimetric analysis (TGA) (Figure 2b). α-Full-CD 

begins to degrade at 223 °C, β-full-CD at 230 °C, and β-half-CD at 248 °C indicating 
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that the ILs are thermally stable and suitable for high-temperature applications. 

 

 

Figure 2. a) DSC and b) TGA measurements of α-full-CD IL (black), β-full-CD IL 

(blue), and β-half-CD IL (red). Decomposition temperatures Td10%: α-full-CD IL 

(223 °C), β-full-CD IL (230 °C), and β-half-CD IL (248 °C). 

 

Quantitative evaluation of the viscosity of all CD ILs was conducted by rheometry. 

All CD-ILs exhibited Newtonian flow properties (Figure 3). The α-full-CD IL (Figure 

3a), β-full-CD IL (Figure 3b) and the commercial ionic liquid 

1-hexyl-3-methylimidazolium chloride (imidazolium IL, Figure 3d) were analyzed 

employing a cone-plate rheometer configuration with a 5° cone angle and a shear rate 

ramp from 0 to 1000 s
-1

. The β-half-CD IL (Figure 3c) was measured using a tooth 

rheometer 
[32]

 with oscillating shear frequency that can measure small sample volumes. 
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A summary of the rheometry results is presented in Table 1. The reduced viscosity of 

the CD-ILs at elevated temperature is most likely caused by the higher mobility of the 

chains and segments and is comparable to that of glycerol at 25 °C and to olive oil at 

75 °C. 
[33]

 The α-full-CD is more viscous than β-full-CD which is mainly due to the 

larger internal friction between the molecules. The β-half-CD has the highest viscosity 

across the temperature range, comparable to that of liquid honey. We attribute this to 

intermolecular hydrogen bonding. In comparison to the imidazolium IL, the full-CD 

ILs exhibit lower viscosity throughout the interrogated temperature range. While the 

half-substituted cyclodextrin ionic liquid exhibited higher viscosity at room 

temperature, the viscosity decreases significantly at elevated temperatures. 

 

 

Figure 3. The viscosity η of a) α-full-CD IL, b) β-full-CD IL, c) β-half-CD IL, and d) 

the control ionic liquid 1-hexyl-3-methylimidazolium chloride measured at 25 (black), 

50 (red), and 75 °C (blue). 
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Table 1. Viscosities of α-full-CD, β-full-CD, β-half-CD, and imidazolium ILs at 

temperatures of 25, 50, and 75 °C. 

 

 Viscosity η / Pa∙s 

T / °C α-full-CD β-full-CD β-half-CD Imidazolium 

25 3.26±0.11 0.71±0.05 2900±51 14.78±2.3 

50 0.60±0.01 0.28±0.02 50.5±0.9 1.14±0.14 

75 0.21±0.01 0.098±0.02 10.6±2.1 0.45±0.03 

 

Not limited to α- and β-CD, we also attempted to produce ionic liquids with γ-CD 

phosphate Na salt (substitution of all hydroxyl groups with phosphate groups, 

γ-full-CD). Unlike α- and β-CD ILs, the γ-CD ammonium complex forms an 

amorphous compound. We believe this effect is mainly caused by the lower ionicity 

between the ammonium and the phosphate group rather than the sulfate group. 

Because the proton transfer between acid and base is incomplete, the species 

containing neutral acid and base remain, leading to the aggregation and association of 

either ions or neutral species. To obtain good ionicity of protic ILs, the pKa values of 

the components have to be taken into consideration. According to the investigation by 

Angell and co-workers 
[34, 35]

 conditions that fulfill the equation pKa (base) – pKa 

(acid) > 8 produce very good ILs. In the case of α and β-CD ILs, the pKa of tertiary 

amine is around 10 and the pKa of the methyl sulfate group is around 2 fulfilling this 

criterion. 
[36]

 For the γ-cyclodextrin phosphate ammonium compound, the pKa of 

methyl phosphate group is around 6 producing an insufficient pKa difference of 4 thus 

leading to aggregation and the formation of an amorphous compound. 

 

To prove the lack of aggregation of CD IL in water (c = 165 µm), the complexes were 

analyzed by dynamic light scattering (DLS) (Figure 4a). DLS reveals negligible size 

differences among the CD-incorporating complexes. The sizes of all CD complexes 

vary between 1.3 and 1.4 nm, which is within the range of the size of CD. The 
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measured size is almost equal to pristine CD which most likely stems from the similar 

refractive indices of trisamine and MilliQ water rendering the bonding moieties 

DLS-invisible. 

 

To demonstrate the capacity to include guest molecules in the CD cavity, we used 

pyrene (Py), which is known to form a 1:1 stoichiometric complex with β-CD, as a 

model molecule. The binding of Py in the CD cavity was evaluated by monitoring the 

change of Py fluorescence emission when β-CD ILs were added while the Py was 

kept below the aggregation concentration. 
[37]

 

 

Figure 4. a) The size distributions of α-full-CD (black), β-full-CD (blue), and 

β-half-CD (red) as measured by DLS. b) Normalized (to peak A) fluorescence 

intensities of pyrene in water (black), included in β-full-CD IL (blue), and included in 

β-half-CD IL (red). 
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The fluorescence emission spectrum of Py in MilliQ water (Figure 4b) exhibits a 

diminished presence of the broad excimer-like emission when compared to the CD 

complexes. 
[37]

 The relative intensities I of these bands change in different media, 
[38-41]

 

such that the ratio of IA to IC is lower in non-polar than in polar environments. 
[42, 43]

 

Both β-CD ILs produce a decrease in the IA/IC ratio compared to the pristine Py 

emission indicating that Py is incorporated into the hydrophobic cavity of CD-ILs. 

Moreover, the C band of Py in the presence of β-half-CD IL showed stronger emission 

than that of β-full-CD IL hinting towards higher hydrophobicity. This may be 

attributed to the lower hydrophilicity of the OH group in β-half-CD compared to the 

sulfate group in β-full-CD resulting in a more hydrophobic cavity environment of 

β-half-CD. 

 

3.3 Conclusions 

Free-flowing structures with permanent cavities comparable to the CD derivatives 

presented herein have been reported to the literature,
[13]

 however, lacking any ionic 

character. We have successfully fabricated CDs exhibiting IL character by complexing 

trisamine with α- and β-CD by a two-step ligand exchange process. Three kinds of 

CD ILs containing α-full-CD, β-full-CD, and β-half-CD were produced and their 

chemical structure, thermal properties, viscosity, and capability to host a guest Py 

molecule thoroughly characterized. Full-CD ILs exhibit low transition temperatures 

around 0 °C and outstanding fluidity, comparable to that of glycol and olive oil. All 

CD ILs exhibit a high CD concentration as well as high thermal stability rendering 

them amenable to potential high-temperature applications. The β-CD ILs additionally 

maintain their ability to capture guest molecules, which may be helpful in a wide 

range of applications. 
[15-19] 

 

3.4 Experimental section 

3.4.1 General instrumentation 

NMR spectra were recorded at 25 °C on a Varian Mercury NMR spectrometer 
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operating at 400 MHz, where chemical shifts (δ) were determined with respect to the 

non-deuterated solvent as an internal reference. For 
1
H-NMR spectroscopy, the 

splitting parameters were designated as follows: s (singlet), d (doublet), t (triplet), q 

(quadruplet), m (multiplet), and br (broad). The dialysis of ionic liquids was 

performed in regenerated cellulose RC dialysis membrane, which was firstly cleaned 

by MilliQ water for three times to remove the sodium azide, and then washed by pure 

methanol to get rid of the water for thorough dialysis in the solution of CHCl3/MeOH 

(3/1) up to 5 days. The dialysis solvent was changed at 2, 6, and 24 h during the first 

day, then once per day to ensure complete dialysis. Afterwards, the ionic liquid 

solution was transferred to a round bottom flask and the solvent was evaporated in 

vacuo. Finally, the material was dried overnight in a freeze drier. 

 

3.4.2 Materials 

4-(Hexyloxy)aniline (99%), α-cyclodextrin and β-cyclodextrin sulfated sodium salt 

(97%), heptakis (6-O-sulfo)-β-cyclodextrin heptasodium salt (97%), γ-cyclodextrin 

phosphate sodium salt (98%), tris[2-(2-methoxyethoxy)ethyl]amine (99%), 

1-hexyl-3-methylimidazolium chloride (98%), NaCl (99%), H2SO4 (98%), and pyrene 

(99%) were purchased from Sigma Aldrich. CHCl3, Et2O, and MeOH were obtained 

from Lab-Scan and used as received. For all experiments, ultrapure H2O (ρ > 18.4 

MΩ∙cm) was obtained by a Milli-Q H2O purification system from Sartorius. The 

dialysis membrane (pre-treated RC tubing with MWCO 1 kDa, flat width 38 mm, 

diameter 24 mm and V/L = 4.6 mL/cm) was obtained from Spectrum Lab. PVDF 

membrane (0.2 µm) was purchased from Millipore. 

 

3.4.3 Synthesis of lipid 4-(hexyloxy)anilinium chloride  

4-(Hexyloxy)aniline (2.0 g, 10.4 mmol) was dissolved in Et2O (50 mL) whereupon 

freshly prepared HCl gas, generated by mixing NaCl with H2SO4 (98%), was passed 

through the 4-(hexyloxy)aniline solution. After stirring for a few minutes, 

precipitation was observed and HCl bubbling was continued for 30 min. Afterwards, 
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the precipitate was collected by filtration and washed with Et2O (3×50 mL). The 

purple solid was dried in vacuum overnight (2.12 g, 89% yield). 
1
H NMR (400 MHz, 

DMSO-d6, δ): 10.13 (s, 3H), 7.30 (d, 2H), 7.00 (d, 2H), 3.96 (t, 2H), 1.68 (t, 2H), 1.29 

(br, 6H), 0.87 (t, 3H). 

 

3.4.4 Preparation procedure of CD-IL complexes 

The complex was prepared through the substitution of CD-ANI complex with 

tris[2-(2-methoxyethoxy) ethyl]amine. Firstly, the CD-ANI complex was prepared: 

CD (0.1 mmol in glucopyranose units) was dissolved in MilliQ H2O (10 mL), then 

ANI solution (30 mm, 10 mL) was gently added to this solution in one portion. After 

shaking and incubation for 10 min at r.t., the formed precipitate was collected by 

centrifugation for 15 min at 4500 rpm, washed with MilliQ H2O (3×), and 

freeze-dried overnight at 25 °C. After that, CD-ANI complex (0.04 mmol in 

glucopyranose units) was re-suspended in a mixture of CHCl3:MeOH = 3:1 (5 mL), 

followed by the mixing and stirring of tris[2-(2-methoxyethoxy)ethyl]amine (24 mm, 

5 mL) prepared in CHCl3:MeOH = 3:1 as solvent for about 10 min. Then the solution 

was transferred into regenerated cellulose dialysis tubing (Mcut-off = 1 kDa) and 

dialyzed against CHCl3:MeOH = 3:1 to remove the excess of corresponding amine 

and ANI. 

 

3.4.5 Confirmation of the absence of aggregation of DNA lipid complex in 

aqueous phase 

The solubility of CD-IL complex in water has been proven by dynamic light 

scattering measurements. For that purpose, a Zetasizer Nano-ZS (Malvern) instrument 

equipped with a backscatter detector at 173° was employed. The temperature of the 

cell holder was set to 25 °C. The equilibration time was 120 s and experiments were 

carried out in triplicate. Delay between measurements was 5 s. The cell consisted of a 

1 cm light-path quartz cuvette (Hellma). For the aqueous medium, the refractive index 

was set as 1.33 and the viscosity is 0.89 mPa∙s. All the solvents were filtered through 
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PVDF membrane (0.2 µm) before use. All the samples were prepared in a laminar 

flow cabinet (Clean Air). The cuvette was flushed with the corresponding solvent 

three times before the measurement. 

 

3.4.6 Transition temperature of CD-IL complex was studied by differential 

scanning calorimetry (DSC) measurements 

Differential scanning calorimetry (DSC) measurements were performed with TA 

instrument Q1000 system in a Nitrogen atmosphere. After equilibration at -70 °C, the 

samples were heated to 80 °C at a heating rate of 10 °C/min and then cooled down to 

-70 °C with the same rate and isolated at low temperature for 15 min to remove 

thermal history. Then the sample was reheated to 100 °C at a heating rate of 

10 °C/min to obtain the final exothermic curve. All the sample weights were around 

10 ± 2 mg to ensure similar thermal transition rates. Then they were placed in a pan 

(Tzero Pan Hermetic, TA instrument) of the DSC system. The same empty pan was 

used as reference. 

 

3.4.7 Thermal stability of CD-IL complex studied by thermogravimetric analysis  

To study the thermal stability of CD-IL complex a TGA instrument, TA Q600 thermal 

analyzer, was utilized and experiments were carried out by scanning the samples from 

room temperature to 800 °C at a heating rate of 10 °C/min under nitrogen atmosphere. 

All the samples were analyzed on the open silicon pan in the instrument. 

 

3.4.8 Rheometry of CD-IL complex 

The rheological properties of CD-IL complex were studied by two rheometers. One of 

the devices was a shear stress controlled AR 1000 N rheometer (TA Instruments) to 

measure the α-full-CD IL, β-full-CD IL and 1-hexyl-3-methylimidazolium chloride 

with shear rate ramping from 0.01 to 1000 1/s at temperatures of 25, 50, and 75 °C. 

The measurements were performed using an aluminum cone-and-plate fixture of 4.0° 

and 20 mm in diameter. The other instrument was a shear strain (or rate) controlled 
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Bohlin VOR rheometer (BohlinReologi AB) for the measurement of β-half-CD IL 

with fixed strain amplitude γ = 5% and ramping the shear rate from 0.01 to 20 1/s at 

temperatures of 25, 50, and 75 °C. The experiments were performed with a stainless 

steel fixture of 2.5° and 25 mm in diameter. 

 

3.4.9 Pyrene host-guest fluorescence studies  

Fluorescence spectra were measured on a JASCO FP-8500 spectrophotometer using 

1 cm quartz cuvettes. After each fluorescence measurement, the cuvette was cleaned 

with MeOH (3×) and dried by compressed air.The binding of Py in the CD cavity was 

evaluated by monitoring the change of Py fluorescence emission when β-CD ILs were 

added. Py was first dissolved in MeOH then transferred to an aqueous medium 

containing the different β-CD-ILs (165 µm). The final Py concentration was adjusted 

to 0.33 µm. The emission spectra were normalized to the A band to allow for a better 

comparison of the change in the IA/IC ratio (Figure 4b). 

 

3.4.10 
1
H-NMR spectra of α-full-, β-full-, and β-half CD ILs  

 

Figure S1. 
1
H-NMR spectrum of α-full-CD IL (D2O at 25 °C). 
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Figure S2. 
1
H-NMR spectrum of β-full-CD IL (D2O at 25 °C). 

 

 

Figure S3. 
1
H-NMR spectrum of β-half-CD IL (D2O at 25 °C). 
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