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Dear Editor, 

 

Please find attached the manuscript “Influence of the cation partner on levulinate ionic liquids 
properties“ by Angelica Mero, Luca Guglielmero, Felicia D’Andrea, Christian S. Pomelli, 
Lorenzo Guazzelli, Spyridon Koutsoumpos, George Tsonos, Ilias Stavrakas, Konstantinos 
Moutzouris and Andrea Mezzetta submitted as a full paper. 

We declare that the manuscript is not under consideration for publication and has not been 
published elsewhere in any medium including electronic journals and computer databases of a 
public nature. 

We also declare no conflict of interests. 

 

The manuscript reports the preparation and comparative analysis of the physico-chemical 
properties of a set of levulinate ionic liquids (LevILs). These latter belong to the family of bio-
based ILs due to the anion which can be obtained from renewable feedstock. LevILs have been 
successfully employed in recent years in a few applications with performances comparable to 
other non-bio-based ILs. Hence, they hold great promise for further investigations. 

 

Despite the interesting results obtained to date when LevILs were used, an in-depth 
investigation of the effect of the structure of the cation on their physico-chemical properties has 
not yet been carried out. Therefore, in the present work we present the study of the thermal 
behaviour and thermal stability of seven LevILs featuring different cation moieties. The 
characterization was complemented by the investigation of their viscosity, density and refractive 
index as a function of the temperature (in the case of the refractive index the study was also 
carried out at different wavelengths). 

Several trends have been identified for the different properties analysed, which were also 
compared to those of reported carboxylate ILs when possible. 

 

VFT and MYEGA viscosity-based models for the determination of the fragility index were 
screened and the values obtained were also compared to those calculated from the glass 
transition temperature variation as a function of the heating rate ascertained by DSC.  
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We believe that the findings of our work are of interest to the audience of this journal and may 
inspire further investigation in the area of bio-based ILs driving the design of the most suitable 
LevIL for an application of interest. 
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Looking forward to hearing from you. 
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Andrea Mezzetta 
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Abstract 

In the context of bio-based ionic liquids (ILs), in recent years levulinate ILs have been explored in 

various applications with appreciable performances. To expand their scope of use, seven selected 

levulinate ILs featuring different cationic moieties have been prepared and their physico-chemical 

properties compared. While all the ILs generated displayed only glass transitions at low temperature 

(<-60 °C), [C4C1Pyr]Lev presented melting and crystallization events. The thermal stability 

determined by TGA decreased in the order [P8881]Lev > [C2C1Im]Lev ≈ [C4C1Im]Lev > [C2C1Pip]Lev 

> [C2C1Pyr]Lev ≈ [C4C1Pyr]Lev > [N8881]Lev, and is in good agreement with the general trend 

observed for carboxylate ILs. In terms of viscosity, the LevILs showed a Newtonian behaviour when 

considering the shearing rates range, with a marked reduction of the viscosity at increasing 

temperatures. The glassy behaviour of LevILs was further ascertained applying the MYEGA 

viscosity-based model for the determination of the fragility index.  

The density of the LevILs was found to vary in the vicinity of ~1 𝑔/𝑐𝑚3, and the systematic 

refractive index increase with increasing density was identified as a general trend. The refractive 

index was experimentally determined at five different wavelengths and several temperatures between 

80 °C and 130 °C and followed the order [C2C1Im]Lev > [C2C1Pip]Lev > [C4C1Im]Lev > 
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[C2C1Pyr]Lev > [C4C1Pyr]Lev > [P8881]Lev > [N8881]Lev. Overall, the possibility to tune the physico-

chemical properties of ILs through structural variations of the cationic part has been proven valid for 

the LevIL family. When compared with the carboxylate ILs described in the literature, LevILs show 

great potential for further applicative studies. 

 

Keywords: Levulinate ionic liquids, bio-based ionic liquids, thermal behaviour, viscosity, density, 

refractive index, fragility index 

 

1. Introduction 

 

Ionic liquids (ILs) are often referred to as designer media due to the possibility of customising their 

physico-chemical properties for an application of interest through judicious structural modifications. 

An IL is an organic salt characterized by a melting point below 100 °C.[1] A great variety of cations 

and anions may be paired to give rise to structures which respond to these requirements but, 

interestingly, these can be characterized by different and even opposite nature, i.e. hydrophobic ILs 

versus hydrophilic ILs.[2–4] This tuneable feature, in conjunction with peculiar properties such as 

the null vapour pressure,[5] the wide electrochemical window,[6] the high thermal and chemical 

stability,[7,8] has made of the ILs a subject of intense research in the last twenty years. For instance, 

ILs have been investigated as solvents and catalysts for organic transformations,[9,10] in analytical 

applications,[11,12] for the production of chemicals and materials from biomasses,[13–15] and in 

pharmaceutical applications.[16–18] It is also worth noting that beyond the academic interest, ILs 

have reached the industrial level and are nowadays key ingredients in a variety of bulk processes. 

[19] 

However, investigations aimed at evaluating the (eco)toxicity and biodegradability of ILs highlighted 

the environmental impact and the safety issues associated with their use and concluded that caution 

should be used when claiming ILs as green materials.[20–22] Furthermore, the vast majority of 

components which constitute ILs are of petrochemical origin, thus raising the additional concern of 

their non-renewable character.[23] 

In view of facilitating the transition towards sustainable chemistry and as a way to ameliorate the 

safety and green profile of ILs, a great deal of attention has been devoted recently to the development 

of bio-based ILs.[24] Indeed, several natural and natural-derived compounds, such as amino 

acids,[25] fatty acids[25] and lignin,[26] have been exploited for the preparation of this subset of ILs. 
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In this context, sugars arguably represent the most promising pool of natural compounds in terms of 

availability, structural diversity and potential for modification.[27] Several literature reports describe 

the direct transformation of monosaccharides in suitable cations and anions,[28] which sometimes 

require unappealingly long synthetic strategies.[29] On the contrary, the neutralization reaction 

involving uronic acids[30] or glucosamine[31] represents the most straightforward strategy for the 

preparation of sugar-derived ILs to date. Interestingly, it has been recently showed that the toxicity 

towards Zebrafish embryos of a traditional imidazolium IL was reduced when the cation was linked 

to a sugar pendant.[32] Polysaccharides, i.e. cellulose and hemicellulose, are also valuable sources of 

compounds for the development of bio-based ILs when converted into smaller molecules such as 

formic acid, acetic acid, levulinic acid, furfural and hydroxymethyl furfural.[33–36] While formate 

and acetate ILs have been known for more than twenty years, the utilization of the other mentioned 

platform chemicals for ILs preparation is far more recent. In particular, for furfural and 

hydroxymethyl furfural a very limited number of studies have been reported.[37,38] 

Conversely, Levulinate ILs have been studied in different applications such as for the extraction of 

pharmaceuticals via aqueous biphasic systems (ABS),[39] as potential media for CO2 absorption,[40–

42] in asymmetric hydrogenation catalysis,[43] and for cellulose dissolution and modification.[44–

46] Moreover, a series of levulinate ILs have been proven non-toxic toward several aquatic 

species.[46] An increment in toxicity was registered when cations with pronounced hydrophobic 

nature were tested. It is also worth mentioning that the levulinate moiety represents one of the few 

carboxylate anions featuring an additional functional group (the carbonyl group), which can 

participate in further reactions and turn this anion into a task-specific one. Despite this, the properties 

of levulinate ILs have not yet been thoroughly and comparatively assessed. For a full exploitation of 

new bio-based media, it is of primary importance to ascertain the thermophysical properties of these 

promising materials. In order to develop efficient ILs-based processes, it is critical to establish the 

liquid range of a medium, the maximum allowed temperature that avoids degradation, and the 

transport properties such as dynamic viscosity and density. Furthermore, the study of the optical 

features such as the refractive index is critical for the characterisation of the materials and their purity, 

providing information on the intermolecular forces within a liquid as well as its microwave absorption 

potential.  

In this work, the preparation and study of a series of levulinate-based ILs characterised by various 

cationic moieties are reported. This set of compounds was designed with the intention of investigating 

the effect of the nature and structure of their cationic part on the ILs’ physicochemical properties. As 
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a result, the thermal stability, thermal behaviour, viscosity, density and refractive index have been 

assessed and analysed. 

 

2. Material and methods 

Materials 

If not noted otherwise, reactants and reagents were commercially available and used as received. 1-

bromoethane (99%), N-methylpyrrolidine (98%), and N-methylpiperidine (98%) were purchased 

from Acros Organics Thermo Fisher (Germany), 1-bromobutane (99+%) from Alfa Aesar, Thermo 

Fisher (Germany) and all the solvents from Sigma Aldrich (Merck Life Science). 1-Ethyl-3-

methylimidazolium [C2C1Im] (98%), 1-butyl-3-methylimidazolium [C4C1Im] (98%), 

trioctylmethylammonium [N8881] (98%) and trioctylmethylphosphonium [P8881] (98%) 

methylcarbonate methanol solutions were purchased from Proionic GmbH (Austria). 

General methods 

2.1 Synthesis of Lev ILs from methylcarbonate ILs (1, 2, 6, 7) 

1-Ethyl-3-methylimidazolium levulinate [C2C1Im]Lev (1) 1-butyl-3-methylimidazolium levulinate 

[C4C1Im]Lev (2), trioctylmethylammonium levulinate [N8881]Lev (6) and 

trioctylmethylphosphonium levulinate [P8881]Lev (7) were synthetized form methylcarbonate 

precursors following our previously reported procedure.[46] To a commercial methanolic solution of 

a proper methylcarbonate IL, levulinic acid (1 equiv) was added. The concentrations of 

methylcarbonate ILs in methanol solutions were previously determined by volumetric titration using 

a standard 0,1 M HCl solution (Eutech pH meter, pH 700, calibrated with three standard buffer 

solutions at pH 4.01, 7.00, and 10.00). The resulting mixture was stirred at room temperature for 2 h 

and the solvent was evaporated at 60 °C for 12 h under reduced pressure to afford a light-yellow 

liquid in quantitative yield. 1H and 13C NMR, and FTIR spectra were in agreement with those 

reported. 

 

2.2 Synthesis of Lev ILs using an ion exchange resin (3-5) 

1-Ethyl-1-methylpyrrolidinium levulinate [C2C1Pyr]Lev (3), 1-butyl-1-methylipyrrolidinium 

levulinate [C4C1Pyr]Lev (4), and 1-ethyl-1-methylpiperidinium levulinate [C2C1Pip]Lev (5) were 

synthetized from bromide precursors by metathesis reaction with ion exchange resin following the 
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procedure reported in our previous work.[47] The Amberlite IRA400 ion exchange resin (100 g) was 

activated by suspending it in an aqueous NaOH solution (4% w/w, 500 mL) for 24 h at room 

temperature. The pretreated resin was packed into a 3.5 cm diameter column and conditioned with 

300 mL of NaOH solution (4% w/w). The column was then washed with water until neutrality. 

The selected bromide IL (18.6 mmol) was dissolved in 7:3 (v/v) CH3OH-water (100 mL) and the 

solution was passed through the column three times. The hydroxyl-bromide substitution was followed 

by checking the presence of bromide in the eluted solution using silver nitrate solution (AgNO3 test). 

The column was then washed with 200 mL of CH3OH/water solution. A solution of levulinic acid 

(18.6 mmol) in 7:3 (v/v) CH3OH-water (50 mL) was added under stirring to the prepared hydroxide 

IL solution. After 1 h at room temperature, the solvent was evaporated at 60 °C for 12 h under reduced 

pressure affording, after drying in vacuo, the yellowish liquids. All synthetized compounds have been 

characterized by 1H and 13C NMR and FTIR analyses and all the spectra are provided in the 

Supporting Information (Figs. S1–S3 for 1H and 13C NMR and Figs. S4–S6 for FTIR).  

 

2.2.1 1-Ethyl-1-methylpyrrolidinium levulinate [C2C1Pyr]Lev (3). The preparation of 3 (96% 

yield, yellowish liquid) was performed according to the general procedure. 1H NMR (D2O) δ 3.48-

3.43 (m, 4H, 2×CH2CH2N), 3.38 (q, 2H, J=7.3 Hz, CH3CH2N), 2.99 (s, 3H, CH3N), 2.76 (t, 2H, J=6.8 

Hz CH2COCH3), 2.40 (t, 2H, J=6.8 Hz, CH2COO-), 2.19 (s, 3H, CH3CO), 2.18-2.16 (m, 4H, 

2×CH2CH2N), 1.35 (tt, 3H, J=7.3 Hz, JH,N=2 Hz, NCH2CH3); 
13C NMR (D2O) δ 214.6 (CO), 180.3 

(COO-), 60.6 (2×CH2CH2N), 58.9 (CH3CH2N), 47.0 (CH3N), 39.1 (CH2COCH3), 30.5 (CH3CO), 

29.3 (CH2COO-), 20.7 (CH2CH2N), 19.6 (CH2CH2N), 6.8 (NCH2CH3). 

 

2.2.2 1-Butyl-1-methylpyrrolidinium levulinate [C4C1Pyr]Lev (4). The preparation of 4 (97% 

yield, yellowish liquid) was performed according to the general procedure. 1H NMR (D2O) δ 3.51-

3.46 (m, 4H, 2×CH2CH2N), 3.33-3.29 (m, 2H, CH3CH2N), 3.02 (s, 3H, CH3N), 2.77 (t, 2H, J=6.8 Hz 

CH2COCH3), 2.41 (t, 2H, J=6.8 Hz, CH2COO-), 2.21 (s, 3H, CH3CO), 2.20-2.18 (m, 4H, 

2×CH2CH2N), 1.81-1.73 (m, 2H, CH3CH2CH2) 1.42-1.33 (m, 2H, CH3CH2CH2), 0.96-0.92 (3H, 

J=7.4 Hz, CH3CH2CH2); 
13C NMR (D2O) δ 214.9 (CO), 180.8 (COO-), 64.3 (2×CH2CH2N), 64.2 

(CH3CH2N), 48.1 (CH3N), 39.4 (CH2COCH3), 30.9 (CH3CO), 29.3 (CH2COO-), 25.2 (CH3CH2CH2), 

21.4 (2×CH2CH2N), 19.3 (CH3CH2CH2), 12.9 (NCH2CH3). 

 

2.2.3 1-Ethyl-1-methylpiperidinium levulinate [C2C1Pip]Lev (5). The preparation of 5 (94% yield, 

yellowish liquid) was performed according to the general procedure. 1H NMR (D2O) δ 3.36 (q, 2H, 

J=7.3 Hz, CH3CH2N), 3.27 (t, 4H, J=5.8 Hz, 2×CH2CH2N), 2.95 (s, 3H, CH3N), 2.74 (t, 2H, J= 6.8Hz 



6 

 

CH2COCH3), 2.38 (t, 2H, J=6.8 Hz, CH2COO-), 2.17 (s, 3H, CH3CO), 1.85-1.79 (m, 4H, 

2×CH2CH2N), 1.69-1.53 (m, 2H, CH3CH2CH2) 1.28 (tt, 3H, J=7.3 Hz, JH,N=2.0 Hz, CH3CH2N); 13C 

NMR (D2O) δ 214.6 (CO), 180.3 (COO-), 60.6 (2×CH2CH2N), 58.9 (CH3CH2N), 47.0 (CH3N), 39.2 

(CH2COCH3), 30.7 (CH3CO), 29.3 (CH2COO-), 20.7 (CH2CH2CH2N), 19.6 (2×CH2CH2CH2N), 6.8 

(NCH2CH3). 

2.3 NMR spectroscopy  

1H NMR spectra were recorded in D2O with a Bruker AVANCE II operating at 400 MHz.. 13C NMR 

spectra were recorded at 100 MHz. The experiments were performed at 25 °C using 50 mg/mL as 

sample concentration. The following abbreviations are used: s=singlet, d=doublet, t=triplet, 

q=quartet, m=multiplet, tt=tripletriplet. The chemical shift (δ) was referenced to the chemical shift of 

D2O (δH 4.79) and J-values are given in Hz.  

2.4 Fourier transform infrared spectroscopy (FTIR) 

 

The ATR-FTIR spectra were recorded with an Agilent Technologies IR Cary 660 FTIR 

spectrophotometer using macro-ATR accessory a Diamond crystal. The spectra were measured in a 

range from 4000 to 500 cm-1 with 32 scans. The moisture and CO2 were eliminated from the samples 

by measuring first the background spectra before each sample. 

 

2.5. Water content determination  

The water content of LevILs was estimated by Karl Fischer titration using a SI Analytics coulometer 

(Titroline 75 000 KFtrace) and the water content was 116-137 ppm for 1-5, 88 and 92 ppm for 6 and 

7, respectively. 

2.6 Thermal analysis 

2.6.1 Thermogravimetric analysis (TGA) 

The thermal stability of LevILs was investigated by thermal gravimetric analysis (TG) conducted in 

a TA Instruments Q500 TGA (weighing Precision ± 0.01%, sensitivity 0.1 µg, baseline dynamic drift 

< 50 µg). The temperature calibration was performed using curie point of nickel and Alumel standards 

and for mass calibration weight standards of 1 g, 500 mg, and 100 mg were used. All the standards 

were supplied by TA Instruments Inc. 12-15 mgs of each sample were heated in a platinum crucible 

as sample holder. First, the heating mode was set to isothermal at 60 °C in N2 (80 cm3/min) for 30 

min. Then, the sample was heated from 40 °C to 500 °C at 10 °C min-1 under nitrogen (80 cm3/min) 
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and maintained at 600 °C for 3 min. Mass change was recorded as a function of temperature and time. 

TGA experiments were carried out in triplicate.  

 

2.6.2 Differential scanning calorimetry (DSC) 

The thermal behavior of LevILs was analyzed by a differential scanning calorimeter (TA DSC, Q250, 

USA, temperature accuracy ±0.05 °C, temperature precision ±0.008 °C, enthalpy precision ±0.08%). 

Dry high purity N2 gas with a flow rate of 50 cm3/min was purged through the sample. 1-5 mg of 

each sample was loaded in pinhole hermetic aluminum crucibles and the phase behavior was explored 

under nitrogen atmosphere in the temperature range from -90 to 120 °C with a heating rate of 3, 5, 8, 

10, and 12 °C/min. The temperature calibration was performed considering the heating rate 

dependence of the onset temperature of the melting peak of indium. The enthalpy was also calibrated 

using indium (melting enthalpy ΔHm=28.71 J g-1). DSC experiments were carried out in duplicate. Tg 

was obtained by taking the midpoint of the heat capacity change on heating from a glass to a liquid. 

Tm was taken as the peak temperature of the endothermic peak on the heating run. The peak 

temperatures were chosen instead of the onset temperatures due to the complexity of the 

thermograms. 

 

2.7 Viscosity 

Viscosities of ILs as a function of temperature were measured using a Brookfield DV-II + Pro 

(Brookfield AMETEK, Inc., Middleboro, MA, USA) programmable viscometer, with an uncertainty 

of 2%. The measurements were carried out in the temperature range from 20 to 80 °C, controlled by 

a Brookfield TC-502 thermostat with an accuracy of 0.1 °C. Viscosity (η) was determined in the 

temperature range from 20 to 80 °C, applying 15 different shearing rates between 1 s−1 and 100 s−1. 

2.8 Density 

Density was measured with 0.0001 g/cm3 resolution and 0.001 g/cm3 accuracy by use of a commercial 

density-meter (Anton Paar, DMA35 model). This instrument exploits a U-shaped oscillating tube as 

a sensing element. Measurements were collected at 10 different temperatures within the range ~17 

°C - 21 °C. 

2.9 Refractive index 

A commercial prism-coupling refractometer (Metricon, 2010/M model) was employed for the 

determination of the refractive index with a standard error ±0.0002. Described in detail 
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elsewhere[48,49], this instrument utilizes a transparent reference prism that rests on a rotary table. 

The sample is attached to the base of the prism via a home-made liquid holder, forming an interface 

which is illuminated by either one out of five available laser sources emitting monochromatic 

radiation at 450 nm, 532 nm, 632.8 nm, 964 nm and 1551 nm. Measuring the reflectance at the 

prism/liquid interface for variable incidence angles, the phenomenon of total internal reflection (TIR) 

is observed, yielding the refractive index of the sample via the well-know TIR condition. Temperature 

is controlled via a thermal resistor that is properly inserted to heat the interface.  

 

3. Results and discussion 

3.1. Synthesis of levulinate ionic liquids (LevILs) 

Two main synthetic strategies were undertaken to prepare the seven structurally-related levulinate 

ILs (LevILs Scheme 1). Both synthetic routes make use of ionic liquids as precursors and lead to the 

target LevILs through a metathesis reaction.  

 

Scheme 1. Levulinate ionic liquids (LevILs) studied in the present work. 

The imidazolium and phosphonium LevILs as well as the ammonium systems with long-chain alkyl 

substituents (1, 2, 6 and 7), were prepared from the commercially available methylcarbonate 

precursors following known procedures. This entailed a simple reaction with an equimolar amounts 

of the acid of interest (levulinic acid in the present case). The advantages of this synthetic method 

have been widely discussed in our previous work,[46,50] which allows for the preparation of LevILs 

in an operationally simple procedure and in high purity. In the case of the pyrrolidinium and 

piperidinium ILs, where the corresponding methyl carbonate precursors are not commercially 
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available, the traditional metathesis processes were followed.[51] Among the possible well-known 

literature options,[47] the ion exchange resin technique was selected to avoid contamination with 

metals which could affect the physico-chemical properties of LevILs. Indeed, preliminary attempts 

with silver salts showed a possible interaction between the levulinate anion and the metal. Therefore, 

LevILs 3-5 were synthesized using an ion exchange resin starting from their bromide precursors, 

whose synthesis is reported in the supporting information. The chemical structures of LevILs (1-7) 

were assessed by NMR experiments (1H and 13C) while the absence of bromide anions was 

determined by means of the silver nitrate test. Particular care was devoted to the removal of water as 

it strongly affects the outcome of the forthcoming tests. For this reason, all samples were heated at 

60 °C under high vacuum for 12 h before each measurement and the water content of LevILs was 

estimated by Karl Fischer titration. 

3.2. Thermal analysis 

Diffierential scanning calorimetry (DSC) and thermogravimetric analysis were carried out to 

ascertain the operative range of the synthesized LevILs.The thermal behaviour of the synthesised 

LevILs was investigated by DSC within the temperature range of -90 °C to 200 °C at different scannig 

rates (3, 5, 8, 10, 12 °C/min). Only [C4C1Pyr]Lev (4) showed clear phase transitions, with melting 

(Tm) and crystallization (Tc) at 41.6 °C (Tpeak), 27.3 °C (Tonset) and -25.4 °C (Tonset), -33.3 °C (Tpeak) 

respectively (Figure 1a), and a glass trasition only in the first run. For this compound, the ratio 

between the glass transition and the melting temperature is in accord with the semiempirical rule of 

Tg / Tm = 2/3.[52] The Tc and Tm temperatures were estimated on the onset point and peak 

temperatures while Tg using the midpoint of transition. The rather broad difference between 

crystallization and melting event of 4 leads to a subcooled liquid at room temperature. All the other 

LevILs investigated showed a tendency to form glassy structures with glass transition temperatures 

(Tg) ranging between -60.9 °C and -80.6 °C. Figure 1b shows the DSC thermogram of [C2C1Im]Lev 

(1) as a representative example of a typical thermoghraph observed for LevILs. The DSC curves of 

the other LevILs are reported in the supporting information (Figure S7-S13). The Tg values obtained 

from the different LevILs are reported in Table 1. Compounds 6 and 7 show very low values of Tg, a 

result which is attributable to the asymmetric structure of the cation and to the long alkyl chains that 

create a disordered structures with a consequent lowering of the Tg. While this latter effect explains 

the Tg values of bulky cations, for imidazolium, pyrrolidinium and piperidinium LevILs the 

differences between Tg values can be ascribed to the chemical nature of the cation and follow the 

order: [C2C1Pyr]Lev (3) < [C2C1Im]Lev (1) < [C2C1Pyp]Lev (5). The elongation of the alkyl chain 

from C2 to C4 in the pyrrolidinium series caused a marked variation in the thermal behavior of 
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[C4C1Pyr]Lev (4) when compared to [C2C1Pyr]Lev (3). Conversely, for imidazolium ILs, no 

significant difference in the glass transition temperatures were observed for the same structural 

change. 

A comparison with similar structures shows that [C4C1Pyr]Lev (4) displays a lower Tm  than the 

corresponding acetate IL (Tm = 60 °C, value of temperature at signal peak[53]). Similarly, 

imidazolium LevIL 2 shows a lower Tg value than [C4C1Im]OAc.[53] Formate [C2C1Im] exhibited a 

melting phenomenon at 52 °C,[54] while the analogous cation paired with the levulinate anion (LevIL 

1) displays only a glass transition.  

Finally, the effect of the scanning rate on thermal behaviour was evaluated for all compounds. As 

known, crystallizations and glass transitions, being purely kinetic events, are strongly influenced by 

the scanning rate while the thermodinamically characterised melting events remain unchanged.[55] 

For this reason, faster scanning rates lead to an increase of the Tg for glassy forming LevILs while 4 

showed a decrease of its Tc. Both phenomena vary linearly with the scanning rate. Therefore, it was 

possible to extrapolate the Tg and Tc value at 0 °C/min for all investigated LevILs (Figure S14-S15). 

The obtained values are reported in Table S1. 
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Figure 1. Differential scanning calorimetry at 10 °C/min scanning rate of compound a) [C4C1Pyr]Lev (4) 

and b) [C2C1Im]Lev (1). 

Table 1. Glass transition temperature (Tg), melting temperature (Tm), crystallization temperature (Tc) measured 

at 10 °C/min scanning rate and Tstart, Tonset, and Tpeak measured at heating rate of 10 °C/min of the investigated 

LevILs. 

LevIL 

DSC  TGA 

Tg (°C) 

Tm (°C) 

(ΔHm 

(KJ/mol)) 

Tc (°C) 

(ΔHc (KJ/mol)) 
Tstart (5%) (°C) Tonset (°C) Tpeak (°C) 

[C2C1Im]Lev (1) -66.1 - - 217.0 231.2 259.2 

[C4C1Im]Lev (2) -65.9 - - 208.1 222.3 249.6 

[C2C1Pyr]Lev (3) -77.5 - - 173.2 184.0 206.7 

[C4C1Pyr]Lev (4) - 

Tpeak 41.6  

Tonset 27.3 

(11.39) 

Tpeak -33.3 

Tonset -25.4 

(11.32) 

166.6 184.2 208.0 

[C2C1Pip]Lev (5) -60.9 - - 191.5 196.3 220.3 

[N8881]Lev (6) -76.4 - - 156.5 166.1 182.9 

[P8881]Lev (7) -80.6 - - 241.3 266.9 298.2 

 

In parallel to the thermal behavior, the thermal stability of the synthesized LevILs was ascertained by 

thermogravimetric analysis (TGA). The analysis was performed at 10 °C/min up to 500 °C after a 

drying step. Nevertheless, almost all samples presented a mass loss event around 100 °C ascribable 

to the release of water, absorbed due to the LevILs’ hygroscopic nature. The comparison of the TG 

and DTG curves is presented in Figure 2, while the single thermograms of LevILs are reported in the 

Supplemetary File (Figure S16-S22). The values of the three characteristic parameters Tstart, Tonset and 

Tpeak obtained from the thermograms are summarized in Table 1. As reported in our previous 

work,[46] [N8881]Lev (6) with a Tonset of 166.1 °C was the least stable LevIL, while [P8881]Lev (7) 

(Tonset = 266.9 °C) was the most stable one of the series. Imidazolium LevILs showed a Tonset of 231.2 

and 222.3 °C for [C2C1Im]Lev (1) and [C4C1Im]Lev (2), respectively. The same trend has been 

already observed for long chain fatty acid ILs featuring the same cations.[50] The newly synthesized 

piperidinium and the two pyrrolidinium levulinate ILs showed higher thermal stability compared to 

[N8881]Lev (6) but lower Tonset than all the other investigated LevILs. Finally, the thermal stability of 

the LevILs with cations of various nature but substituted with the same alkyl chains (C2 and C1) 

followed this order: [C2C1Pyr]Lev (3) < [C2C1Pip]Lev (5) < [C2C1Im]Lev (1). According to the 

thermal stability classification of ILs proposed by Cao and Mu,[56] [P8881]Lev (7) belongs to the “less 

stable” class (250 °C < Tonset < 300 °C), the imidazolium ILs belong to the “least stable” class (200 

°C < Tonset <250 °C), while ILs 3, 4, 5 and 6 are below the lower limit considered. Furthermore, small 

variations of the alkyl chain length on the same cation type (compare imidazolium 1 and 2 as well as 
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pyrrolidinium 3 and 4) seem to play a limited role in the thermal stability. Generally, LevILs show 

slightly higher stability than their respective acetate ILs analogues.[53,57,58] Furthermore, 

[C2C1Im]Lev displays a slightly higher Tonset value when compared to the formate [54] and other 

carboxylate analogues characterised by carbon chains of various length.[57,50] On the contrary, 

[N8881]Lev (6) and [P8881]Lev (7) present lower thermal stability than the respective long chain fatty 

acid ILs.[50]  
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Figure 2. TG (a) and DTG (b) of LevILs 

 

Based on the DSC and TGA data, the operative liquid range for the proposed LevILs could be 

assessed and the results are summarized in Figure 3. For [C4C1Pyr]Lev (4) the Tm was considered as 

the lower limit, while the Tg was used for all the other LevILs. The Tonset of the main degradation step 

was selected as the upper limit. It is clear that [P8881]Lev (7) exhibits the widest liquid range among 
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the investigated LevILs, followed by the imidazolium ILs. On the other hand, [C4C1Pyr]Lev (4) 

shows the narrowest liquid range, as a consequence of its melting point being above room 

temperature. Finally, the piperidinium IL (5) exhibits a similar liquid range to its pyrrolidinium 

analog 3 with a slight shift towards higher temperatures. 

C2C1Im
Lev (1

)C4C1Im
Lev (2

)C2C1PyrLev (3
)C4C1PyrLev (4
)C2C1PipLev (5
)N8881Lev (6
)P8881Lev (7
)

-100 -50 0 50 100 150 200 250 300

Temperature (°C)

A

 

Figure 3. Operative liquid range of LevILs. 

 

3.3. Viscosity 

The viscosity of ILs is an important parameter which contributes to the transport properties and can 

be used to select the field of application. ILs’ viscosity depends from the chemical nature of the cation 

and the anion, the temperature and the water content. For this reason, the study of viscosity in relation 

to the structural features of the LevILs cation is fundamental for a complete characterization of this 

class of compounds. The viscosity of the pure investigated LevILs is reported in Table S2. All LevILs 

show a Newtonian behaviour for shear rate range between 1 s−1 and 100 s−1 over the entire temperature 

range studied. As generally observed for ILs, the viscosity rapidly decreases on increasing the 

temperature and the relative viscosity differences were maintained throughout the temperature range 

studied (Figure 4). From a comparison of the viscosities at 20 °C, the bulky ammonium ILs are 

characterized by a higher viscosity than the other LevILs, and viscosity decreases in the following 
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order: [N8881]Lev (6) > [C2C1Pip]Lev (5) > [P8881]Lev (7) > [C4C1Im]Lev (2) > [C2C1Im]Lev (1) > 

[C4C1Pyr]Lev (4) > [C2C1Pyr]Lev (3). It is worth noting that the viscosity of the pyrrolidinium ILs is 

the lowest of the whole series while the structurally related piperidinium IL shows a considerably 

higher viscosity. 

 

Figure 4. Viscosity (mPa s) of LevILs as a function of temperature. 

Focusing on the cation type, the viscosity trend is different from that reported for the structurally-

related Tf2N ILs, where the bulky ammonium remains the most viscous while the imidazolium 

systems are less viscous than the pyrrolidinium ones.[59] Comparing instead literature data of IL 

examples with levulinate and acetate as anions is particularly interesting. For [C2C1Im]OAc the 

viscosity value of 162 mPa·s[60] at 25 °C is only slightly lower than 170 mPa·s observed for 

[C2C1Im]Lev (1). Conversely, the value of 485 mPa·s at 25 °C[61] of [C4C1Im]OAc is significantly 

higher than that measured for [C4C1Im]Lev (2) (267 mPa·s). A similar difference is found also for 

the pyrrolidinium cation, even when substituted with the shortest side chain. Indeed, [C2C1Pyr]OAc 

and [C2C1Pyr]Lev (3) present viscosities of 240 and 139 mPa·s, respectively. 

 

3.4. Fragility index 

Glass-forming liquids are usually classified as “strong” or “fragile” depending on the trend of their 

viscosity with changing temperatures. Strong liquids are characterized by stable structures with a 
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high degree of short range order, and exhibit only modest changes in properties during glass 

transition,[62–65] usually following an Arrhenius scaling of viscosity with temperature. On the 

contrary, fragile liquids have their properties dramatically altered in the glass transition range and are 

characterized by the lack of a consistent short range order.[66] The fragility index (m), defined as 

kinetic fragility when determined from viscosity measurements, is the most common parameter used 

to quantify the fragility of a glass-forming liquid and expresses the liquid dynamic rate of change 

upon cooling through the glass transition. In the description of the temperature dependence of 

viscosity, the Angell plot is the most commonly used scaling. According to this representation, the 

logarithm of viscosity is plotted as a function of the Tg-scaled inverse temperature (Tg/T),[62–65] 

with T as the absolute temperature and the glass transition temperature (Tg) defined as the temperature 

at which the liquid viscosity equals 1012 Pa•s. The slope of the Angell curve at Tg defines the fragility 

index (m). From the perspective of ionic liquids, Tg and m are parameters not only important in the 

definition of the rheological properties but are known to be also closely connected to the ionic 

mobility and the conductivity. As reported by Sippel et al.,[67] ILs that manifest both high fragility 

and low glass temperature are often characterized by low room-temperature resistivity. The 

investigation of ILs fragility appears therefore as an interesting approach for the design and 

development of ILs with both better viscous properties and enhanced ionic conductivity. The most 

widely used approaches reported in the literature for the calculation of m can be essentially divided 

between calorimetric ones[68][69] (performed through flash or traditional DSC procedures) and 

viscosity-based ones,[70,71] though methods based on spectroscopic and dielectric measurements 

have also been proposed.[67,72] In this work, in order to better investigate the non-Arrhenius 

behavior manifested by the presented ILs, two different viscosity-based approaches (VFT and 

MYEGA models) have been considered and compared with the results obtained through DSC 

methodologies.  

Although it is clear to the authors that the Arrhenius model equation (Eq. 1) will not be sufficient for 

a good modelling of the viscosity-temperature relationship shown by ILs 1-7, we still consider that a 

preliminary fitting with Eq. 1 can provide some valuable indication on the fragility of the considered 

ILs: 

ln(η) = ln(η∞) + Ea/RT (Eq. 1) 

where Ea is the activation energy for viscous flows and ln(η∞) is the viscosity at infinite temperature. 

High values of Ea indicate a hindered motion of the ions, mainly due to their size or to the presence 

of a strong network of interaction within the IL lattice. For glass-forming liquids, a good agreement 

between the experimental data and the Arrhenius model suggests a low entity modification of the 
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physicochemical properties during the glass transition range, which in turn function as a preliminary 

assessment of their strength or fragility. The Arrhenius fitting results in Table 2, computed for ILs 1-

7, show a quite good agreement between the experimental data and the viscosity temperature 

relationship expressed by the Arrhenius model. This outcome provides good evidence for a strong 

liquid behavior in the case of all the ILs considered in the study.   

Table 2. Arrhenius fitting parameters Ea and ln(η∞) obtained for ILs 1-7. 

 [C2C1Im] 

Lev (1) 

[C4C1Im] 

Lev (2) 

[C2C1Pyr] 

Lev (3) 

[C4C1Pyr] 

Lev (4) 

[C2C1Pip] 

Lev (5) 

[N8881] 

Lev (6) 

[P8881] 

Lev (7) 

Ea (KJ/mol) 41.4792 46.3648 37.2630 39.7415 44.8674 50.4780 40.9139 

ln(η∞) -11.617 -13.170 -10.125 -11.031 -12.049 -13.480 -10.616 

η∞ 9.01•10-6 1.91•10-6 4.01•10-5 1.62•10-5 5.85•10-6 1.40•10-6 2.45•10-5 

R2 0.9946 0.9893 0.9929 0.9909 0.9982 0.9941 0.9968 

 

On the other hand, although the data seem to fit well enough within the Arrhenius model to exclude 

a fragile behavior, it is also evident that this framework does not provide a fully satisfactory solution. 

For example, it can be indeed seen that a subtle but well perceivable deviation from linearity is present 

and therefore a better model is needed (Figure S23-S29).  

The Vogel-Fulcher-Tammann (VFT) model is one of the most widely adopted for the description of 

glass-forming liquids.[70] The VFT equation appears similar to the Arrhenius one, but with a crucial 

difference in the (T-T0) term: 

η = η∞ exp [B/(T-T0)]  (Eq. 2) 

with η∞ representing the viscosity at infinite temperature and B and T0 being fitting parameters related 

to the fragility index through the equation: 

m = (B/Tg)/[(ln10)(1-T0/Tg)
2]  (Eq. 3) 

T0, η∞, B and m values obtained according to the VFT model through equations 2 and 3 are reported 

in Table 3. 

Table 3. Fitting parameters B, η0 and T0, fragility index m and linearity deviation x obtained according to VFT 

model for ILs 1-7. 

 [C2C1Im] [C4C1Im] [C2C1Pyr] [C4C1Pyr] [C2C1Pip] [N8881] [P8881] 
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Lev (1) Lev (2) Lev (3) Lev (4) Lev (5) Lev (6) Lev (7) 

T0(K) 182.65288 180.55721 159.64662 189.08466 178.72141 146.85834 138.50716 

B 904.70302 1074.66442 1138.82637 797.41621 981.6227 1736.32873 1590.43435 

m 161.98603 157.72042 75.26108 623.99254 94.62637 72.46674 47.27045 

η∞ 0.06791 0.0285 0.03743 0.10296 0.11459 0.01042 0.01738 

R2 0.9999 0.9998 0.9996 0.9999 0.9990 0.9988 0.9998 

x 0.1087 0.1201 0.1833 0.0527 0.1467 0.2331 0.2763 

 

As highlighted in Figures S30-S36, the VFT model provides an excellent fitting for the collected 

experimental viscosity data, and the obtained parameters were therefore used to calculate the fragility 

index of the analyzed ILs and the non-linearity parameter x. However, the values of m reported in 

Table 3 appear to express a fragility level mismatching with the low non-linearity parameters 

obtained and also seem inconsistent with the results obtained from the Arrhenius fitting, suggesting 

a stronger liquid behavior. Exemplary is the case of [C4C1Pyr]Lev (4) where a very low x parameter 

is associated to an extremely high fragility index. The limitations of the VFT model are known and a 

generalized overestimation of the viscosity values at low temperatures, due to the mathematical 

divergence at T = T0[73,74] is often described. From a physical point of view, the divergence at T0 

also represent a problem, implicitly setting the configurational entropy value of the system to zero at 

temperatures usually much higher than 0 K.[75] 

More recently, another model overcoming these issues has been proposed by Mauro, Yue, Ellison, 

Gupta and Allan (MYEGA model),  

log(η) = log (η∞) + [12 – log(η∞)](T/Tg)exp{[m/(12- log (η∞)) -1] (Tg/T) – 1}   (Eq. 4) 

with η∞, Tg and m as fitting parameters representing the viscosity at infinite temperature, the glass 

transition temperature and the fragility index, respectively. The MYEGA model fitting parameters 

obtained for ILs 1-7 are reported in Table 4. 

Table 4. Fitting parameters η∞, Tg and fragility index m obtained according to MYEGA model for ILs 1-7. Tg 

DSC values reported have been extrapolated at 0 °C/min scan rate from DSC data. 

 [C2C1Im] 

Lev (1) 

[C4C1Im] 

Lev (2) 

[C2C1Pyr] 

Lev (3) 

[C4C1Pyr] 

Lev (4) 

[C2C1Pip] 

Lev (5) 

[N8881] 

Lev (6) 

[P8881] 

Lev (7) 
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Tg (K) 198.32553 215.55636 199.10485 207.77260 184.25504 205.98482 187.06382 

m 54.10487 67.20859 58.67679 65.31150 39.04690 49.13952 42.98131 

η∞ 0.32470 0.98523 0.77343 1.05631 0.05247 0.34312 0.18730 

R2 0.9999 0.9995 0.9994 0.9999 0.9995 0.9984 0.9994 

Tg DSC (K) 204.949 205.199 195.489 199.610 209.439 191.498 191.390 

 

The MYEGA equation was found to fit well the experimental data (Figure S37-S43) and provided 

values for Tg very close to those obtained through calorimetric analysis. As shown in Table 4, the 

differences between predicted and experimental Tg are modest for all the considered ILs, exceeding 

15 °C only for 5 (25.18 °C) while the best agreement is observable for 3, 7 and 1 with differences of 

only 3.62 °C, 4.33 °C and 6.62 °C respectively. The fragility index values were also found to be more 

coherent with the expected strong liquid behavior than those obtained with the VFT model, resulting 

in the highest values of 67.21 and 65.31 calculated for 2 and 4 respectively. All the reported fragility 

indexes were found to fall within a narrow range of values, stretching from 39.05 (5) to 67.21 (2). In 

order to verify the reliability of the calculated m parameters, a calorimetric approach has also been 

followed. The variation of the Tg values as a function of the heating rate (β) provides a viable method 

for the calculation of the apparent activation energy (Ea) and of the fragility index (m).[69,76] By 

applying equations 5 and 6 (Figure S44), the activation energy and fragility indexes of ILs 1-7 have 

been calculated and reported in Table 5. 

dln𝛽

d(
1
𝑇𝑔

)
=  

−𝐸𝑎

𝑅
         (𝐄𝐪. 𝟓) 

𝑚 = (
1

2.303
) ∗  [

𝐸𝑎(𝑇𝑔)

𝑅𝑇𝑔
]         (𝐄𝐪. 𝟔) 

where lnβ is the logarithm of the heating rate, Tg is the glass transition temperature and Ea is the 

activation energy. The fragility index was calculated using the Tg extrapolated at 0 °C/min scan rate 

(Table S3). 

Table 5. Activation energy (Ea) and fragility indexes (m) calculated at 10 °C/min scan rate and extrapolated 

to 0 °C/min of ILs 1-7. Fragility indexes (m) calculated through MYEGA and VFT model are also reported 

for comparison. 
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 [C2C1Im]L

ev (1) 

[C4C1Im]L

ev (2) 

[C2C1Pyr]

Lev (3) 

[C4C1Pyr]

Lev (4) 

[C2C1Pip] 

Lev (5) 

[N8881] 

Lev (6) 

[P8881] 

Lev (7) 

Ea (KJ/mol) 258.24 255.65 307.21 / 210.93 102.69 404.38 

m (0 °C/min) 65.81 65.07 82.07 / 52.60 28.01 110.35 

m MYEGA 54.10487 67.20859 58.67679 65.31150 39.04690 49.13952 42.98131 

m VFT 161.98603 157.72042 75.26108 623.99254 94.62637 72.46674 47.27045 

 

From the reported data it appears that both DSC and MYEGA approaches estimate a similar level of 

fragility for all the considered ILs, even if, in few cases, the computed m values present clear 

discrepancies (like in the case of 6 and 3). The lack of agreement of m values obtained through 

different methodologies has also been reported by Tao et al.[68], who also proposed a few possible 

causes for this phenomenon. A strong incoherence between the calculated values, however, is only 

observable for compound 7, where the DSC method points toward a much more fragile behavior than 

the one indicated by the MYEGA model. Despite these limitations, the results obtained according to 

the MYEGA model are closer to the DSC-derived data than the fragility index values obtained 

through the VFT model, where a satisfactory agreement can be observed only for 3. The MYEGA 

fitting of the experimental data was also performed by alternatively using the Tg and the m parameter 

values obtained with other techniques (Table S4). The fit resulted improved for 1, 2 and 6, and 

remarkable results were obtained especially for 5 (m from 39.04 to 59.79 and Tg from 184.25 K to 

202.04 K).  

3.5 Density 

Density and its temperature dependence, quantified via the thermal expansion coefficient, are key 

thermophysical properties that are needed in all kind of industrial applications as well as for the 

development of equations of state and predictive tools. We measured the densities of the ionic liquids 

under investigation at several temperatures between 17 °C and 21 °C. Then, experimental data were 

fitted to the following equation:  

𝜌𝛵 =
𝜌20℃

1 + 𝛽20℃ ∙ (𝛵 − 20℃)
 ,         (𝐄𝐪. 𝟕) 

where 𝜌𝛵 is density at temperature T, 𝜌20℃ is the density at the reference temperature of 20 °C and 

𝛽20℃ is the thermal expansion coefficient at the same temperature, defined as 
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𝛽20℃ = −
1

𝜌20℃
∙

𝜕𝜌

𝜕𝛵
.          (𝐄𝐪. 𝟖) 

Fit parameters and corresponding R-squared values are tabulated in Table 6.  

Table 6. Density and thermal expansion coefficient extrapolated from data fits to Eq. (7), along with 

corresponding R-squared values.  

 𝜌20℃  (𝑔/𝑐𝑚3) 𝛽20℃  × 104 (℃−1) 𝑅2 

[C2C1Im]Lev (1) 1.12291 8.65216 0.994 

[C4C1Im]Lev (2) 1.08631 8.08084 0.994 

[C2C1Pyr]Lev (3) 1.10450 7.66872 0.997 

[C4C1Pyr]Lev (4) 1.06835 7.53310 0.987 

[C2C1Pip]Lev (5) 1.10502 7.42149 0.994 

[N8881]Lev (6) 0.92295 8.98824 0.997 

[P8881]Lev (7) 0.92958 10.12016 0.993 

 

We observed that room temperature densities were close to unity and decreased in the order 

[C2C1Im]Lev (1) > [C2C1Pip]Lev (5) > [C2C1Pyr]Lev (3) > [C4C1Im]Lev (2) > [C4C1Pyr]Lev (4) > 

[P8881]Lev (7) > [N8881]Lev (6). The thermal expansion coefficient is on the high side among common 

families of ionic liquids[77] and still low compared to ordinary organic solvents, such as methanol, 

acetone and benzene.  

3.6 Refractive index 

3.6.1 Experimental results and modelling 

Τhe refractive index of the seven ionic liquids was determined as a function of temperature at five 

different wavelengths within the visible and near-infrared range (450 nm, 532 nm, 632.8 nm, 964 nm 

and 1551 nm). During the experimental procedure, the sample was not kept in an airtight container 

and, in order to avoid water reabsorption from the atmosphere, our measurements were restricted to 

elevated temperature only (typically, between 80 °C and 130 °C in steps of 5 °C). Data were fitted to 

the following Sellmeier equation, which captures simultaneously wavelength (𝜆) and temperature (T) 

dependencies: 

𝑛(𝜆, 𝑇) = [1 +
𝑠(𝑇) ∙ 𝜆2

𝜆2 − 𝜆𝑢𝑣
2 + 𝑑 ∙ 𝜆2]

1/2

         (𝐄𝐪. 𝟗) 

Coefficient 𝜆𝑢𝑣 represents the nearby absorption peak in the ultraviolet,  𝑠(𝑇) is the corresponding 

resonance strength and 𝑑 is an additional fit parameter introduced to adjust the refractive index fit 
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towards the longer infrared wavelengths. In agreement with observations reported in previous studies, 

[78,79] we concluded that it is sufficient to incorporate the temperature dependence into the 

resonance strength, according to 

𝑠(𝑇) = 𝑠1 + 𝑠2 ∙ 𝑇,          (𝐄𝐪. 𝟏𝟎) 

while keeping 𝜆𝑢𝑣 and 𝑑 constant. Calculated values of the Sellmeier coefficients for the seven ionic 

liquids are summarised in Table 7. The corresponding R-squared values exceed 0.998, indicating an 

excellent fit quality (typically, the Sellmeier equation reproduces experimental data within ±0.0002, 

which is comparable to experimental accuracy).  

The Sellmeier equation is known not to be reliable outside the spectral range of measurement (450 

nm to 1551 nm). On the contrary, due to the simple linear scaling of the refractive index with 

temperature, it can be safely assumed that Eq. (9) produces accurate estimates within the entire liquid 

phase, including room temperature. To that end, Table 8 presents extrapolated values of the refractive 

index at 20 °C.  

Figure 5a depicts the wavelength dependence of the refractive index at several selected temperatures 

for [C2C1Pip]Lev (5). Figure 5b shows instead the temperature dependence of the refractive index of 

[C4C1Im]Lev (2) at the five chosen wavelengths. In these indicative plots, we clearly observe normal 

chromatic and temperature dispersion; in other words, the refractive index decreases as 

wavelength/temperature increases. This behaviour is shared by all ionic liquids under investigation. 

Temperature dispersion can be quantified via the derivative 𝑑𝑛 𝑑𝑇⁄ , which is commonly referred to 

as the thermooptic coefficient. Differentiating the Sellmeier equation yields 

𝑑𝑛

𝑑𝑇
=

𝑠2

2𝑛(𝜆. 𝑇)
∙

𝜆2

𝜆2 − 𝜆𝑢𝑣
2  .         (𝐄𝐪. 𝟏𝟏) 

Similarly, chromatic dispersions can be expressed in terms of (i) the group index 𝑛𝑔 that regulates 

the group velocity 𝑢𝑔(= 𝑐 𝑛𝑔)⁄ , which is the propagation velocity of the wavepacket envelope 

containing the spectral components of a polychromatic beam travelling through a dispersive medium 

and (ii) the dispersion of group velocity 𝛽2. By definition, it is  

𝑛𝑔 =
𝑐

𝑢𝑔
= 𝑛 − 𝜆 ∙

𝑑𝑛

𝑑𝜆
      and      𝛽2 =

𝜆3

2𝜋𝑐2
∙

𝑑

𝑑𝜆
(

𝑑𝑛

𝑑𝜆
),          (𝐄𝐪. 𝟏𝟐) 

where differentiation of the Sellmeier equation yields 

𝑑𝑛

𝑑𝜆
=

𝜆

𝑛(𝜆. 𝑇)
∙ [𝑑 −

𝑠(𝑇) ∙ 𝜆𝑢𝑣
2

(𝜆2 − 𝜆𝑢𝑣
2 )2

].          (𝐄𝐪. 𝟏𝟑) 
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The thermooptic coefficient, the group index and the group velocity dispersion all exhibit wavelength 

and (weaker) temperature dependencies. Calculated according to Eq. (11), these dependencies are 

shown in Figure 6 for 𝑑𝑛 𝑑𝑇⁄ . Exemplary values for the room temperature 𝑛𝑔 and 𝛽2 at two different 

wavelengths (namely, 500 nm in the visible and 1000 nm in the near infrared) are tabulated in the 

first two columns of Table 9. These calculations follow the substitution of Eq. (13) into Eq. (12).  

Dictating light propagation and interfacial phenomena, knowledge of the refractive and dispersive 

properties of ionic liquids are key for the design of novel photonic devices within the rapidly 

expanding field of optofluidics. To this end, ionic liquids have been used in wave guiding, beam 

focusing and laser development applications.[80–84] The optical constants are also highly relevant 

for understanding the interactions between ionic liquids and electromagnetic radiations at ultrashort 

timescales.[85–88] Furthermore, the refractive and dispersive constants are directly related to the 

molecular structure of liquids and are connected to various other physicochemical properties. At a 

more fundamental level, the refractive index yields the electronic polarizability 𝛼𝑒 according to the 

Lorentz-Lorenz law 

𝛼𝑒 =
3

4𝜋
∙

𝑀

𝜌𝛮𝛼
∙

𝑛2 − 1

𝑛2 + 2
          (𝐄𝐪. 𝟏𝟒) 

where 𝜀𝑜 is the permittivity of free space, 𝛮𝛼 is Avogadro’s number and 𝑀 is the molar mass. 

Differentiating the Lorentz-Lorenz law leads to the following expression for the temperature 

coefficient 𝛷 of electronic polarizability:  

𝛷 =
1

𝛼𝑒
∙

𝑑𝛼𝑒

𝑑𝑇
= 𝛽 +

6𝑛

(𝑛2 − 1)(𝑛2 + 2)
∙

𝑑𝑛

𝑑𝑇
          (𝐄𝒒. 𝟏𝟓) 

All parameters in Eqs. (14) and (15) are known for the ionic liquids under investigation (including 

density 𝜌 and thermal expansion coefficient 𝛽 at 20 °C). Hence, values of the electronic polarizability 

and its temperature coefficient can be straightforwardly calculated as a function of wavelength at 

room temperature. The last two columns in Table 9 present such exemplary calculations at 500 nm 

and 1000 nm. 

Table 7. Sellmeier coefficients for the seven ionic liquids, according to Eqs. (8) and (9). R-squared is also 

shown. 

 𝑠1 𝑠2 (℃−1) 𝜆𝑢𝑣 (𝜇𝑚) 𝑑 (𝜇𝑚−2) 𝑅2 

[C2C1Im]Lev (1) 1.21464405 -0.000728108 0.117532272 -0.000681503 0.9996 

[C4C1Im]Lev (2) 1.193888519 -0.000728395 0.11544471 -0.000424713 0.9996 

[C2C1Pyr]Lev (3) 1.191659204 -0.000768017 0.104705819 -0.001164869 0.9997 
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[C4C1Pyr]Lev (4) 1.181294539 -0.000779386 0.105319457 -0.00096703 0.9984 

[C2C1Pip]Lev (5) 1.207356868 -0.000758323 0.106461112 -0.000703452 0.9992 

[N8881]Lev (6) 1.125556841 -0.000774146 0.105240374 0.000277913 0.9987 

[P8881]Lev (7) 1.148837184 -0.000850205 0.109873217 0.000262521 0.9983 

 

Table 8. Extrapolated refractive indices for the five wavelengths of measurement at 20 °C. 

 

 450 nm 532 nm 632.8 nm 964 nm 1551 nm 

[C2C1Im]Lev (1) 1.5125 1.5038 1.4976 1.4891 1.4851 

[C4C1Im]Lev (2) 1.5041 1.4958 1.4899 1.4819 1.4781 

[C2C1Pyr]Lev (3) 1.4978 1.4911 1.4863 1.4796 1.4761 

[C4C1Pyr]Lev (4) 1.4943 1.4876 1.4827 1.4761 1.4727 

[C2C1Pip]Lev (5) 1.5042 1.4972 1.4922 1.4853 1.4819 

[N8881]Lev (6) 1.4746 1.4681 1.4635 1.4573 1.4546 

[P8881]Lev (7) 1.4845 1.4773 1.4721 1.4653 1.4622 

 

Table 9. Dispersion parameters 𝑛𝑔 and 𝛽2, electronic polarizability 𝑎𝑒 and its temperature coefficient 𝛷 at 

20 °C. Calculations assume a visible (𝜆1 = 500𝑛𝑚) and an infrared (𝜆2 = 1000𝑛𝑚) wavelength. 

 

 
𝑛𝑔 𝛽2 (𝑓𝑠2 𝑚𝑚⁄ ) 𝑎𝑒  (Å3) 𝛷 × 104 (℃−1) 

𝜆1 𝜆2 𝜆1 𝜆2 𝜆1 𝜆2 𝜆1 𝜆2 

[C2C1Im]Lev (1) 1.556 1.501 139.7 61.0 23.8 23.0 4.4 4.3 

[C4C1Im]Lev (2) 1.545 1.493 132.3 58.3 27.2 26.4 3.7 3.7 

[C2C1Pyr]Lev (3) 1.531 1.489 105.5 46.5 23.9 23.4 3.0 3.0 

[C4C1Pyr]Lev (4) 1.528 1.485 106.2 47.0 27.6 26.9 2.8 2.7 

[C2C1Pip]Lev (5) 1.539 1.495 110.7 49.3 25.7 25.0 2.9 2.9 

[N8881]Lev (6) 1.507 1.465 102.5 46.8 58.0 56.6 4.0 3.9 

[P8881]Lev (7) 1.520 1.474 114.7 51.8 60.5 58.9 4.7 4.7 
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Figure 5. (a) Refractive index of [C2C1Pip]Lev (5) as a function of wavelength at nine different temperatures 

from 80 °C to 120 °C in steps of 5 °C. (b) Refractive index of [C4C1Im]Lev (2) as a function of temperature at 

the five wavelengths of measurement (450 nm, 532 nm, 632.8 nm, 964 nm and 1551 nm) Open circles: 

experimental data. Solid lines: Sellmeier fits. Arrow indicates direction of increasing temperature (a) and 

wavelength (b), respectively.  
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Figure 6. (a) Thermooptic coefficient of the seven ionic liquids as a function of wavelength and constant 

temperature (20 °C). (b) Thermooptic coefficient of the seven ionic liquids as a function of temperature and 

constant wavelength (1000 nm). Calculations are based on Eq. (13). In both plots, 𝑑𝑛 𝑑𝑇⁄  decreases in the 

cation order [C2C1Im]Lev (1) > [C4C1Im]Lev (2) > [C2C1Pip]Lev (5) > [C2C1Pyr]Lev (3) > [C4C1Pyr]Lev (4) 

> [N8881]Lev (6) > [P8881]Lev (7). 

 

3.6.2 Further insights and phenomenological observations 

The refractive index decreases consistently in the order [C2C1Im]Lev (1) > [C2C1Pip]Lev (5) > 

[C4C1Im]Lev (2) > [C2C1Pyr]Lev (3) > [C4C1Pyr]Lev (4) > [P8881]Lev (7) > [N8881]Lev (6) (see, for 

example, Table 8). Unsurprisingly, if the mutual transposition between [C4C1Im]Lev (2) and 

[C2C1Pyr]Lev (3) is disregarded, this is the also the order in which density decreases. The clear trend 

of refractive index increase with increasing density is depicted in Figure 7. The refractive index span 
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(1.512 to 1.463 in the visible range at room temperature) is consistent with values previously reported 

for imidazolium ILs,[48,78,79] as well as for several solvents with high refractive index such as 

benzene, toluene and carbon tetrachloride.[49] 

The thermooptic coefficient reduces in the order [C2C1Im] Lev (1) > [C4C1Im] Lev (2) > [C2C1Pip] 

Lev (5) > [C2C1Pyr]Lev (3) > [C4C1Pyr]Lev (4) > [N8881]Lev (6) > [P8881]Lev (7), which mirrors the 

refractive index trend. The observed order is expected, since 𝑑𝑛 𝑑𝑇⁄  is negative and inversely 

proportional to 𝑛 according to Eq. (12). The pattern reverses, however, between [C4C1Im]Lev (2) and 

[C2C1Pip]Lev (5), as well as between [N8881]Lev (6) and [P8881]Lev (7). This trend reversal can be 

ascribed to the corresponding value of the Sellmeier coefficient s2. The thermooptic coefficient is in 

the 2.5 ∙ 10−4 ℃−1 to 3.0 ∙ 10−4 ℃−1 range, which is compatible with the corresponding values 

obtained for imidazolium ILs[48,78,79] yet lower than the thermooptic coefficient estimates reported 

for benzene, toluene and carbon tetrachloride.[49]  

The dispersion parameters 𝑛𝑔 and 𝛽2 decrease in the order [C2C1Im]Lev (1) < [C4C1Im]Lev (2) < 

[C2C1Pip]Lev (5) < [C2C1Pyr]Lev (3) < [C4C1Pyr]Lev (4) < [P8881]Lev (7) < [N8881]Lev (6) and 

[C2C1Im]Lev (1) < [C4C1Im]Lev (2) < [P8881]Lev (7) < [C2C1Pip]Lev (5) < [C4C1Pyr]Lev (4) < 

[C2C1Pyr]Lev (3) < [N8881]Lev (6), respectively. Several trends may be identified, such as the 

similarity between the scaling of 𝑛𝑔 and the thermooptic coefficient with cation. This observation 

may be related to the fact that both quantities result from first order derivatives of the refractive index 

(with respect to wavelength and temperature, respectively). Regardless, values of 𝑛𝑔 and 𝛽2 (see 

Table 9) are comparable with those reported previously for imidazolium ILs[79] and various common 

solvents.[49] 

The electronic polarizability is in the range of ~25 Å3 for all ionic liquids under investigation, with 

the exception of [N8881]Lev (6) and [P8881]Lev (7). These two materials exhibit polarizabilities that 

are roughly double mainly due to their higher molar mass and lower density. The temperature 

coefficient 𝛷 is positive and smaller, yet comparable to the thermal expansion coefficient. This 

behaviour is not typical of condensed matter, since 𝛷 is generally two orders of magnitude smaller 

than the thermal expansion coefficient. Nevertheless, it has been observed experimentally with 

imidazolium ionic liquids[48] and is in accord with molecular dynamics simulations on pyridinium 

ionic liquids, which predict a substantial increase of dipole moment with increasing temperature.[89] 
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Figure 7. Refractive index (𝜆 = 1 𝜇𝑚, 𝛵 = 20 ℃) as a function of density (𝛵 = 20 ℃) for the seven ionic 

liquids, as is indicated. The straight lines are inserted to guide the reader’s eye. 

 

4. Conclusions 

A panel of physicochemical properties of seven levulinate-based ILs containing some of the most 

used cations has been experimentally determined and analyzed. All ILs displayed glass transitions 

only (Tg <-60 °C) with the exception of [C4C1Pyr]Lev (4), which presented melting at 41.6 °C (Tpeak) 

and a crystallization at -33.3 °C (Tpeak). This latter thermal behaviour is substantially different from 

that of [C2C1Pyr]Lev (3), which only showed a glass transition. Furthermore, the same C2->C4 

elongation of the alkyl chain did not determine the same change in the thermal behavior in the case 

of the imidazolium cation. In terms of thermal stability, the data obtained are in agreement with the 

usually observed order, with ammonium (6) and phosphonium (7) LevILs the least and most stable 

ILs of the series. Moreover, the thermal stability of the remaining LevILs decreased in the order 

[C2C1Im]Lev (1) ≈ [C4C1Im]Lev (2) > [C2C1Pip]Lev (5) > [C2C1Pyr]Lev (3) ≈ [C4C1Pyr]Lev (4). 

LevILs showed a Newtonian behaviour in the investigated shearing rates range, with a marked 

reduction in the viscosity with increasing temperatures. [N8881]Lev (6) resulted by far the most 

viscous IL at 20 °C. It is worth mentioning that [C4C1Im]Lev (2) and [C2C1Pyr]Lev (3) displayed 

lower viscosity values at 25 °C than the corresponding acetate ILs. The fragility index of the LevILs 

was evaluated applying the VFT and MYEGA viscosity-based models. The MYEGA model gave the 

most reliable data and highlighted the strong liquid nature of the LevILs. These findings were further 

corroborated through an alternative approach, based on the study of the glass transition temperature 

as a function of the heating rate for the determination of the fragility index. To the best of our 
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knowledge, this is the first time that two complementary models have been applied to study a panel 

of ILs. 

The density of the LevILs was found to vary in the vicinity of ~1 𝑔/𝑐𝑚3, while the thermal expansion 

coefficient was found to span a range (~8 ℃−1 to ~10 ℃−1) that is typical of many common 

solvents. The refractive index of the seven ILs was experimentally determined at five different 

wavelengths within the visible and near-infrared spectral range. At each wavelength, measurements 

were repeated at several temperatures between 80 °C and 130 °C. A single resonance Sellmeier 

equation was found to reproduce experimental data with sufficient accuracy, capturing 

simultaneously the wavelength and temperature dependence of the refractive index. Chromatic and 

temperature dispersion parameters (𝑑𝑛 𝑑𝑇⁄ , 𝑛𝑔 and 𝛽2) were then evaluated, along with the electronic 

polarizability (𝑎𝑒) and its temperature coefficient (𝛷). Trends and correlations were identified, 

including the systematic refractive index increase with increasing density, as well as the refractive 

index scaling with cation, which follows consistently the order [C2C1Im]Lev (1) > [C2C1Pip]Lev (5) 

> [C4C1Im]Lev (2) > [C2C1Pyr]Lev (3) > [C4C1Pyr]Lev (4) > [P8881]Lev (7) > [N8881]Lev (6). 

Overall, the presented analysis highlights the suitability of these ILs for future applications where 

other carboxylate ILs have been already explored. Furthermore the concept of  ILs as designers’ 

materials is confirmed in the present case, where variations of physicochemical properties have been 

observed as a consequence of subtle structural variations within the cationic moiety. Indeed, the in-

depth knowledge of this interplay is a fundamental requirement for selecting the best LevIL for the 

application of interest. 
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