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[Pyrr1,a][Tf 2N]                                                              1-Allyl-1-methylpyrrolidinium bistriflimide 

[PyPs][TsO]                                                                 Pyridinium-1-propane sulfonic acid tosylate 

SAXS                                                                                                   Small-angle X-ray scattering 

SANS                                                                                                  Small-angle neuron scattering 

 SCFs                                                                                                                    Supercritical fluids 

[Tf2N]−                                                                                                                           Bistriflimide 

[tbaim]Cl2                                                                             3,3′-Thionyl-bis-1,1′-alkylimidazolium  

Tg                                                                                                          Glass transition temperature 

THF                                                                                                                          Tetrahydrofuran 

[Tf2N]                                                                                                                             Bistriflimide  

TDC                                                                                                                     Total dissolve CO2 

UV                                                                                                                                   Ultraviolet 

VOCs                                                                                                   Volatile organic compounds 

VTF                                                                                                            Vogel-Tamman-Fulcher 

WAXS                                                                                                  Wide-angle X-ray scattering 

α                                                                                                         Hydrogen-bond donor acidity  

 β                                                                                                                  Hydrogen-bond basicity 

π*                                                                                                                 Dipolarity/polarizability 
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Scope and Outline of the Work 

Ionic liquids (ILs) are promising new media (also called as green solvents) which can be helpful 

in a variety of applications. They have high polarity values, many have good conductivity values 

and low viscosity values as well. But, it is always important to choose the best combination of 

cation and anion in order to meet the requirements of that particular application. Nevertheless, 

these ILs cannot be easily named as green solvents without testing their toxicity values. The 

cations and as well as the anions are both individually responsible for the toxicity value of that 

particular IL. Literature data present a variety of work which suggest that the aromatic cations 

(such as pyridinium and imidazolium, this latter representing the most investigated and applied 

class of ILs) are more toxic than aliphatic ones.  

The main challenge in the chemistry world is, to reduce the process wastes, but the possibility of 

separation of the catalyst or solvent recovery, in other words recyclability, is difficult. The 

formation of large amounts of wastes on the other hand increases the cost of the reaction and 

overall production. To overcome these problems we have worked out few steps in this PhD 

work. Thus, this PhD work comprises of nontoxic ILs based on aliphatic amines, and we have 

studied their temperature-dependent physico-chemical properties such as density, conductivity, 

viscosity and solvent properties. The solvent properties helped us to decide the polarity values of 

various tested ILs. Both acidic ILs as well as basic ILs were prepared during this thesis. The 

acidic ILs were Brønsted acids and the anionic part were more responsible for their behavior. 

These acidic ILs were used in four reactions, three esterification reactions and one 

transesterification reaction. Few of these reactions were solvent-free and the solvent/catalyst (IL) 

was easily separable just by decantation.  

An actual approach to achieve a high polarity of various ILs was by incorporating functional 

groups which were able to give high polarity values mainly when single or double hydroxyl 

groups were attached to the alkyl chain which were protonated to the nitrogen atom of the 

nitrogen base.  

Overall this thesis is a combination of synthesis of neutral, acidic and basic ILs; temperature-

dependent properties like density, conductivity, viscosity and solvent properties; toxicity and 

biodegradability; and applications of acidic ILs in order to replace Brønsted acidic ILs in various 

esterifications and transesterification reactions; and applications of basic ILs in transesterification 

of dimethyl carbonate.  
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The synthesis, temperature-dependent properties like density, conductivity, viscosity and solvent 

properties of morpholinium dicyanamides were reported; and toxicity and biodegradability 

values of morpholinium bromides were also reported in Chapter 2. 

Then ILs were functionalized using “renewable” compounds, such as 1,3-chloropropanediol, 

which arises from glycerol (a natural product, which is obtained as byproduct during the 

production of glycerol). To prepare these functionalized ILs, we have used several nitrogen 

bases; N-methylimidazole, N-methylpyrrolidine, N-methylmorpholine, dimethyl imidazole, 4-

hydroxy-N-methyl piperidine and N-methylpiperidine. The synthesis of these ILs were carried 

out. Then their temperature-dependent properties such as density, conductivity, viscosity and 

solvent properties were studied, data are reported in Chapter 3. Also in this chapter, the analysis 

of the behavior of some properties (viscosity and conductivity) in terms of the Arrhenius and 

VTF equations have been reported for all the synthesized ILs. Finally, for four ILs also the 

thermosolvatochromism was investigated. 

An introduction to a new series of ILs starting from a seven-membered ring amine, namely 

azepane (hexamethylenimine), has been reported in Chapter 4. The structural effect on the 

physico-chemical properties of this class of ILs having dicyanamide as counteranion was studied 

by changing the alkyl chains to butyl, ethanol and glyceryl groups. The properties of this new 

class of ILs were compared with those of analogously morpholinium (a functionalized ring) and 

piperidinium (a non-functionalized ring) salts. The temperature-dependent behavior of viscosity 

and conductivity of these ILs were compared. The polarity values were also compared and the 

seven-membered ring having a non-functionalized alkyl chain gave high polarity values.  

 Acidic ILs were prepared starting from nitrogen bases and inorganic acids. These acidic ILs 

were tried to replace few Brønsted acids in three esterification reactions and one 

transesterification reaction. These Brønsted acidic ILs were used both as solvent and catalyst in 

the esterification of octanol and acetic acid in which the product recovery was very simple, by 

just decanting the product, as the product and the IL formed two separate phases. The IL was 

also recycled easily by just drying in rotary to remove the water formed during the esterification 

process. Few of these Brønsted acidic ILs were used in esterification of 1,2-propanediol and 

acetic acid in which multiple product formation was observed and also yields were not so very 

high. Some Brønsted acidic ILs were also used to study the selectivity of primary hydroxyl group 

on the C6 position of β-methyl-D-glucopyranoside. Lastly, these Bronsted acidic ILs were used 
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to study the transesterification of ethyl-trans cinnamate using methanol as well as octanol.  All 

these studies are explained in Chapter 5. 

Some of the ILs studied in this PhD thesis can be classified also as basic ILs by taking into 

consideration their anionic part. In particular, the dicyanamide-based IL can be included in this 

category. These basic ILs were used as solvent as well as catalyst to prepare an important 

compound, namely glycerol carbonate, starting from two cheap compounds i.e. glycerol and 

dimethyl carbonate. The conversion yields were very high though the product separation was not 

possible without distillation at reduced pressures. This application is explained in Chapter 6.  



 



Chapter 1 

Introduction 

Green chemistry represents a trend in chemically related research, aiming at waste minimization 

and cost effectiveness.1 Recently, there has been a gradual but steadfast rise of general interest in 

environmental science, technology and practice, which aims at improving health, aesthetics and 

in many cases, the economics of individual chemical operations.2 In the chemical world, this can 

be achieved via designing new reactions or modifying existing chemical processes. To reduce the 

environmental impact of chemical processes, different strategies can be followed: i) it is 

important to select raw materials and chemical reaction to avoid or reduce the handling and 

storage of hazardous and toxic chemicals; ii) it is necessary (when possible) to use raw materials 

arising from renewable feedstocks, for competing reactions; iii) it is necessary to adjust the 

temperature, pressure and catalyst to obtain high yields of desired products; iv) it is necessary to 

avoid solvent having an high environmental impact. Many of these strategies are resumed in the 

12 principles of green chemistry3 that can be conceptually summarized as the following: 

1)  Waste prevention instead of remediation 

2)  Atom efficiency 

3)  Less hazardous/toxic chemicals 

4)  Safer products by design 

5)  Innocuous solvents and auxiliaries 

6)  Energy efficient use by design 

7)  Renewable raw materials and solvents should be used 

8)  Shorter synthesis (reducing protection–deprotection steps) 

9)  Biocatalytic or catalytic rather than thermal processes 

10) Design the products for degradation without pollutant problems 

11) Efficient analytical methodologies for pollution detection and prevention 

12) Inherently safer processes 

 

As we can deduce from principle 5, chemical processes should be performed in innocuous 

solvents. Most problems with conventional organic solvents are concerned with their toxicity, 

flammability, and volatility; conventional organic solvents, like dichloromethane, methanol or 

acetonitrile, tend to evaporate easily, making the reactions difficult to work with. Moreover, they 

have an important environmental impact. They have been implicated as one of the sources of 

ozone depletion, global climatic change and smog formation. Nevertheless, they are applied in 

large amounts in a wide range of industrial applications (synthesis, extractions and purification 

processes).4 Today, in the fine-chemical or pharmaceutical industries the solvent/product ratio 
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varies between 100 and 1000 and, consequently, solvents are considered as the major cause of 

the environmental damage attributed to an industrial process.  

Although in many green chemistry books and monographs one can find that “the greenest solvent 

is no solvent at all” there are definitely clear advantages in using solvents as part of chemical 

processes. We can highlight the fact that reactions proceed faster and more smoothly when the 

reactants are dissolved, because mass transfer restrictions are reduced. In addition, solvents may 

have a positive effect on the rate and/or selectivity of the reaction, due to the differential 

solvation of reagents, intermediates or transition states. Solvents act as heat transfer media, 

removing heat liberated in an exothermic reaction, reducing thermal gradients in a reaction vessel 

and allowing a smooth and safe reaction. Finally, solvents often facilitate separation and 

purification of reaction products.5  

The qualitative and quantitative importance of solvents in chemical processes, together with the 

increasing legal restrictions concerning the use of organic solvents derived from petrol (recent 

environmental legislation is aimed at strict control of volatile organic compounds (VOCs) 

emissions and the eventual phasing out of greenhouse gases and ozone-depleting compounds) 

has resulted in a remarkable growth in interest for green solvents for industry. Traditionally, 

green solvents are classified in five main categories, although there is still controversy 

concerning the labeling of some of these categories as truly “green”: 1) water, 2) ionic liquids 

(ILs), 3) fluorous solvents, 4) supercritical fluids (SCFs) and 5) organic solvents from renewable 

sources. 

ILs constitute probably the largest group of those solvents, often defined as neoteric solvents, 

that include all chemical compounds constituted exclusively by ions which are liquid at/or near 

room temperature, by definition below 100°C. Although the use of ILs shows several advantages, 

we must also mention that they show some inconveniences, such as high cost, difficulties in 

purification and toxicity issues. There is already enough evidence to conclude that some ILs are 

potentially as harmful as the conventional organic solvents, therefore, careful design in the 

synthesis of ILs is required to reduce their toxicity and improve physico-chemical properties. 

Anyway, the main feature of ILs is the fact that all the properties (physical, chemical and 

biological) can be modified or modulated selecting the opportune anion−cation combination, or 

introducing on cation or anion specific functional groups; therefore, the possibility to design a 

nontoxic IL having the ability to act as suitable solvent and eventually as catalyst is not so 

fantastic.6,7,8,9,10,11 

It is noteworthy that functionalization of IL can be used not only to improve the solvent 

properties of these media but also to confer new specific functions. Functionalized ILs can act as 
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catalysts offering the advantage to have a homogeneous liquid system in which the catalyst is 

anchored to the solvent and leaching problems are reduced or by-passed.  

Many organic reactions are performed in the presence of a catalyst and catalytic processes are 

involved in the manufacture of the majority of chemicals. Among the most frequently used 

catalysts are the acidic ones, which are generally applied in a homogeneous phase. The use of 

homogeneous acidic catalysts may have the following intrinsic drawbacks: i) a neutralization or 

washing step is usually required and, depending on the amount of homogeneous catalyst to be 

used, this can determine the formation of large amounts of waste salts. Disposal of these salts is 

usually expensive or entirely prohibited; ii) separation of homogeneous catalysts from the 

reaction mixture is generally a difficult step; iii) the use of Brønsted acids is often accompanied 

by corrosion of the process equipments; iv) some of the applied catalysts are toxic or otherwise 

difficult to handle (air or water sensitive). The aforementioned problems together with the 

increasing environmental concerns and restrictive legislation have prompted research to find new 

effective catalysts, which avoid these drawbacks. Consequently, during the last decades solid 

acids are receiving increasing attention as catalysts in organic synthesis on laboratory and fine 

chemicals manufacturing scale. Though the solid acids are nonvolatile and can represent a 

solution to some of the above-mentioned intrinsic drawback of homogeneous acidic catalysts 

(they can readily be separated from the reaction mixture, they are easier to handle, solid acids are 

less corrosive, many solid acids can be regenerated and reused and they may be adapted for use 

in a continuous flow reactors) they present other disadvantages including the restricted 

accessibility of the matrix-bound acidic sites (transport of reactants is generally not difficult in 

homogeneous catalysis), the high molecular weight/active-site ratios, and the rapid 

deactivation.12,13 Nevertheless, the desire to improve or alter the selectivity of a chemical process 

may be a further reason for selecting a solid catalyst. The structural and electronic properties of 

the solid catalyst can put constraints on the diffusion of molecules to and from active sites and on 

the geometric configuration of the transition state. These constraints may lead to kinetic control 

over reaction pathways, resulting in non-thermodynamic product compositions. However, the 

products formed from the primary reaction may also react in a secondary reaction, depending on 

the contact time and the strength of the interaction with the active site. It is therefore desirable 

that the products of the primary reaction de-absorb readily into the bulk of the surrounding 

medium. The contact time between catalysts and reactants and products may have a strong 

influence on the product selectivity. 

Hence, taking into account both the advantages and disadvantages of solid acids, it is evident that 

a new field of research may be represented by immobilized liquid acidic catalysts which covered 
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both the nonvolatility as well greater effective surface area and continued potential activity of a 

liquid phase. Acidic ILs, combining all the above factors, in an ionic structure can be considered 

as one of the most promising new reaction media.14  

 

1.1 Definition of Ionic Liquids  

'Ionic liquids' (ILs), a term which is now very well-known to the chemists, was less than 20 years 

ago very remote in the chemical literature. This is because their existence and consequently their 

potential as solvents was not recognized before. But, the ILs are not very new as it seems, some 

of them have been known for a century. For instance ethylammonium nitrate ([EtNH3][NO3]), 

which has a melting point of 12°C, was first described in the year 1914.15 However, one of the 

important development recorded in the chemical literature about these ILs and their existence 

was in 1940. The two US scientists, Tom Weir and Frank Hurley working in the Rice Institute 

were looking for a cheaper and easier way to electroplate aluminium when they mixed and gently 

warmed powdered pyridinium halides with AlCl3, the powders reacted, obtaining a clear, 

colorless liquid.16 Hence, they accidentally prepared liquid electrolytes, namely chloroaluminate 

ILs, which belongs to a class of ILs now known as the first generation ILs. However, the 

chemists of those times hardly noticed the potential of these astonishingly important liquids. In 

the late 1980s, the scientists working in the US Air Force Academy were instrumental in 

initiating the preliminary research in the realm of ILs. The eminent scientists such as King and 

Wilkes and associates can be regarded as the beginners of seminal activity on ILs which involved 

the synthesis of structurally diverse ILs, their characterization, investigation of physical 

properties and so on.17 The pioneering work of Seddon and his associates introduced the ILs to 

the modern day’s chemists.18 Starting from these works, ILs have been considered as alternative 

environmentally friendly solvents, recyclable media for synthetic organic chemistry, separation 

sciences and other chemical sciences and engineering. It was evidenced that in contrast to the 

conventional organic solvents that are composed of molecular entities, such as DMSO, DMF, 

CH2C12, CHC13 and THF, ILs have no significant vapor pressure, thus allow chemical processes 

to be carried out with essentially zero emission of toxic species into the environment. In some 

cases, products can be obtained through distillation from these nonvolatile reaction media 

whereas in the other cases the products and the ILs form two separate phases and hence they can 

be separated easily without any use of energy (such as distillation) and without any toxic solvents 

such as ether, ethylacetate etc. (products may be soluble). ILs possess high ionic conductivity, 

high ion concentration and good electrochemical stability. Applications benefiting from these 

materials may include electrical energy storage devices (such as electrolytic capacitors, batteries 
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and fuel cells), as well as supporting media for catalysts. They have also been found to be 

efficient in standard separating processes, eliminating the need of noxious organic solvents.19 

Therefore, such systems are becoming increasingly technologically important. More recently, it 

has been shown that the beauty of ILs is the fact that combining different cations and anions 

produces wholly new ILs with their own unique structures and properties. Several million 

possible combinations of cations and anions able to give salts liquid at room temperature have 

been hypothesized, presenting an immense opportunity to engineer solvents or media with 

specific properties for different applications. But it also presents an unusual problem − 

synthesizing, characterizing and testing the seemingly limitless possibilities, is a near impossible 

task.20 

1.2 Acidic Ionic liquids 

 Research on IL is growing at a very fast rate, new ILs and new applications in different 

sectors, not necessarily directly related to chemistry, appear daily. Although many investigated 

ILs can be defined as practically neutral salts, an important subset of ILs is represented by acidic 

ILs. The acidic nature can be related to the anion or to the cation or both. Moreover, they can be 

defined as Lewis acidic ILs due to their ability to act as electron pair acceptors, the anion is 

generally responsible for this kind of acidity, or Brønsted acidic ILs whose ability to act as 

proton donor may be due to the cation or anion. Figure 1.1 shows the subsets of acidic ILs. ILs 

having dual properties (Lewis and Brønsted acidity) have been also prepared.  
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Figure 1.1: Subsets of acidic ILs 

The cations most commonly used in Brønsted acidic ILs are represented in Figure 1.2a, including 

primary, secondary and tertiary ammonium ions, imidazolium and pyridinium salts, protonated 

lactams and guanidinium ions.  
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Figure 1.2a: Cations most commonly used in Brønsted acidic ILs 
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Imidazolium and other cations bearing a properly functionalized alkyl chain with a SO3H or 

COOH group can also be included in this class (Figure 1.2b). 

 

Figure 1.2b: Imidazolium cations bearing functionalized alkyl chain 

On the other hand, Brønsted acidic ILs can also be obtained by introducing proton donor anions 

such as HSO4
−, H2PO4

− and conjugate bases of dicarboxylic acids. At variance, with few 

exceptions Lewis acidic ILs contain an acidic anion. These latter are prepared by addition of the 

proper amount of a Lewis acid to a neutral IL. 

  

1.2.1. Lewis acidic ILs 

 Until 2001, the chloroaluminate ILs by far have been the most widely explored class of ILs. 

Hurley and Wier21 first disclosed the room temperature melts, composed of N-alkylpyridinium 

halides and AlCl3, in a series of US patents. The room temperature ILs composed of varying 

portions of AlCl3 and l-ethyl-3-methylimidazolium chloride ([emim]Cl) were discovered in the 

year 1982.22 Chloroaluminate ILs, or the first generation ILs, are prepared by mixing the 

appropriate quaternary ammonium salt, such as l-butyl-3-methylimidazolium chloride 

([bmim]Cl), with A1C13.
22

  

 

Scheme 1.1: Preparation of a mono-functionalized Lewis acidic ILs 

Preparation of [bmim]Cl:- Equimolar amounts of chlorobutane and 1-methylimidazole were 

added to a round-bottomed flask fitted with a reflux condenser for 24–72 h at 70°C with stirring 

until two phases were formed. The top phase, containing unreacted starting material, was 

decanted and ethyl acetate (a volume approximately equal to half that of the bottom phase) was 
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added with thorough mixing. The ethyl acetate was decanted followed by the addition of fresh 

ethyl acetate and this step was repeated twice. Washing with ethyl acetate should suffice to 

remove any unreacted material from the bottom phase. After the third decanting of ethyl acetate, 

any remaining ethyl acetate was removed by heating the bottom phase to 70°C and stirring while 

on a vacuum line. The product, [bmim]Cl, is slightly yellow and may be crystalline at room 

temperature, depending on the amount of water present in that phase. This method was given by 

Jonathan G. Huddleston et al.,23 in the year 2001. 

Preparation of [bmim]Cl/AlCl3 :- Commercial AlCl3 was mixed with Al turnings and 1 wt% 

NaCl and sublimed under 50 mmHg nitrogen, at least twice, until no ash-like residue was left. 

[bmim]Cl/AlCl3 was prepared by slowly mixing weighed amounts of [bmim]Cl with re-sublimed 

AlCl3 in a glove bag under nitrogen using dry ice for cooling. In Scheme 1.1, we can say R1= 

C4H9 and R2=CH3. 

Equations (1) and (2) show the acid−base reactions that occur when organic chloride salts 

([Cat]Cl) and AlCl3 are mixed. The Lewis acid, AlCl3, forms AlCl4
− , a Lewis neutral species and 

Al 2Cl7
− , a Lewis acid, when mixed with the organic chloride salt, as shown below in Equations 

(1) and (2). 

[Cat]+ Cl− +AlCl3 → [Cat][AlCl4]         (1) 
(Lewis neutral) 

 
[AlCl 4]

−  + AlCl3 →    [Al2Cl7]
−          (2) 

(Lewis acid) 
 

The molar fraction of the Lewis acid determines therefore the acidic, basic or neutral properties 

of the resulting salts24 as well as their physico-chemical and thermal properties.  

The liquid range (the range of temperatures in which the compound exists in the liquid state) of 

these salts depends on the structure of the cation and the mole fraction of A1C13, this latter 

determining the anion structure. The anion composition affects also viscosity; in the case of 

[emim]Cl + AlCl3 it has been shown25 that when [emim]Cl is below 50 mol% the viscosity is 

practically constant (changing from 14 cP to 18 cP, at 303 K). However, when [emim]Cl exceeds 

50 mol%, the absolute viscosity begins to increase rising to over 190 cP at 67 mol% [emim]Cl. 

This dramatic increases is correlated to the corresponding growth in chloride ion concentration 

and it has been attributed to the ability of this anion to give hydrogen bonding to the hydrogen 

atoms of imidazolium cation. Contemporaneously, molar conductivity decreases on going from 

ILs having as counteranion [Al2Cl7]
− (for 34−66 mol% [emim]Cl−AlCl3 λ = 4.46 S cm2 mol−1, at 

298 K) or [AlCl4]
− (for 50−50 mol% [emim]Cl−AlCl 3 λ = 4.98 S cm2 mol-1, at 298 K) to system 
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containing an excess of chloride ions (for 66−34 mol% [emim]Cl −AlCl 3 λ = 1.22 S cm2 mol-1, at 

298 K). 

It is to note that cations and anions diffusion values correlate well with ionic conductivity in the 

case of acidic imidazolium chloroaluminates; as expected, both cation and anion diffusion 

coefficients increases with increase in the conductivity. Nevertheless, the decline in cation 

diffusion coefficients under “basic” composition (i.e., in the presence of an excess of [emim]Cl) 

is consistent with the presence of an hydrogen bonding between chloride anion and the 

imidazolium cation.  

But, one of the most important property of these systems is surely the fact that they may provide 

a distinctly homogenous Lewis acidic medium in contrast to the conventional Lewis acid, A1C13 

when used in molecular solvents. Unfortunately, for practical applications, these chloroaluminate 

ILs suffer from their poor stability to moisture which can lead to undesired side reactions and 

causing considerable potential for corrosion (due to the release of HCl).  

More recently, however, water stable chlorometallate ILs have been prepared and characterized. 

The appropriate molar combination of an organic chloride salt (e.g., [bmim]Cl) with indium 

trichloride, or niobiopentachloride affords the corresponding ILs. For example, [bmim][InCl4] 

(mp −6°C) is a air stable IL characterized26 by physico-chemical properties (density, viscosity, 

electrical conductivity and electrochemical window) complementary to the classical 

tetrafluoroborate or hexafluorophosphate analogues possessing, at the same time, a Lewis acidity 

similar to organoaluminate melts. Zinc or iron-containing ILs are other moisture-stable 

alternatives to chloroaluminate ILs27 whose acidic property can be easily modified by adjusting 

the composition of cations and metal halide, in analogy to chloroaluminates. In this sub-class of 

moisture-stable Lewis acidic ILs, we have to include a series of inexpensive and more 

sustainable Lewis acidic ILs prepared from choline chloride and ZnCl2;
28 both these reagents are 

indeed accessible, easy to handle, relatively cheap and moisture stable, hence these match several 

of the principles of green chemistry.  

But, surely a peculiar class of chlorometallate ILs is that arising by combination of    chloride-

based ILs and FeCl3. Iron-containing ILs, such as [bmim][FeCl4], are not only catalytically active 

and moisture-stable Lewis acids but they are also magnetic,29 they play an important role for the 

formation of ionogels30 and their mixtures with water show a peculiar thermomorphism (i.e., a 

thermally induced demixing)31. Related to the magnetic properties, although iron-based ILs are 

simply paramagnetic, they still respond to an applied magnetic field. It has been shown32 that 

droplets of the [C10mim][FeCl4] and [PR4][FeCl4] salts can be added to water, with which they 

are initially immiscible and they can then be quite easily manipulated with the application of an 
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external strong magnetic field. Nevertheless, although the droplets of [C10mim][FeCl4] dissolve 

themselves in the aqueous phase after several hours, [PR4][FeCl4] droplets remain intact almost 

indefinitely (over several months) showing the potential of this latter ILs for magnetic transport 

through aqueous systems.  

Finally, it is to mention that although a significant Lewis acidity is generally a property related to 

the anion, and to the presence of halometallates, in 2009 an example of an IL bearing a 

functionalized imidazolium cation with an efficient Lewis acid, boronic acid, has been 

reported.33  

 

Figure 1.3: Imidazolium cation functionalized with boronic acid (Lewis acid) 

 

The boronic acid is a weak Brønsted acid but a very efficient Lewis acid. The activity 

coefficients of various solutes determined in 1-propyl boronic acid-3-alkylimidazolium bromide 

showed that this IL can play an important role for the separation of aromatics, chloroalkanes, and 

alcohols from alkanes. Recently, 1-propyl boronic acid-3-alkylimidazolium bromide has been 

used34 as dispersant of petroleum asphaltenes: the presence of the boronic moiety enhances 

interactions between asphaltenes and ILs and limits considerable asphaltenes aggregation.  

 

1.2.1.1. Lewis Acid ILs  

As reported above, the most common Lewis acidic ILs are composed of metal halides and 

quaternary nitrogen or phosphorus-containing halide salts, with the apparent mole fraction of 

metal halides (MClX), X, greater than the stoichiometric neutral point. Consequently, the Lewis 

acidity of these melts is referred (at least, in the first papers published on these systems) not to 

Lewis acidity as it is frequently assumed, but to the acidity of an anionotropic solvent system, in 

which a base is a substance that liberates a characteristic anion (e.g., chloride), whereas an acid 

consumes it.35,36,37 Consequently, it has been determined in the case of chloroaluminates by 

chloride activity, according to the equation (3):  

2 [AlCl4]
−  ⇔ [Al 2Cl7]

− + Cl−              (3) 

and has been defined in terms of −log10[Cl−]. For example, an equilibrium constant of 2×10−19 for 

equation (3) was determined from potenziometric titration data for [emim]Cl−AlCl 3.
22 
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Nevertheless, nuclear magnetic resonance (NMR) spectroscopy (27Al, 31P and 1H) has been used 

to determine the form and the fraction of the anionic species,37,38 whereas other techniques, e.g., 

UV and IR spectroscopy and electrochemical methods, have been used to monitor the interaction 

between donors and anionic species.36,37,39,40 Unfortunately, all of these techniques suffer from 

disadvantages such as strong medium-specificity, little available reference information and/or 

difficulties in manipulation.  

 More recently, Ya-li Yang and Yuan Kou have determined41 the Lewis acidity (as electron pair 

acceptor ability) of several chloroaluminate ILs based on the 1-butyl-3-methylimidazolium 

([bmim]+) cation by means of an IR spectroscopic method using pyridine and ethanenitrile, a 

weaker base than pyridine, as molecular probes. Both these probes present band shifts as a 

consequence of the coordination at the Lewis acid sites, moreover, pyridine giving a band near 

1540 cm−1 as a consequence of the formation of pyridinium ion can be used also a probe 

molecule for Brønsted acidic sites. After pyridine (py:IL =1:5 by volume) was added to ILs of 

the type [bmim]Cl/MClx under acidic conditions the wavenumber of the band corresponding to 

the coordination at Lewis acid sites increases from 1444 cm−1 for [bmim]Cl/CuCl to 1446 cm−1 

for [bmim]Cl/FeCl3, 1450 cm−1 for [bmim]Cl/ZnCl2 and 1454 cm−1 for [bmim]Cl/AlCl3, 

indicating that the Lewis acidity increases in the following order CuCl < FeCl3 < ZnCl2 < AlCl3 

at the point at which ILs have strong Lewis acidities. At variance, under neutral conditions (when 

X = 0.5 for [bmim]Cl/MClx (M ≠ Zn) and X = 0.33 for [bmim]Cl/ZnCl2 ) only free pyridine band 

at  1437 cm−1 was observed for each sample.  
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                                      Figure 1.4 A                                              Figure 1.4 B 
 
Figure 1.4: FT-IR spectra of [bmim]Cl with various metal halides. (A) FT-IR spectra of (a) pure 
pyridine; (b) pyridine + [bmim][BF4] (1:5 by vol.); (c) pyridine + [bmim]Cl/ZnCl2 (x = 0.67) 
(1:5 by vol.); (d) pyridine + [bmim]Cl/AlCl3 (x = 0.67) (1:5 by vol.); (e) pyridine + HCl solution 
(36 wt%). Bands at 1437 cm−1 in (a) and the neutral IL (b) arise from free pyridine whereas 
bands near 1450 cm−1 in (c) and (d) result from pyridine coordinated at Lewis acid sites. Bands 
near 1540 cm−1 in (d) and (e) indicate the presence of pyridinium cations formed by protonation 
at Brønsted acid sites. (B) FT-IR spectra of mixtures (1:5 by vol.) of pyridine + [bmim]Cl/MClX. 
(f) [bmim]Cl/AlCl3, 1 X = 0.67, 2 X = 0.5; (g) [bmim]Cl/ZnCl2, 1 X = 0.67, 2 X = 0.33; (h) 
[bmim]Cl/FeCl3, 1 X = 0.67, 2 X = 0.5; (i) [bmim]Cl/CuCl, 1 X = 0.67, 2 X = 0.5. 

 

An analogous trend (CuCl < FeCl3 < ZnCl2 < AlCl3) was observed using ethanenitrile that shows 

two characteristic bands at 2292 and 2252 cm−1, originating from its CN stretching vibrations, as 

pure compound and when added to either HCl or [bmim][BF4], which have no Lewis acidity. 

However, the addition of ethanenitrile to [bmim]Cl/MClx (X =0.67) (Figures 1.4 A (d)–(g)) 

results in the appearance of a new band at higher wavenumber (at 2292 cm−1 for [bmim]Cl/CuCl, 

2310 cm−1 for [bmim]Cl/FeCl3, 2318 cm−1 for [bmim]Cl/ZnCl2, and 2338 cm−1 for 

[bmim]Cl/AlCl 3) showing that the Lewis acidity increases in the order. The behavior of 

ethanenitrile with various Lewis acidic ILs are shown in Figures 1.5 (a) −(g), below. 
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Figure 1.5  FT-IR spectra of ILs using ethanenitrile as a probe. (a) pure ethanenitrile; (b) 
ethanenitrile + HCl solution (36 wt%); (c) ethanenitrile + [bmim][BF4] (1:5 by vol.); (d) 
ethanenitrile + [bmim]Cl/CuCl (X = 0.67) (1:5 by vol.); (e) ethanenitrile + [bmim]Cl/FeCl3 (X = 
0.67) (1:5 by vol.); (f) ethanenitrile + [bmim]Cl/ZnCl2 (X = 0.67) (1:5 by vol.); (g) ethanenitrile 
+ [bmim]Cl/AlCl3 (X = 0.67) (1:5 by vol.). 
 
The same approach has been applied42 more recently using acetonitrile as the basic probe 

molecule to determine the acidity of the ILs which contain metal halide ZnCl2, FeCl3 or FeCl2. 

Also in this case modifications in the CN stretching frequencies were observed on going from 

neutral ILs to acidic media. Only two characteristic υCN stretching vibration bands of acetonitrile, 

at 2250 and 2287 cm−1, were observed when acetonitrile was mixed with the IL with a 

ZnCl2/[bmim]Cl molar ratio of 0.9 (X), indicating that there is no interaction between the IL and 

acetonitrile. However, when X was higher than 1.0, an additional band appeared at around 2312 

cm−1 and a monotonic blue shift of all these bands were observed with an increase of the molar 

ratio of ZnCl2 to [bmim]Cl (X). The band around 2312 cm−1 was considered indicative of Lewis 

acid–base interaction between the IL and acetonitrile. Moreover, the intensity of IR band around 

2312 cm−1 become stronger with the increase of the fraction of ZnCl2, implying that the 

increased amount of ZnCl2 leads to a stronger Lewis acid–base interaction between the IL and 

acetonitrile. Using acetonitrile as a probe molecule, Lewis acidity of the ILs containing FeCl3 or 

FeCl2 showed the similar results. 
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Figure 1.6: FT-IR spectra of mixtures of acetonitrile and [bmim]Cl–ZnCl2 IL: (a) molar ratio of 
ZnCl2 to [bmim]Cl = 0.9; (b) molar ratio of ZnCl2 to [bmim]Cl = 1.0; (c) molar ratio of ZnCl2 to 
[bmim]Cl = 1.5; (d) molar ratio of ZnCl2 to [bmim]Cl = 2.0. 

 

Finally, pyridine was used by Duan et al. to determine the acidity of choline chloride−ZnCl2 and 

benzyltrimethylammonium chloride−ZnCl2. A similar Lewis acid strength of the four ILs, which 

caused practically the same band shift of pyridine molecule, was evaluated from these 

experiments showing that cation structure practically does not affect chlorometallate Lewis 

acidity. 

Recently, the Gutmann Acceptor Number (AN) has been used to evaluate the acceptor ability of 

some chlorometallate(III) ILs. This parameter has been estimated43 using the 31P-NMR chemical 

shift of a probe molecule, triethylphosphine oxide, for a range of chlorometallate(III) ILs, based 

aluminium(III), gallium(III) and indium(III) and the 1-octyl-3-methylimidazolium cation, at 

different compositions. The results are shown in the next page. 
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Figure1.7: Gutmann Acceptor Number of several chlorometallate ILs and molecular 
solvents  

 

 

1.2.1.2. Applications of Lewis acids in synthesis 

 

A. Friedel Crafts reactions using imidazolium chlorides along with metal halides  

 

Acidic chloroaluminate(III) ILs, X (AlCl3) = 0.67, have been widely applied in reactions 

conventionally catalyzed by Lewis acids. Several important compounds have been prepared with 

high yields and selectivities through Friedel-Craft acylation,44 sulfonylation45 or alkylation 

processes.46 However, the very high sensitivity of these ILs to moisture, that determines the 

necessity to work during synthesis and use under inert atmosphere, has contributed to promote 

research towards other more stable catalytic systems.  

In 2006, D. Yin et al.47 reported synthesis of diphenylmethane and its derivatives via Friedel-

Crafts benzylation reaction of benzylchloride with benzene and the corresponding derivatives 

using Lewis acidic ILs for the first time as solvents and catalysts. The used ILs were moisture 

stable [bmim]Cl–ZnCl2, [bmim]Cl–FeCl3 and [bmim]Cl–FeCl2 systems. Easy separation of the 

reaction products, increased reaction rates with respect to conventional molecular solvents and 

high selectivity towards mono-alkylated products were obtained, showing that these ILs were not 

only more moisture stable, and therefore less problematic to use, but their acidic property could 

be easily modified by adjusting the composition of cations and metal halides in order to increase 

reactivity or selectivity; hence, they might be suitable candidates for Friedel-Crafts reactions. 
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Nevertheless, all these ILs could be reused, especially [bmim]Cl–ZnCl2, which could be recycled 

for eight times without any noticeable drop in its activity. 

 

Scheme 1.2: Friedel-Crafts reactions of benzene and its derivatives with benzyl chloride 

Subsequently, Li et al.48 tested the efficiency of the same moisture stable Lewis acidic ILs (i.e. 

[bmim]Cl/FeCl3 and [bmim]Cl/ZnCl2), with respect to conventional molecular solvents and the 

classical Lewis acidic [bmim]Cl/AlCl3, in the synthesis of benzophenone and its derivatives via 

Friedel-Crafts reaction. Among the investigated Lewis acidic IL, [bmim]Cl/FeCl3 showed the 

higher catalytic activity; good to excellent yields (up to 97%) of acylation products were 

obtained in short reaction time. 

 

 

Scheme 1.3: Friedel-Crafts acylation reaction of benzene derivatives and acyl chloride 

On the other hand, FeCl3-based ILs have been used with success also in the selective Friedel-

Crafts sulfonylation of aromatic compounds.49 Deactivated arenes, such as chlorobenzene and 

bromobenzene, underwent sulfonylation in excellent yields. Further, an improvement in the 

regioselectivity was observed in the sulfonylation of naphthalene with benzenesulfonyl chloride 

and 4-methylbenzenesulfonyl chloride. The evidenced advantages arising from the use of FeCl3-

based IL were; mild reaction conditions, excellent yields, short reaction times, simple work-up 

procedure, low cost and easy preparation and handling of the catalyst. 
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Scheme 1.4: Friedel-Crafts sulfonylation of aromatic compounds 

However, not all data from literature are in agreement with the fact that moisture-stable 

chlorometallates can always substitute chloroaluminate-based ILs; their lower Lewis acidity can 

be an important detrimental factor in some reactions. Studies performed on the preparation of 

3,6-dibenzoylacenaphthene by acylation of acenapthene in Lewis acidic ILs ([emim]Cl/AlCl3, 

[emim]Cl/FeCl3 and [emim]Cl/ZnCl2) showed that [emim]Cl/AlCl3 gave the best yield, whereas 

practically no product was obtained in [emim]Cl/ZnCl2.
50 Experiments performed on methyl 

imidazolium salts bearing longer alkyl chains on nitrogen (butyl and octyl) were also carried out; 

however, [emim]Cl/AlCl3 was found to be the best IL for this kind of reaction. Thus, taking this 

into consideration the mole fractions of [emim]Cl/AlCl3 was varied from 0.33 to 0.75 and the 

best mole fraction was found to be 0.67; under these conditions the yield increased to 89.6% with 

a selectivity of 92.2%.  

 

Scheme 1.5: Friedel-Crafts acylation of acenapthene to 3,6-dibenzoylacenaphthene  

Finally, also recycling experiments were performed to confirm the high efficiency of this 

catalytic system. After five recycles, only a small reduction in yield (4% approximately, from 

89.6% in the cycle to 85.5% in the fifth cycle) and selectivity (2% approximately, from 92.2% in 

the first cycle to 90.6% in the fifth cycle) was observed.  

The higher catalytic activity of [emim]Cl/AlCl3 was also confirmed by the same authors in 

another work related to the alkylation of anthracene with 2-chloropropane where the same Lewis 

acidic ILs were used. In agreement with the previously discussed results, Chen et al.51 found that 

[emim]Cl/AlCl3 gave best results in terms of yield (74.5%) and selectivity (82.9%). On 

increasing the alkyl chain length on the imidazolium ring to butyl and octyl the percentage of 
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yield decreased just as same as in the previous work and again zero performance was obtained 

when ZnCl2 was used as metal halide.  

 

Scheme 1.6: Friedel-Crafts alkylation of anthracene with 2-chloropropane 

 

On the other hand, when the alkylation of benzene was performed in several 1-alkyl-3methyl-

imidazolium halide-AlCl3 ILs comprising various alkyl group (butyl, octyl and dodecyl) and 

various halogens (Cl, Br and I) the best catalytic performance was found in the case of 

[bmim]Al 2Cl6Br and this ability was attributed to the Lewis acidity strength and polarizability of 

this salt; the presence of a bromide instead of a chloride increases the Lewis acidity of the anion, 

as determined in the same work by FT-IR measurements.52 

 

B. Lewis acidic ILs as catalysts for carbonyl protection reactions 

Despite their extensive investigation in Friedel-Crafts reactions, Lewis acidic ILs have also been 

applied in many other processes. 1-Ethyl-3-methylimidazolium iodide−AlCl 3         (AlCl3 : 

[emim]I ratio > 1:1) has been used with success in acylative cleavage of ethers,53 whereas other 

imidazolium or pyridinium chloraluminates has been applied in coumarine synthesis via 

Pechmann condensation of phenols with ethyl acetoacetate,54 Knoevenagel condensation,55 

oligomerization56 or dimerization57 of olefins, or as alternative media for the synthesis of 4-

chloropyrans via Prins reactions.58  

Nevertheless, also moisture stable Lewis acidic ILs have been employed as alternative media in 

other Lewis-catalyzed reactions. For example, onium ILs based on choline-xZnCl2 (x = 1−3) or 

benzyltrimethylammonium chloride.2ZnCl2, have been applied59 as efficient and recyclable 

catalysts for the protection of carbonyls to 1,3-dioxolanes and 1,3-dioxanes at room temperature 

under solvent-free conditions. The catalytic system choline−2ZnCl2 could be reused upto five 

times without any appreciable loss of activity. 
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Scheme 1.7: Formation of acetals  

The same IL (choline−2ZnCl2) has been used60 with success also in the synthesis of long chain 

wax esters. The reported reaction system has the advantages of both homogeneous and 

heterogeneous catalysis with high product yield (>88−99%) and the ease of product as well as 

catalyst separation, without the use of an organic solvent (Scheme 1.8). The authors evidenced 

that the applied system, which can be recycled up to six times without any significant loss of 

activity, present the following advantages over existing methods for wax ester synthesis: (a) 

choline chloride.2ZnCl2 shows superior catalytic activity than all reported systems; (b) this IL is 

cheap and easy to prepare compared to imidazolium-based ILs; (c) as the IL is moisture 

insensitive, there is no need to remove water produced during the reactions and the IL can be 

reused for at least six cycles without any pretreatment or significant loss of activity; and (d) 

liquid esters (as a separate phase) can be conveniently decanted above their melting point 

avoiding the use of volatile organic solvents. 

 

Scheme 1.8: Synthesis of long chain wax esters 

Relevant results have been reported recently also related to the use of the water-tolerant Lewis 

acidic [bmim][FeCl4], which has been found to be an efficient and recyclable catalyst in the 

synthesis of 4-aryl-dihydropyrimidinones through Biginelli condensation61 and in the synthesis 

of coumarin derivatives via Pechmann reaction.62  

 

1.2.2. Brønsted acidic ILs 

The term Brønsted acidic ILs defines a large class of ionic compounds having as common 

property the ability to donate a proton. This class generally includes ILs bearing an acidic group 

on the cation (such as −SO3H and −CO2H), ILs arising from the reaction of a Brønsted acid with 

a Brønsted base (generally defined also as protic ILs, PILs) and ILs having an available proton 
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on anion (HSO4
−, H2PO4

−). In this latter class, we can include also ILs arising by the addition of 

a protic acid to an aprotic IL, eg., [bmim]Cl/HCl.   

 

1.2.2.1. ILs containing COOH or SO3H on the cation 

In 2002, J.H. Davis and coworkers63 reported for the first time the synthesis and the application 

of two ILs designed to be strong Brønsted acids; 

 

Figure 1.8: Brønsted acidic ILs and the precursor zwitterions 

Really, the synthetic approach used to assemble the zwitterionic precursors was already reported 

by H. Ohno64 by reaction of neutral nucleophiles, such as N-butyl imidazole or 

triphenylphosphine with 1,4-butane or 1,3-propane sulfone, respectively, it is possible to isolate 

in excellent yields the corresponding zwitterions. However, it is the second step that through the 

addition of an equivalent of acid allows the simultaneous realization of the latent acidity of the 

zwitterions and their conversion into acidic ILs. The chemical yields for both the zwitterion 

formation and acidification step are essentially quantitative. Moreover, since neither reaction 

produces byproducts, the IL syntheses are 100% atom efficient. To realize the quantitative 

conversion of the zwitterion into an IL cation bearing an appended sulfonic acid group is 

however necessary the addition of an equimolar amount of an acid possessing a pKa sufficiently 

low to convert the pendant sulfonate group into an alkane sulfonic acid, the pKa of the latter 

being expected to be −2. The donor acids used by J.H. Davis and coworkers were 

trifluoromethanesulfonic acid and p-toluenesulfonic acid hydrate, pTSA.H2O. These acids were 

chosen because of the resistance of their anions toward hydrolytic decomposition, a common 

problem with some strong acid anions (e.g., PF6
−). Each acidification was performed by stirring 

together the neat reagents and warming gently for almost 24 h. The new imidazolium-based IL 

was somewhat a viscous liquid at room temperature, whereas the IL with phosphonium core was 

a stiff glass that liquefied around 80°C. Similarly with the behavior of other ILs, neither any 
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fumes of new species or any observable degree of vapor pressure was observed. Furthermore, 

treatment of imidazole-based new IL under vacuum (10 Torr) at 150°C resulted in no observed 

loss of triflic acid (CF3−SO3H; bp=162°C at 760 Torr) from the IL. Conversely, washing of the 

phosphonium IL with toluene or diethyl ether resulted in no extraction of free pTSA (soluble in 

either liquid). All of these behaviors were considered as an evidence of the fact that these acidic 

ILs are not simply mixtures of added strong acids with dissolved zwitterions, a possibility this 

latter which cannot be excluded at priori, but the used donor acids are fully incorporated into the 

ILs.  

Recently, the Hammett acidity functions of a series of Brønsted acidic ILs (including two protic 

acidic ILs) has been determined65 spectrophotometrically determining the protonation of an 

uncharged indicator (various aniline) in acetonitrile, in terms of the measurable ratio of  

 [I]/[IH +]. Although determined in a molecular solvent, these measurements show that the 

relative acidity of the SO3H-functionalized ILs is stronger than that of protic ILs, bearing an 

available proton both on cation and anion (methylimidazolium hydrogen sulfate, [mim][HSO4], 

and methylimidazolium dihydrogenphosphate, [mim][H2PO4]. Moreover, the acidity depends on 

the nature of the anion, with the triflate anion being the most acidic.  

Brønsted acidic ILs, with a SO3H group covalently linked through an alkyl chain to the cation 

have been widely applied as solvents and/or catalysts for several classical acid-promoted organic 

reactions. In his pioneeristic work, Davis and coworkers emphasized63 in particular showed the 

use of phosphonium ILs, which were screened in Fischer esterification, alcohol 

dehydrodimerization and the pinacole/benzopinacole rearrangement. Phosphonium ILs with 

counter anion as p-CH3(C6H4)SO3
− are indeed solids at room temperature and melt at 80°C. 

Therefore, they provide a direct access to a convenient mode of separation, by decantation, 

which parallels the manner in which solid acids are removed from reaction media. Related to the 

Fisher esterification, the formation of an important commodity ester, ethyl acetate, from ethanol 

and acetic acid using the phosphonium IL as the solvent/catalyst in a batch-type process was 

examined. In this reaction, the IL was recycled five times; the yield of ester increased from 

cycles 1 to 3, only to drop off again in cycle 4. During these cycles, the mass of the 

solvent/catalyst medium also increased, consistent with the entrapment of materials by the cooled 

catalyst phase. Post-cycling analysis of the IL by GC and NMR showed appreciable quantities of 

water and acetic acid. When heated under vacuum to remove these volatile materials, the 

catalytic activity of this phosphonium IL was found to increase, in line with the degree to which 

water was removed from the system. For an equilibrium reaction in which water is a product, the 

initial increase in ester yield accompanying the retention of water in cycles 1−3 was unexpected. 
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Sche
me 1.9: Fischer esterification of acetic acid and ethanol in presence of phosphonium ILs 

But these ILs have been used also in other important processes. In particular, it has been 

observed that depending upon the substrate or the phosphonium IL stoichiometry, 1-octanol was 

selectively converted to octyl ether in 16−56% isolated yield with minimal byproduct formation. 

In a control experiment, pTSA-H2O gave a better yield of octyl ether; however, more byproducts 

were formed, and the separation of the pTSA from the reaction mixture was considerably more 

difficult whereas using Nafion-117 the catalyst/product separation was straightforward and 

byproduct formation was minimized, but the yield of octyl ether was quite poor (3%). 

 

Scheme 1.10: Alcohol dehydrodimerization using phosphonium ILs 

 

Phosphonium ILs have been used also in the rearrangement of pinacol to pinacolone, a process of 

considerable industrial importance, for which using various solid acid catalysts reported yields of 

pinacolone ranging from 2 to 71%, but long reaction periods are necessary, and the use of a VOC is 

required, which complicates the isolation.66 Using phosphonium ILs as catalyst/solvent, an 

unoptimized yield of pinacolone of 35% was obtained during a 1-h reaction period which increased 

to 88% over a 2-h period. Moreover, the pinacolone was readily distilled as a pure compound straight 

from the reaction mixture whereas the unreacted pinacol was retained by the solvent/catalyst phase. 

Ultimately, it is to note the ease with which these ILs were recycled. 
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(C6H5)2C(OH)(OH)C(C6H5)2 (C6H5)3CCO(C6H5)
Phosphonium IL.anion

180°C, 2 h

88% isolated yield

(CH3)2C(OH)(OH)C(CH3)2
(CH3)3CCO(CH3)

Phosphonium IL.anion

180°C, 1 h

35% isolated yield

Phosphonium IL= P
Ph

Ph

Ph

(CH2)n SO3H

n=3; anion=p-CH3(C6H4)SO3
-

 

Scheme 1.11: Pinacole rearrangement using PILs 

The utility of Brønsted acidic imidazolium ILs, in particular [bmim(SO3H)][OTf], as catalysts 

has been recently tested67 in synthesis of amides via the Ritter reaction of alcohols with nitriles; a 

wide variety amides in high yields were obtained under mild conditions. The recovery of the IL 

for reuse was not tried since in these reactions the ILs were used only in catalytic amounts; 

however, the authors state that the IL could be conveniently recovered and reused. 

 

 

Scheme 1.12 :Ritter reaction of alcohols with nitriles in ILs 

Although the potentiality of functionalized ILs is largely related to the possibility to have a liquid 

catalyst, acidic ILs bearing a SO3H moiety has been investigated also by using supported 

systems. Kun Qiao et al.68 in the year 2006 presented a work in which an acidic IL immobilized 

on silica gel was used as a novel solid catalyst for esterification and nitration reactions. The 

catalytic systems characterized by covalently-bonded ILs were prepared in 5 steps via radical 

chain transfer reaction of 1-allylimidazolium-based ILs.  
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Scheme 1.13: 1-Allylimidazolium containing acidic ILs. Showing 1st four steps of Kun Qiao et 

al.68 

 

Scheme 1.14: Immobilized ILs (step 5 according to Kun Qiao et al.68) 

These ILs have been applied in the nitration reaction of aromatic compounds. 

Subsequently, Sugimura et al.69 reported the immobilization, practically of the same acidic ILs, 

by copolymerization with styrene (Scheme 1.15).  
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Scheme 1.15: Preparation of the IL supported polystyrene 

These ILs were used as catalyst for acetal formation. It was noted that although polystyrene-IL 

(PS-IL) could be readily prepared with the initial IL/styrene ratio (in mol) below 10%, it was a 

little viscous when the initial IL/styrene ratio was too high. The initial ratio below 5% could offer 

PS-IL in very well physical form as a white powder. 

The question arises now why immobilization is required. The immobilization of homogeneous 

catalysts on polymeric supports could offer some practical benefits including easy separation of 

the catalyst from reagents and reaction products, and simplification of the methods of recycling 

the catalysts. For example, conventionally the acetilization reaction is carried out in a 

homogeneous system in the presence of corrosive acids such as pTSA, triflic acid or dry HCl, 

which inevitably leads to tedious work-up procedures.70 Moreover, neutralization of the strong 

acidic media will produce undesired wastes. Therefore, there had been great deals of efforts to 

overcome these drawbacks by employing solid acid catalysts.  

 

1.2.2.2. Protic Ionic Liquids 

Protic ionic liquids (PILs), formed by a stoichiometric reaction of a Brønsted acid with a 

Brønsted base are an important subclass of ILs having peculiar properties and potential 

applications.71,72  

Surely, there are many combinations of acids and bases which can give a stable salt, however, to 

obtain a true IL it is necessary to have a complete transfer of the proton from the acid to the base 

(conventionally,  > 99.9%). The aqueous pKa values for the precursors acids and bases are 

considered as being predictive of the behavior of the formed protic ILs; more in particular, ∆pKa 

greater than 8−10 (∆pKa = pKa(base) – pKa(acid)), are reported to produce protic ILs of ideal 

ionicity starting from this assumption, considering that pKa values of amine bases have little 
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variations, at least in comparison with acids, these latter surely are able to play the most 

important role in protic ILs’ ionicity; inorganic acids such HNO3 and H2SO4 have sufficiently 

low pKa values to give ILs with practically all organic amines. Related to the validity to use 

aqueous ∆pKa values of the Brønsted acid−Brønsted base pair to estimate the ionicity of the 

formed IL, although it has been the object of discussion, it is noteworthy that specific ∆pKa 

values recently extracted73 directly from electrochemical experiments performed on ten protic 

ILs show an excellent correlation with the aqueous values, demonstrating that aqueous pKa data 

provide a good approximation to proton activity in PILs. 

In the last 3−4 years, PILs containing primary, secondary and tertiary ammonium cations have 

been extensively investigated by Drummond et al.;74 several important papers have been 

published showing the effect of increasing substitution on ammonium cation, alkyl chains 

structure, presence of oxygenated functionalities (OH, CH3O) and anionic structure. Although 

the authors were particularly interested in the behavior of PILs as amphiphile self-assembly 

solvents, fundamental physico-chemical data (density, viscosity and conductivity) have been 

reported showing that the investigated class of PILs present ionic conductivities up to 51.7 

mS/cm, viscosities down to 5.4 mPas, surface tension between 38.3 and 82.1 nN/m and densities 

ranging from 0.99 to 1.558. The presence of hydroxyl groups on PILs led to higher surface 

tensions and therefore higher Gordon values. The Gordon parameter is considered to give a 

measure of the cohesiveness of the liquids and consequently an indication of the driving force for 

self-assembly of amphiphiles. It has been therefore suggested that PILs posses a degree of 

solvent−solvent interaction that is stronger than the solvent−hydrocarbons (amphiphile) 

interaction and the entropy contribution to the free energy of association play a role analogous to 

the hydrophobic effect of water.  

Recently, also cyclic secondary amines (pyrrolidine and morpholine) have been used to 

synthesize PILs.64,75 In particular, the association of pyrrolidinium cation with anions such as 

nitrate, hydrogensulfate, formate, acetate, trifluoracetate and octanoate give to a series of ionic 

compounds liquid at room temperature characterized by high conductivities (up to 56 mS cm-1 at 

25°C). The nature of anion strongly affects the physico-chemical properties of these compounds. 

In particular, pyrrolidinium nitrate, [Pyrr][NO3], and pyrrolidinium hydrogen sulfate, 

[Pyrr][HSO4], are superior conductors (superionic liquids): for these ILs it has been hypothesized 

that the Grothus mechanism for proton transfer becomes predominant. At variance, formate and 

acetate give “poor ionic liquids”. Nevertheless, all these ILs show extreme fragility. An extreme 

fragility characterizes also morpholinium formates, including the unsubstituted morpholinium, 

N-methylmorpholinium and N-ethylmorpholinium cation,76 whose conductivies are however 



Chapter 1 
 

27 

 

lower than those of pyrrolidinium-based PILs. Transport properties measurements show that 

viscosity increases with the number of hydrogen bonds between ions and the size of cation; 

consequently, conductivity decreases in relation to the same parameters. At low temperatures, 

these PILs form glasses (Tg ranging from −84 to −86°C) which are able to give cold 

crystallization when reheated to the ambient temperature. Finally, these ILs present Newtonian 

behavior and a temperature dependence which can be described by the Vogel-Tamman-Fulcher 

(VTF) equation. 

In good agreement with these results are also the recently published77 data on electrochemical 

and physico-chemical properties of cyclic amine-based (pyrrolidinium, piperidinium and 

azepanium) Brønsted acidic ILs containing formate, trifluoroacetate or hydrogen sulfate as 

anions. ILs having formate anion have lower viscosity, lower density and higher conductivity 

compared to those having trifluoroacetate and hydrogen sulfate anions but they present also a 

relatively low anodic potential (+ 0.7 V). It is however noteworthy that pyrrolidinium-, 

piperidinium- and azepanium-based ILs exhibit large electrochemical windows (3.22−3.99 V) as 

compared to other protic ILs. 

 

 

Figure 1.9: Various combinations of cations and anions representing protic ILs 

 

Cation−anion combination affects indeed the electrochemical properties of PILs. Anions 

(formate, carboxylate, hydrogensulfate, etc.) are oxidized at relatively low potential whereas 

reduction of cation proceeds through a two-step mechanism; deprotonation followed by proton 

reduction. The proton availability of these salt is considered as the main factor responsible for 

their smaller potential windows (normally, lower than 3 V) with respect to aprotic ILs and higher 

sensitivity to the nature of electrode materials.60−78  

During the last 5 years also other bases have been employed to prepare PILs and protonated 

pyridinium- and imidazolium-based ILs have been prepared and applied in synthesis (see below). 

It is noteworthy that another important feature that distinguishes PILs from aprotic ILs is their 
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lower thermal stability. PILs present an intrinsic vapor pressure that results from the retro-proton 

transfer between the constituting ions, generating the parent Brønsted acid and base species 

which determine a marked vaporization at elevated temperatures lacking of strong Coulombic 

interactions.79 The vapor pressure is largely determined by the equilibrium concentrations of the 

neutral acid and base forms from which the IL is prepared and consequently it is strongly 

correlated to the above discussed ∆pKa, ∆pKa = pKa(base) – pKa(acid). Since for some 

applications high thermal stability is a fundamental requirement, recently a novel family of 

hydrophobic PILs derived from pairing between diverse superbases (phosphazanes, bicyclic 

guanidines and 1,1,3,3-tetramethylguanidine) and the super-acid derived anions, bistriflimide 

([Tf2N]−) and bis(perfluoroethylsulfonyl)imide ([N(SO2CF2CF3)2]
− generally reported as [beti]−) 

have been prepared.80  

 

 

Figure 1.10: Superbases used to prepare hydrophobic PILs  

 

These PILs exhibit the highest thermal stability yet observed for any PIL, suggesting potential 

for application in PEM-type fuel cells working at 150°C and beyond. 

But PILs have also been synthesized using relatively weaker bases than amines and more or less 

strong acids. Surely, high ionicity and elevated thermal stability are not the main features of 

these salts which, however, can have other important properties. In this class, we have to mention 

the lactam-based protic ILs that arise from neutralization reactions of a lactam, generally ε-

caprolactam or γ- butyrolactam (i.e., 2-pyrrolidone), with a strong acid. In 2005, Deng et al. have 

prepared81 twelve new PILs by reacting ε-caprolactam or γ-butirolactam with six different 

Brønsted acids (Figure 1.11). 
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Figure 1.11: ε-caprolactam or γ-butirolactam 

  

Although the researchers proposed that the resulting cations are protonated on the amide nitrogen 

atoms, it is more probable that the protonation occurs on the more acidic carbonyl oxygen atom. 

The density, viscosity, electrochemical window, ionic conductivity and thermal properties of 

these PILs were measured and investigated in detail showing that caprolactam trifluoroacetate 

and pyrrolidonium trifluoroacetate ILs have very low viscosities, 28 and 11 cP, respectively, 

although their conductivities remain less than       0.144 S/m (25°C). 

 

Acidity Measurements 

Although acidity is the peculiarity of this class of ILs the acidity level was evaluated only for a 

limited number of PILs. The Brønsted acidity of protons is mainly determined by their solvation 

state, and consequently, the properties of protons depend on both the nature of the solvent and the 

nature and concentration of the acid. The Brønsted superacidity of HCl in a liquid 

chloroaluminate or the Brønsted acidity of HNTf2 in [bmim][Tf2N] has been evaluated from the 

determination of the Hammett acidity functions using UV–vis spectroscopy (Hammett method), 

wherein a basic indicator was used to trap the dissociative proton. The H0 value was calculated 

using equation (4) 

 

H0 = pKaI,aq, + log([I]/[IH +])            (4) 

 

where pKaI,aq is the pKa value of the indicator referred to an aqueous solution, and [I] and [IH+] 

are the molar concentrations of the unprotonated and protonated forms of the indicator in a 

solvent, respectively. Since this method suffers from some limitations, at first, the fact that the 

solvent is assumed to be totally dissociating, and consequently the known pKa values of the 

indicators are also assumed as valid (indications arising from literature induce some doubts about 

this assumption), this problem is generally overcome by defining the Hammett function as an 

“apparent” acidity function. Although the measured acidity level in a given solvent different 
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from water might be lowered as a result of the association process, the order of the relative 

acidities is maintained if the solvent properties of the solvent are not too different from water.82  

Unfortunately, the acidity determination of a pure acidic IL applying this method and using the 

acidic IL as solvent is impossible because the initial absorbance of the total unprotonated form of 

the indicator (blank value) cannot be obtained. Therefore, the acidity of several PILs have been 

determined in molecular solvents (CH2Cl2, ethanol and acetonitrile). In dichloromethane, the 

acidity order of three pyridinium83 ([2-MPyH]OTf , [2-MPyH][CH3SO3] , [2-MPyH]Tfa) ILs:  

 

 

 

Figure 1.12: Some protic pyridinium ILs 
 

was the following; [2-MPyH][OTf] > [2-MPyH][CH3SO3] > [2-MPyH][Tfa]. 

Whereas the acidity order of some protic imidazolium salts ([MIMPs][HSO4],  [MIMPs][BF4], 

[PyPs][TsO], [MIMPs][TsO], [1,2-DiMIMPs][TsO], [MIMPs][H2PO4], [MIM][TsO]).  

 

 

Figure 1.13: Some protic imidazolium ILs 

determined84 in ethanol was the following: [MIMPs][HSO4] > [MIMPs][BF4] > [PyPs][TsO] > 

[MIMPs][TsO] > [1,2-DiMIMPs][TsO] > [MIMPs][H2PO4] > [MIM][TsO]. 

But, what are the other main structural features characterizing protic ILs and, in particular, the 

widely investigated ammonium PILs?  

With few exceptions, ammonium PILs present a “poor” ionic behavior: in the Walden plots, 

reporting log (Λ) against log(1/η), they exhibit conductivities significantly lower than the ideal 



Chapter 1 
 

31 

 

line obtained considering that: i) ions have mobilities that are determined only by viscosity of the 

medium, ii) the number of ions present in the equivalent volume is that indicated by salt 

composition. Ionicity of PILs is a complex property due to the peculiarity of these salts which are 

practically always in equilibrium with the corresponding molecular species (precursors acid and 

base), consequently, it depends by the degree of proton transfer from acid to base. Moreover, in 

analogy with the situation characterizing aprotic ILs, it depends by aggregation phenomena, i.e., 

by the presence of neutral complexes, or more extensive solvent structuring. Many ILs are 

nanostructured, they possess populations of cations and anions that are ordered on specific length 

scales; these nanostructures typically are due to aggregation of the ILs in polar and apolar 

regions. The small-angle neuron scattering (SANS) patterns of ethylammonium nitrate (EAN) 

and propylammonium nitrate (PAN), the most frequently studied PILs, show that both these salts 

present a structural organization;85 the solvophobic interaction between alkyl groups is the main 

factor for the generation of nanostructures, but electrostatic and hydrogen bonding attractions 

between the amine nitrogen and the nitrate anion will also play an important role. In particular, 

using far-IR spectroscopy it has been suggested86 that EAN form a three-dimensional hydrogen-

bonded network similar to that of water, although the tetrahedral structure is only present for 

water; probably, the Coulombic forces present in EAN impose a very different type of solvent 

ordering. Nevertheless, the investigation of alkylammonium, dialkylammonium, 

trialkylammonium and cyclic ammonium cations, combined with organic and inorganic acids, 

using small- and wide-angle X-ray scattering (SAXS and WAXS) has confirmed87 that many of 

the investigated PILs present a nanostructure that result from segregation of polar and nonpolar 

components of the IL. This segregation is enhanced by long alkyl chains, whereas the presence 

of methoxyl or (much more) hydroxyl groups on alkyl chains led to much less ordered liquids. It 

is to note that formate anion appears to disrupt the long range order. Nevertheless, aggregates 

have been evidenced also through electrospray mass spectrometry (ESI-MS) experiments. ESI-

MS gives information about the segregation ability in the gas-phase, however, these data can be 

considered a qualitative or semi-quantitative evaluation of the cluster ability in the net liquid 

although it is highly probable that inherent differences between the aggregates observed in gas-

phase by ESI-MS and in the bulk-liquid-phase (SWAXS) exist. However, the ESI-MS 

measurements performed88 on monoalkylammonium nitrates, showing aggregates of eight 

cations and seven anions (C8A7
+) as the dominant species in positive mode, are consistent with 

the strong peak present in the SWAXS, representative of intermediate range order. Analogously, 

the presence of other aggregates having a lower mass/charge (m/e) value in the ESI-MS spectra 

of PILs bearing other alkyl chains (two or three alkyl chains on nitrogen) is in agreement with 
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the structures observed for the same PILs by SAXS that show a reduction of aggregate size. On 

the other hand, the ESI-MS measurements show also that the formation and size of aggregates is 

dependent on the nature of anion: the nitrate anion, small, tripodal, and highly charged, is 

suitable of forming a network of hydrogen bonds with the available protons of ammonium 

cations, whereas the larger formate and lactate anions, with lower charge density, did not support 

the formation of aggregates.  

The formation of aggregates strongly affect ionic diffusion in the solid and liquid state and self 

diffusion coefficients obtained from NMR measurements can be useful for detecting dimers and 

ion pairs or nanoaggregates in the liquid state. However, due to dynamic exchange between 

dissociated ions and hypothetical ion pairs, it is practically impossible to distinguish between ion 

states: the spectroscopically determined self diffusion coefficients sum the contribution of both 

the associated IL and the dissociated ions. Recently, an NMR relaxation and diffusion 

characterization has been performed89 on several PILs at high (500 MHz) and low (18.3 MHz) 

magnetic fields. The dynamic of cations and anions were similar at both the frequencies, with 

similar trends and magnitudes for each cation−anion couple. The diffusion of ions were strongly 

correlated to the IL components and Arrhenius plots of diffusions indicated that these liquids are 

highly associated. Dynamics are restricted by the interactions with the surrounding ions; longer 

range motions can involve ion pairs and ion aggregates. At high magnetic field, diffusion was 

dominated by mobile species that follow the Stokes-Einstein behavior; whereas diffusion at low 

field evidenced relatively immobile species that displayed fractional Stokes-Einstein behavior. It 

is noteworthy that no evidence was found to indicate the influence of the magnetic field on 

structural and dynamic of the investigated ILs, although variation between diffusion coefficients 

at different magnetic fields indicates dynamic heterogeneities (or temporal aggregates) within the 

IL. Nevertheless, diffusion NMR studies performed on six ILs that incorporate the N-methyl-2-

hydroxyethylammonium cation with various carboxylic acid anions (from formate to pentanoate) 

suggest the presence of an ordered lamellar/micellar liquid crystal phase for those ILs that 

contain an alkyl chain in the anionic species.90 The size and type of alkyl chain determine also 

the effect of temperature on some physico-chemical properties; local structure models should be 

applied to explain the macroscopic behavior in terms of the molecular arrangement. 

It is to note that the three-dimensional structure of PILs strongly affects also their solvation 

ability.91 It is noteworthy that the mechanism of solvation in ILs is completely different from that 

characterizing molecular polar solvents. In polar solvents the solvation process is extremely 

rapid; in a polar solvent, solvent molecules re-oriented themselves around the solute molecules, 

whereas in ILs, the motions of cations and anions around the solute are responsible for solvation. 
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The solvation times in molecular solvents falls in the range of   1−10 ps, in ILs the range is 

0.1−10 ns92 and strongly depends on the dynamic properties of IL. The solvent relaxation and 

orientation dynamics of cumarin 153 with a variation of temperature have been recently 

investigated in N,N-dimethylethanolammonium formate. This PIL, whose optimized structure 

has been obtained by quantum mechanical calculations using density functional theory methods, 

is characterized by a hydrogen bond between the hydrogen atom attached on nitrogen of the 

cation and the oxygen atom of the anion. The hydrogen bonding determines a high bulk 

viscosity; solvent relaxation and orientation dynamics of cumarin 153 are linearly well-correlated 

with the bulk-viscosity of the medium and consequently they are dependent on the entity of 

cation−anion interactions, i.e., on the IL three-dimensional structure.  

 

1.2.2.3. Applications of Brønsted acidic ILs 

There are n-number of cited papers almost since the last 10 years which imply the use of 

Brønsted acidic ILs as catalysts in many named reactions such as Knoevenagel condensation, 

Diels Alder reaction, Fisher esterification, Mannich reaction, Pechmann reaction etc. Almost in 

all laboratories to chemical manufacturing plants, the use of strong Brønsted acids is common.93 

Since many of these reactions have been recently reviewed94 we will focus only on a few 

examples.  

EAN has been used with success in Knoevenagel condensation reaction of Muldrum’ acid with 

aromatic aldehydes and of active methylene compounds with aromatic aldehydes.95 The yields 

and reaction times (80−97% in 0.2−12h) show the excellent ability of EAN when used as solvent 

and catalyst in this kind of reactions. For comparison, also aprotic ILs having BF4
− and PF6

− as 

anions have been used by obtaining the expected products in lower yields  (54−77 %) with longer 

reaction times (24 h).  

In 1989, EAN was used96 with success in Diels-Alder reaction of cyclopentadiene with a series 

of dienophiles obtaining a selectivity towards the endo product of 6.4/7.4 that, although lower 

than that characterizing the same process in water (7.4/9.3), represented practically one of the 

best values reported in literature. More recently, this reaction has been widely investigated in 

several ILs, including protic imidazolium ILs.97 Kinetic measurements and product distribution 

studies have shown that 1-butylimidazolium bistriflimide, [Hbim][Tf2N], gives the highest endo 

selectivity and reaction rate, at least when acrolein or methyl acrylate are used as dienophile. 
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Scheme 1.16: Diels-Alder reaction by using [Hbim][Tf2N] as catalyst 

Nevertheless, both the multiparameter linear salvation energy relationships (LSER) and 

theoretical calculation suggest98 the primary role exerted by the cationic component of the IL on 

selectivity which is attributed, respectively, directly to the hydrogen bond ability (α) and 

dipolarity/polarizability (π*) of a single cation, or to a more coordinated effect of the solvation 

shell. The first solvation shell, which may be described by three cations (one of which 

coordinated with the carbonyl and two stacked respectively above and below the 

cyclopentadiene-dienophile in their transition state) and three anions, enhances the π-π dispersion 

interaction between the reactants, in particular in the endo approach, blocking dienophile and 

consequently diene as a molecular “clamp”. On the other hand, the effect of ILs on reactivity, 

which is described in a less efficient way by the LSER approach, has been rationalized by 

theoretical calculations on the basis of a “solvophobic” effect which arises from the fact that the 

solvation free energy of a neutral solute in an IL is dominated by the unfavorable process of 

creating a cavity of suitable size to accommodate the solute. This latter process is determined by 

the interactions between the ILs components; as previously reported, these interactions are 

particularly strong and important in PILs. 

In 2004, G. Zhao et al.99 synthesized several Brønsted acidic ILs and successfully used them as 

solvents and catalysts for the three-components Mannich reaction of aldehydes, amines and 

ketones at 25°C. The used Brønsted acidic ILs include l-butyl-3-methylimidazolium hydrogen 

sulfate ([bmim][HSO4]), l-butyl-3-methylimidazolium dihydrogen phosphate ([bmim][H2PO4]), 

1-methylimidazolium p-toluenesulfonic acid ([Hmim][Tsa]) and 1-methylimidazolium 

trifluoroacetic acid ([Hmim][Tfa]). Higher yields (83%) were obtained in the presence of 

[Hmim][Tfa] in comparison with other Brønsted acidic ILs. The [Hmim][Tfa] was reused four 

times without any considerable loss in activity. 
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Scheme 1.17: Mannich reaction 

At variance, [bmim][HSO4] reacted readily with amine due to its strong acidity and no Mannich 

base was produced. The efficiency of the system was dependent on the starting compounds; 

several aliphatic amines and carbonyl compounds in [Hmim][Tfa] at 25°C gave, unfortunately, a 

mixture of products and MS analysis indicated that the main products were not Mannich bases.  

Subsequently, Tajik et al.100 used an IL bearing an acidic anion, [bmim][HSO4], in selective 

nitration of phenols under mild conditions (acetonitrile at room temperature). Selective nitration 

of phenols with sodium nitrate was carried out in the presence of the above Brønsted IL at room 

temperature, obtaining the expected product(s) in good to high yields in short reaction times. 

Table 1.1: Nitration of various substituted phenol derivatives using [BHIM][HSO4] 

 



Chapter 1 

 

36  

   

 

 
_______________________________________________________________________________________ 

         aThe ratio of the substrate, NaNO3 and the IL are 1:1:1. bIsolated yield. 

 

From the data collected in Table 1.1, Tajik et al. concluded that the introduction of an electron 

withdrawing group (e.g., nitro group) on the aromatic ring (entries 7 and 8) decreases the rates of 

the reactions and yields of the products. On the other hand, the introduction of an electron 

donating group (e.g., CH3 or –OCH3) enhances the rate and the yields of the products (entries 1 

and 2). Napthols and hydroxyl quinolines reacted in short reaction times by this method (entries 
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9−11). It is noteworthy that when the competitive reaction between phenol and anisole was 

carried out under identical conditions, it was observed that the nitration of phenol proceeded 

exclusively whereas anisole remained intact in the reaction mixtures even after 24 h. 

 

Scheme 1.18: Nitration of phenol and anisole in ILs 

On the other hand, the Brønsted acidic [Hmim][NO3] has been used as a cosolvent and 

‘‘promoter’’ for oxidative halogenation of aromatic compounds with aqueous halohydric 

acids.101 [Hmim][NO3] is air stable, easy to prepare and handle and is able to oxidize hydrohalic 

acids, being at the same time re-oxidized by oxygen. Aryl halides have been therefore obtained 

starting from non-activated or sterically hindered arenes.  

R

R

R

R

R

R

Cl

[Hmim][NO3]

HCl

 

Scheme 1.19: Formation of aryl halides staring from sterically hindered aromatic compounds 

using [Hmim][NO3] 

It is noteworthy that under the reaction conditions, arylmethylketones are α-halogenated on the 

methyl group whereas aromatic aldehydes are transformed into the corresponding acids. 

Although imidazolium- and ammonium-based Brønsted acidic ILs represent the most 

investigated classes of protic ILs, recently the improved catalytic effect of N-

methylpyrrolidonium dihydrogen phosphate with respect to the traditional neutral and acidic 

imidazolium ILs has been evidenced in synthesis of β-alkoxyketones by the oxa-Michael 

addition reactions.102 The higher activity of this IL, when used as solvent and catalyst, has been 

attributed to the its dual ability to interact with substrate and transition state: it is able to activate 

the ketone or aldehyde by carbonyl protonation, as all the other protic ILs, but at the same time 

the unprotonated form of the pyrrolidone is able to interact with the hydroxyl group of alcohol, 

via hydrogen bonding, increasing oxygen nucleophilicity. 
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Scheme 1.20: Catalytic effect of N-methyl pyrrolidinium dihydrogen phosphate 

  

 Unfortunately, no mechanistic study has been performed to establish if the unprotonated 

pyrrolidone exerting a catalytic effect is that formed after hydrogen transfer from IL to reagent or 

is present in solution due to the relatively low basicity of the lactam system.  

One of the most widely investigated reaction in PILs is however the esterification reaction. 

Esterification of carboxylic acids with alcohols is a reaction which has a lot of industrial 

importance. Compounds are prepared in bulks in this manner in various industries like chemical, 

petrochemical and pharmaceutical industries.  

In the year 2003, Hua-Ping Zhu et al.103 claimed that a “green method” for esterification of 

aliphatic and aromatic acids (acetic acid, n-decanoic acid, stearic acid, undecanoic acid, lactic 

acid, crotonic acid, oxalic acid, benzoic acid and 3-hydroxybenzoic acid) with simple alcohols 

(methanol, ethanol, butanol and octanol) may be represented by the use of 1-methylimidazole 

tetrafluoroborate ([mim][BF4]). Over other ILs, such as 1-hexyl-3-methylimidazolium hydrogen 

sulphate and 1-[2-(2-hydroxyethoxy)ethyl]-3-methylimidazolium hydrogen sulphate,104 whose 

synthesis require a multistep process, [mim][BF4] is obtained by addition of HBF4 to 

methylimidazole. Nevertheless, since all the obtained esters are insoluble in [mim][BF4], they 

could be easily separated. The low solubility moreover helped driving the equilibrium towards 

the product side and very high yields were achieved using this IL. Finally, the IL could be 

recycled and reused. On the other hand, in 2006 Duan et al.105 suggested that not only acidic ILs 

but also a neutral IL, like [bmim][BF4], promotes highly selective esterification of tertiary 

alcohols by acetic anhydride; the role exerted by the eventual formation of HF, under the reaction 

conditions, was not discussed being at the moment not so clear the fact that the stability of these 

ILs may be limited in the presence of water.  

About this latter possibility, it is however to note that in 2005, Joseph et al.106 reported some data 

about the use of a series of ILs based on 1-methyl imidazolium (Brønsted acidic cation) and 1-

butyl-3-methylimidazolium (a neutral cation), and three anions (BF4
−, PF6

− and PTSA−) in the  
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Fischer esterification. All these ILs afforded good alcohol conversion and excellent ester 

selectivity. In particular, [bmim][PTSA] as a catalyst showed 100% substrate conversion and 

100% product selectivity over a period of 2 h. At variance with ILs bearing fluorinated anions, 

this IL should be stable in the presence of water; the catalytic effect cannot be attributed to the 

formation of strong acids under the reaction conditions. Nevertheless, data reported in the same 

paper related to the determination of acidity of the investigated ILs using pyridine as a probe 

molecule by monitoring the IR bands in the range of 1350–1600 cm−1, showed that only in the 

case of [mim][BF4] an additional band near 1540 cm−1, indicating the presence of Brønsted acid 

sites due to the formation of pyridinium ions, was present. However, all the investigated ILs 

presented a band near 1450 cm−1, suggesting the coordination of pyridine to the Lewis acid sites 

(!!). 

 

Table 1.2: Esterification of acetic acid with benzyl alcohol with various Brønsted ILs 

IL Ratioa Time (h) C % S% 

[mim][BF4] 1 : 1 4 91 100 

[mim][BF4] 1 : 0.4 4 70.2 100 

[bmim][PF6] 1:1 2 100 90b 

[bmim][PTSA] 1:1 2 100 100 

[bmim][BF4] 1:1 4 80 100 

 Reaction conditions: acetic acid : benzyl alcohol (2 : 1); IL = 1 g; Temperature = 110°C.  
 aRatio of imidazole to anion source. 
 b[Bmim][PF6] gave 90% ester selectivity and 10% dibenzyl ether was formed. 
C% and S% represent conversion and selectivity percentages, respectively.  

 

But also other classes of PILs have been investigated in esterification reaction. In 2007,107 

Pralhad and his group suggested that PILs can be used as an acid catalyst in Fischer esterification 

reactions. Brønsted acidic ILs used in this case for esterification of carboxylic acids with primary 

alcohols were: triethylammonium sulfate ([NH(Et)3][HSO4]), triethylammonium dihydrogen 

phosphate ([NH(Et)3][H2PO4]) and triethylammonium tetrafluoroborate ([NH(Et)3][BF4]), 

conveniently prepared using inexpensive and available materials. Since the esterification reaction 

is a reversible process to push the equilibrium towards the product side it is necessary the 

continuous removal of the excess water produced during the esterification process or addition of 

an excess of the reactants. All the investigated ILs are very water absorbing in nature, hence, 
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they can help to make the reaction proceed further. Moreover, the IL and the ester formed two 

separate phases in all the experiments. The scheme is shown below and the results are shown in 

Table 1.3. 

 

 

Scheme 1.21: Esterification of 1-octanol and acetic acid using triethylammonium ILs  

Table 1.3:  Esterification of acetic acid and 1-octanol using triethylammonium ILs 

 

[NH(Et)3][HSO4] was used two times without much change in the conversion rates. Because of 

possibility of reusability of [NH(Et)3][HSO4], this IL was used also for esterification of various 

acids with primary alcohols. The results are shown in Table 1.4 below.  

Table 1.4: Esterification of various acids with primary alcohols using [NH(Et)3][HSO4] 

 
aConditions: acid (10 mmol), alcohol (20 mmol), [NH(Et)3][HSO4]= 1 g, 90°C, 4 h, under 
nitrogen. bBased on acid taken. cAcrylic acid (20 mmol) and 1-butanol (24 mmol) were 
taken. Hydroquinone (15 mg) was added as a polymerization inhibitor. 
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The various primary alcohols used were 1-butanol (97%), 1-octanol (98%), 1-dodecanol (99%) 

and benzyl alcohol (96%) (entries 1−4). The percentages denoted within the brackets are the ester 

yields, respectively. Then 1-butanol was taken as a constant, the acids were changed to butyric 

acid (99%), nonanoic acid (94%), acrylic acid (91%), cyclohexane carboxylic acid (56%), 

benzoic acid (56%) and p-hydroxybenzoic acid (63%). The percentages denoted within the 

brackets are the ester yields, respectively. From the above results of yields Pralhad et al.107 

concluded that aliphatic carboxylic acids showed much higher reactivity comparatively to the 

aromatic ones. In case of aromatic substrates no separate phases were formed.  

Subsequently, Shuan-Hu Chen et al.108 reported the preparation and characterization of a novel 

benzimidazolium Brønsted acidic IL and its application in esterifications.  

Thermal gravimetric analysis of the Brønsted acidic 1-butylbenzimidazolium tetrafluoroborate 

[Hbbim][BF4] indicated that although the new IL began to decompose at slightly lower 

temperature than that of imidazole series, it displayed high thermal stability. The sample was 

stable till the temperature reached 210°C and showed a weight loss of 90% between 220 and 

270°C. When used as solvent and catalyst in the Fisher esterification of acetic acid with a series 

of aliphatic alcohols (ethanol, 1-butanol, iso-butyl alcohol, sec-butyl alcohol and tert-butyl 

alcohol) products, whose yields ranged from 96 to 98% with primary alcohols and 58% with the 

tertiary alcohol, were easily separated due to their insolubility in this medium. 

But research in this field is a continuous. Recently, a rapid and efficient acetylation of alcohols 

and phenols with acetic anhydride has been performed in the presence of economical Brønsted 

acidic ILs bearing a propanesulfonic acid group on the morpholinium cation as catalysts under 

solvent-free conditions.109  

 

Scheme 1.22: Acetylation using propanesulfonic acid on morpholinium as catalyst  
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In particular, N-methylmorpholinium propanesulfonic acid hydrogen sulfate [MMPPA][HSO4], 

having two catalytic groups, was found to be the most efficient catalyst able to give when 

employed in 0.1 mol% a complete acetylation of primary and secondary alcohols in few minutes 

working at room temperature under solvent-free conditions. Tertiary alcohols such as tert-butyl 

alcohols can also be acetylated in 64% yield and there was no elimination. It is to note that 

product recovery was performed by addition of water that allowed the separation of the formed 

product from the catalyst. The upper organic phase was washed with an aqueous solution of 

sodium bicarbonate, dried and purified by column chromatography, whereas the IL was 

recovered by concentrating the (bottom) water phase and was reused. 

 Although one of the main advantage offered by the use of acidic ILs is that to have an acid 

catalyst in homogeneous phase, the possibility to support acidic ILs to favor product separation 

has been explored. In the year 2010, Kelkar et al. reported110 the dehydration of glycerol over 

several silica-supported Brønsted acidic ILs showing that, although all the catalysts prepared 

were active for the synthesis of acrolein (conversion of glycerol was observed in the range of 

35−90% with selectivity to acrolein in the range 29−58%), triphenyl(3-sulfopropyl)phosphonium 

tosilate gave the best results. 

Considering the industrial role played by diphenyl carbonate (DPC) as intermediate, it is to 

mention the recent use of Brønsted (N-methylpyrrolidonium hydrogen sulfate and N-

methylimidazolium hydrogen sulfate and tosilate) and Lewis acidic (choline−ZnCl2) ILs as 

promoter of the transesterification of dimethyl carbonate with phenol to methylphenyl carbonate 

and DPC, using dibutyltin oxide as catalyst; a significant increase in yield was observed in the 

presence of acidic ILs.111 

Finally, it is to mention the application of PILs in cellulose field. The ability of some ILs to 

dissolve cellulose have attracted in the last 3−4 years an increasing interest. Recently, an 

exhaustive commentary having the objective to analyze literature data to provide new 

perspectives for the understanding of the dissolution process of cellulose has been published.112  

Although, generally non-functionalized ILs have been used to solubilize cellulose, in the year 

2009 Amarasekara and Owereth reported113 the possibility to use some Brønsted acidic ILs, 1-(1-

propylsulfonic)-3-methylimidazolium chloride and 1-(1-butylsulfonic)-3-methylimidazolium 

chloride, for dissolution and hydrolysis of cellulose under mild reaction temperatures (70°C): the 

hydrolysis of Sigmacell cellulose (DP ca. 450) in 1-(1-propylsulfonic)-3-methylimidazolium 

chloride produced the highest total reducing sugar (62%) and glucose (14%) yields. In contrast, 

poor yields were obtained in N-1-propylsulfonic-N,N,N- triethanolammonium chloride. The 

inability of onium ILs to dissolve cellulose has been evidenced114 also in a more recent 
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investigation about protic ILs arising from combination of four organic acids (formic acid, acetic 

acid, malonic acid and citric acid) and five amines (ethanolamine, diethanolamine and 

triethanolamine, propan-1-olamine and diallylamine); none of the resulting ILs was able to 

dissolve crystalline cellulose even if the presence of hydroxyl groups on cation favored the 

formation of a fine dispersion. All these data have considered a confirmation of the higher 

performance of aromatic cations in cellulose processing. 

Last but not the least, one should mention the use of acidic ILs ([bmim][HSO4]
115 and a series of 

acidic ILs containing COOH group on cations,116 whose catalytic properties have been found to 

be closely related to behave, as extractants and catalysts in the oxidative desulforization of 

dibenzothiophenes in the presence of H2O2 in model oil.  

 

1.2.3 Dual-functionalized acidic Ionic Liquids 

To increase the catalytic properties of acidic ILs also dual- and multi-functionalized ILs have 

been synthesized. Generally, dual-functionalized acidic ILs are characterized by a cation bearing 

a Brønsted acidic group (–SO3H or –COOH on the alkyl chain), or having an acidic proton on the 

nitrogen atom associated with a Lewis acidic anion. The dual-functionalized ILs bearing a 

Brønsted acidic cation associated to a Brønsted acidic anion ([HSO4]
− or [H2PO4]

−) have been 

described in the previous section being characterized by an unique kind of acidity. 

In 2005, Wang et al.117 synthesized and characterized one of the first example of IL of this class. 

 

Scheme 1.23: [C4SCnim][Cl]/AlCl 3 

The zwitterionic-type precursors of these ILs were obtained, as previously reported, by direct 

sulfonation reaction of the nitrogen base (1-methyl imidazole in this case) and 1,4-butane 
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sulfone. The subsequent acidification by mixing of the zwitterion with HCl (1:1 mol) converts 

the pendant sulfonic group into an alkane sulfonic acid. Finally, reaction of 3-alkyl-1-(butyl-4-

sulfonyl) imidazolium chloride ([C4SCnim][Cl]) with AlCl 3 gives the dual acidic ILs, 

[C4SCnim][Cl]/AlCl 3. It is however noteworthy that the production of [C4SCnim][Cl]/AlCl 3 

requires an initiator or promoter. In this case, [bmim]Cl/AlCl 3 (this is prepared as described 

previously) was used as promoter. These ILs are characterized by high decomposition 

temperatures, ranging around 320°C. Their acidity was determined90 by FT-IR using pyridine 

(Py) as probe (Figure 1.14); considering that, as previously reported, the presence of a band near 

1450 cm−1 can be assumed as an indication of the presence of pyridine coordinated to Lewis 

acidic sites, whereas a band near 1540 cm−1 an indication of the formation of pyridinium ions 

resulting from the presence of Brønsted acidic sites. When pyridine was added to [C4SC4im][Cl] 

(Figure 1.14C) a band at 1540 cm−1, indicating Brønsted acidity for [C4SC4im][Cl], was 

observed. On the other hand, in the mixture of [C4SC4im][Cl]/AlCl 3 and [C4mim][Cl]/AlCl 3 (X 

(AlCl 3)=0.60) (Figure 1.14E), both the band at 1540 cm−1 and at 1450 cm−1, indicating 

respectively Brønsted and Lewis acidity, were present. Moreover, taking into account the band at 

1454 cm−1 of [C4mim][Cl]/AlCl 3 (X (AlCl 3)=0.67) (Figure 1.14D), it was observed that the 

quantitative addition of [C4SC4im][Cl] produce a band shift to 1450 cm−1; the Al2Cl7
− anion in 

[C4SC4im][Cl]/AlCl 3 reacting with Cl− form AlCl4
− anion.  
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Figure 1.14: Determination of acidity of [CnSC4im]Cl2/AlCl 3 

Subsequently, Liu et al.118 proposed another dual-functionalized IL having both Lewis and 

Brønsted acidic character; [HSO3–(CH2)3–NEt3]Cl–ZnCl2. This IL was prepared according to the 

procedure explained below in Scheme 1.24. The Lewis acidity of IL, as well as other important 

properties (including viscosity) depended on the ZnCl2 mass: on increasing the ZnCl2 mass the 

viscosity of the obtained IL increases. 
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Scheme 2: ILs based on trichlorozincinate anions 

Related to the Lewis and Brønsted acidic character of this dual-functionalized IL, also in this 

case it was determined by FT-IR using acetonitrile (ACN) and pyridine (Py) as a probe. As 

shown in Figure 1.15A, after reacting with Py, [HSO3–(CH2)3–NEt3]Cl–ZnCl2 (X=0.64) had two 

new characteristic absorption peaks of 1540 and 1448 cm−1 in the FT-IR spectra indicating that 

[HSO3–(CH2)3–NEt3]Cl–ZnCl2 (X =0.64) had both Brønsted and Lewis acidic characteristics. 

However, when ACN, a weaker base, was used as probe the positions of peaks of ACN/[HSO3–

(CH2)3–NEt3]Cl–ZnCl2 (X=0.5) were entirely the same as those of ACN, indicating that [HSO3–

(CH2)3–NEt3]Cl–ZnCl2 (X=0.5) was not Lewis acidic. At variance, in the spectra of 

ACN/[HSO3–(CH2)3–NEt3]Cl–ZnCl2 (X=0.6) and ACN/[HSO3–(CH2)3–NEt3]Cl–ZnCl2 

(X=0.64), a new absorption peak at 2318 and 2326 cm−1, respectively, appeared indicating that 

both [HSO3–(CH2)3–NEt3]Cl–ZnCl2 (X=0.6) and [HSO3–(CH2)3–NEt3]Cl–ZnCl2 (X=0.64) were 

Lewis acidic. Moreover, the wavenumber of [HSO3–(CH2)3–NEt3]Cl–ZnCl2 (X=0.64) was higher 

than that of the IL [HSO3–(CH2)3–NEt3]Cl–ZnCl2 (X=0.6), which indicated that the Lewis acidity 

of [HSO3–(CH2)3–NEt3]Cl–ZnCl2 (X=0.64) was stronger than that of [HSO3–(CH2)3–NEt3]Cl–

ZnCl2 (X=0.6).  
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                                Figure 1.15 A                                                     Figure 1.15 B 

Figure 1.15: FT-IR spectra of [HSO3–(CH2)3–NEt3]Cl–ZnCl2  IL by using acetonitrile and 
pyridine as probe. (A) FT-IR spectra of samples using pyridine as probe. (a) Pure pyridine, (b) 
IL[HSO3–(CH2)3–NEt3]Cl–ZnCl2 (X=0.64), (c) Pyridine/[HSO3–(CH2)3–NEt3]Cl–ZnCl2 
(X=0.64), V(pyridine):V(IL) = 1:2. (B) FT-IR spectra of ILs using acetonitrile as probe.      (a) 
Pure acetonitrile, (b) acetonitrile/[HSO3–(CH2)3–NEt3]Cl–ZnCl2 (X=0.5),                                 (c) 
acetonitrile/[HSO3–(CH2)3–NEt3]Cl–ZnCl2 (X=0.6), (d) acetonitrile/[HSO3–(CH2)3–NEt3]Cl–
ZnCl2 (X=0.64), V (acetonitrile):V(IL) = 1:2 in the samples of b–d. 
 
   Among the dual-functionalized acidic ILs one more class of Lewis acidic ILs, 3,3′-thionyl-bis-

1,1′-alkylimidazolium chloroaluminate ([tbaim]Cl2/AlCl 3) can be mentioned, synthesized by He 

et al.119 characterized by doubly-charged thionyl cations and chloroaluminate anions.  

 

Scheme 1.25: Doubly-charged thionyl cations and chloroaluminate anions 

1.2.3.1 Applications of dual-functionalized Lewis acidic ILs 

 Friedel Crafts reactions using dual-functionalized acidic ILs 

a.) The dual-functionalized 3,3′-thionyl-bis-1,1′-alkylimidazolium chloroaluminate, 

[tbaim]Cl2/AlCl 3, has been applied in the Friedel-Crafts alkylation of benzene with 1-dodecene. 

The reaction almost instantaneously completed after 1-dodecene was dropped into the 
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benzene/ILs mixture; the turnovers of 1-dodecene were higher than 99%. By varying reaction 

time, no obvious promotion was observed. When the mole fraction of AlCl3 (X (AlCl3)) was 

0.50, which means that there was no Al2Cl7
– in the ILs, the alkylation could not occur. The 

effects of the molar ratio of benzene to 1-dodecene were also explored. On increasing the molar 

ratio of benzene to 1-dodecene, the yield of the target product was enhanced. Furthermore, use of 

[tbaim]Cl2/AlCl 3 led to a significant simplification in product isolation. The maximum yield of 

the monododecylbenzene was about 98%, whereas the product selectivity was about 45%. The 

molar ratios of IL was varied from 0.33 to 0.55 to 0.67; 0.67 gave the best results. Also the molar 

ratio of benzene to 1-dodecene was increased from 2:1 to 10:1. And 10:1 gave the best yield. 

Increase in time did not play much important role in the reaction.  

 

Scheme 36: Benzene and 1-dodecene 

It is however noteworthy that the comparative study of the IL [tbaim]Cl2/AlCl 3 as catalytic 

system with the traditional AlCl3 or [bmim]Cl/AlCl3 system (DeCastro et al.120 in the year 2000, 

used [bmim]Cl/AlCl3 as catalyst and solvent in the Friedel-Crafts alkylation of benzene with 1-

dodecene) evidenced that similarly to [bmim]Cl/AlCl3 (X (AlCl3) = 0.67), [tbaim]Cl2/AlCl 3 (X 

(AlCl 3) = 0.67) has better catalytic efficiency than AlCl3. In both the IL systems moreover when 

the mole fraction of AlCl3 (X (AlCl3)) was 0.50 the alkylation did not occur due to the absence of 

Al 2Cl7
− : [bmim][AlCl 4] had no Lewis acidity.121  

In 2008, Liu et al.98 applied the dual acidic [HSO3–(CH2)3–NEt3]Cl–ZnCl2 for the dimerization of 

rosin.  
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Scheme 1.27: Dimerization of rosin using [HSO3−−−−(CH2)3−NEt3]Cl−ZnCl2 

The reaction was carried out using various mole fractions of IL Lewis acid; considering all the 

ratios investigated, was concluded that [HSO3–(CH2)3–NEt3]Cl–ZnCl2 (X = 0.64) was an 

effective catalyst for this reaction, and with the increase of the Lewis acid, the catalytic 

performance of IL was also increased for the dimerization. However, the softening point of 

polymerized rosin was decreased when the mole fraction of ZnCl2 was more than 0.64. This 

behavior was attributed to the increased IL viscosity on increasing the ZnCl2 mass. When the 

mole fraction of ZnCl2 was more than 0.64, the IL dispersivity was very bad in the mixture of 

reaction. Therefore, it was concluded that the Brønsted–Lewis acidic IL had a good catalytic 

performance in this process. Moreover, the recycle tests showed that softening point of 

polymerized rosin was almost unchanged after [HSO3–(CH2)3–NEt3]Cl–ZnCl2 (X = 0.64) was 

used repeatedly for five times. This good reusability result was explained by the following two 

points. Firstly, in the structure of [HSO3–(CH2)3–NEt3]Cl–ZnCl2 (X = 0.64), the alkyl sulfonic 

acid group is covalently tethered in the IL cation; therefore, it is not easily lost. Secondly, the 

anion [Zn2Cl5]
− of IL is inert and stable to water or Brønsted acid.  
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  Chapter 2 

  Physicochemical and Solvent Properties of Morpholinium Dicyanamide ILs and 
their Toxicity and Biodegradability Studies 

 

 Abstract 

The role of the length of the alkyl chain on some physico-chemical properties was evaluated for a 

series of N-alkyl-N-methylmorpholinium dicyanamide-based ionic liquids (ILs); the alkyl chain 

ranging from 2 to 9 carbon atoms (n = 2, 3, 4, 5, 6, 7, 8 and  9). The temperature-dependent 

properties like viscosity, ionic conductivity and solvent properties have been determined. The 

results allow us to classify these ILs according to a classical Walden diagram. In addition, their 

ability to give clusters was determined by electron spray ionization-mass spectrometry (ESI-MS) 

measurements. The toxicity and biodegradability studies were reported for N-alkyl-N-

morpholinium bromide (where alkyl=C2 to C9). These toxicity and biodegradability 

measurements were compared with other nitrogen bases like dabco and imidazolium. The IL 

having lowest alkyl chain i.e. [Mor1,2][Br] showed the least toxicity and highest biodegradability.  

2.1 Introduction 

      The most commonly studied ILs are based on imidazolium cations, combined with different 

anions such as hexafluorophosphate [PF6]
−, tetrafluoroborate [BF4]

− or bistriflimide [Tf2N]−. 

Very recently, morpholinium-based ILs have received attention because of their structural 

properties especially for the design of IL crystals.1 Nevertheless, they have been considered also 

of interest as catalysts for organic synthesis,2 heat stabilizers, or antioxidants for lubricating oils3 

and for electrochemical applications.4 Toxicity tests recently performed5 on morpholinium 

bromides evidence a significant lower environmental impact with respect to other commonly 

used ILs. However, the association of the morpholinium cations to common anions, such as 

[BF4]
−, [Tf2N]−, [PF6]

− or Br−, gives ILs characterized by higher viscosities and lower 

conductivites than the analogous pyrrolidinium- or piperidinium-based ILs. Dicyanamide anion 

is known to give highly conductive ILs.6 Therefore, with the aim of increasing the 

understandings of the unusual characteristics of ILs and continuing part of our program aimed at 

developing new ILs having low melting, low viscosity and high chemical stability associated 

with a low toxicity, we conducted a systematic study on the synthesis and characterization of a 

series of N-alkyl-N-methylmorpholinium dicyanamide-based ILs. Their physical properties such 

as density, viscosity, conductivity and absorption spectra of selected solvatochromic dyes in the 

liquids were measured to estimate quantitatively the ion association, polarity and hydrogen-

bonding interactions. Ion association was evaluated also by examining the electrospray mass 
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spectra of pure ILs dissolved in acetonitrile. The melting points and DSC measurements were 

compared with the corresponding anions BF4, Tf2N, PF6. The toxicity and biodegradability 

studies were reported for N-alkyl-N-morpholinium bromide (where alkyl=C2 to C9). The IL 

having lowest alkyl chain i.e. [Mor1,2][Br] showed the least toxicity and highest biodegradability. 

These measurements of toxicity and biodegradability were compared with imidazolium and 

DABCO respectively. 

 2.2 Experimental Section 

   2.2.1 Synthesis  

   Solvents were distilled before use. Morpholinium-based bromides and chlorides were 

synthesized by Menschutkin reaction of N-methylmorpholine with respective alkyl bromides 

(whose alkyl chain length varies from 2 to 9). The general procedure is reported below. It was 

observed that the higher alkyl chain compounds i.e. [Mor1,8][Br] to [Mor1,10][Br] formed some 

bubbles when dissolved in water. 

2.2.1.1 Synthesis of N-alkyl-N-methylmorpholinium bromides ([Mor1,n][Br]): The 

respective bromoalkane (n=1, 2, 3, 4, 5, 6, 7, 8, 9 and 3-chloropropanediol) was added 

dropwise over 1 h to an equimolar solution of 4-methylmorpholine in acetonitrile (ca. 0.5 

mmol in 200 ml) while stirring vigorously, and N2 was bubbled through the solution. In the 

case of bromoethane, as the boiling point of bromoethane is very low, 2% excess was taken in 

the reflux. The mixture was refluxed for 8 h at 70°C. The molten salt was decanted, washed 

three times with 100 ml of CH2Cl2, and dried for 1 h at 45°C under low pressure. If the product 

was found to have traces of brown or yellowish color, then it was washed with acetone and 

recrystallized in acetone. They were characterized using H-NMR and C-NMR. 

 [Mor1,2][Br]: Crystalline white solid (yield 95%).  Tm=188±2 °C. 1H NMR (250 MHz, D2O) 

δ: 1.34 (tt, 3H, J = 7.3, 1.80 Hz, 3H, CH3CH2N
+CH3); 3.12 (s, 3H, CH3N

+CH3); 3.38−3.56 (m, 

6H, CH3CH2N
+(CH2)2); 4.01 (m, J=4.8 Hz, 4H, -CH2OCH2-). 

13C NMR (63 MHz, D2O) δ: 

6.40 (CH3CH2N
+CH3), 45.93 (CH3N

+CH2CH3), 58.95 (CH2N
+CH2), 60.29 (-CH2OCH2-), 

60.81 (CH3CH2N
+). 

 [Mor1,3][Br]: Crystalline white solid (yield 94%). Tm=178±2 °C. 1H NMR (250 MHz, D2O) δ: 

0.95 (t, J=7.3 Hz, 3H, CH3CH2CH2N
+-CH3); 1.78 (m, 2H, CH3CH2CH2N

+CH3); 3.15 (s, 3H, 

CH3N
+CH2CH2CH3); 3.35−3.54 (m, 6H, (CH2)2N

+CH2); 4.01  (t, J=4.8, 4H, -CH2OCH2-). 
13C 
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NMR (63 MHz, D2O) δ: 9.66 (CH3CH2CH2N
+CH3), 14.57 (CH3CH2CH2N

+CH3), 46.74 

(CH3N
+CH2CH2CH3), 59.42 (CH2N

+CH2), 60.28 (-CH2OCH2-), 66.41 (CH3CH2CH2N
+CH3).  

 [Mor1,4][Br]: Crystalline white solid (yield 90%). Tm=215±2 °C. 1H NMR (250 MHz, D2O) δ: 

0.93 (t, J=7.3 Hz, 3H, CH3(CH2)2CH2N
+CH3); 1.31−1.45 (m, 2H, CH3CH2CH2CH2N

+CH3); 

1.69−1.81 (m, 2H, CH3CH2CH2CH2N
+CH3); 3.16 (s, 3H, CH3N

+(CH2)3CH3); 3.40−3.55 (m, 6H, 

(CH2)2N
+CH2); 4.02 (t, J=4.85, 4H, -CH2OCH2-). 

13C NMR (63 MHz, D2O) δ: 12.77 

(CH3CH2CH2CH2N
+CH3), 19.06 (CH3CH2CH2CH2N

+CH3), 22.89 (CH3CH2CH2CH2N
+CH3), 

46.82 (CH3N
+CH2CH2CH2CH3), 59.53 (CH2N

+CH2), 60.41                (-CH2OCH2-), 65.04 

(CH3CH2CH2CH2N
+CH3).  

 [Mor1,5][Br]: Crystalline white solid (yield 90%). Tm=150±2 °C. 1H NMR (250 MHz, D2O) δ: 

0.87 (t, J= 6.5 Hz, 3H, CH3(CH2)3CH2-N
+-CH3); 1.30−1.36 (m, 4H, CH3(CH2)2CH2CH2N

+CH3); 

1.77 (m, 2H, CH3CH2CH2CH2CH2N
+CH3); 3.15 (s, 3H, CH3N

+CH2(CH2)3CH3); 3.38−3.55 (m, 

6H, (CH2)2N
+CH2); 4.01 (t, J=5.4, 4H, -CH2OCH2-). 

13C NMR (63 MHz, D2O) δ: 13.01 

(CH3(CH2)3CH2N
+CH3), 20.52 (CH3CH2CH2 CH2CH2N

+CH3), 21.44 (CH3CH2CH2CH2CH2 

N+CH3), 27.67 (CH3CH2CH2CH2CH2N
+CH3), 46.90 (CH3N

+CH2(CH2)3CH3), 60.29 

(CH2N
+CH2), 63.76 (-CH2OCH2-), 65.41 (CH3(CH2)3CH2N

+CH3). 

 [Mor1,6][Br]: Crystalline white solid (yield 93%).Tm= 155±2 °C. 1H NMR (250 MHz, D2O) δ: 

0.86 (t, J= 6.8 Hz, 3H, CH3(CH2)4CH2N
+CH3); 1.33 (m, 6H, CH3(CH2)3CH2CH2N

+CH3); 1.78 

(m, 2H, CH3(CH2)3CH2 CH2N
+CH3); 3.16 (s, 3H, CH3N

+-CH2(CH2)4CH3); 3.48 (m, 6H, 

(CH2)2N
+CH2); 4.02 (t, J = 4.9, 4H, -CH2OCH2-). 

13C NMR (63 MHz, D2O) δ: 13.01 

(CH3(CH2)4 CH2N
+CH3), 21.07 (CH3CH2(CH2)3CH2N

+CH3), 21.80 

(CH3CH2CH2(CH2)2CH2N
+CH3), 25.10 (CH3CH 2CH2CH2 CH2CH2-N

+CH3),30.41 (CH3 

(CH2)3CH2CH2 N
+CH3), 46.69 (CH3N

+ CH2(CH2)4CH3), 59.55 (CH2N
+CH2), 60.65 (-CH2OCH2-

), 64.92 (CH3CH2CH2CH2CH2CH2N
+CH3).  

 [Mor1,7][Br]: Crystalline white solid (yield 97%) Tm =102±2 °C. 1H NMR (250 MHz, D2O) δ: 

0.84 (t, J= 6.2 Hz, 3H, CH3(CH2)5CH2N
+CH3); 1.28 (m, 8H, CH3(CH2)4CH2CH2N

+CH3); 1.77 

(m, 2H, CH3(CH2)5CH2CH2N
+CH3); 3.15 (s, 3H, CH3-N

+CH2(CH2)5CH3); 3.49 (m, 6H, 

(CH2)2N
+CH2); 4.02 (t, J=4.9, 4H, -CH2OCH2-).

13C NMR (63 MHz, D2O) δ: 13.19 

(CH3(CH2)5CH2N
+CH3), 20.70 (CH3CH2(CH2)4CH2N

+CH3), 21.80 

(CH3CH2CH2(CH2)4N
+CH3),25.65(CH3-CH2CH2CH2-(CH2)3-N

+CH3),27.85(CH3(CH2)3CH2CH2-
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CH2-N
+CH3), 30.78 (CH3(CH2)4CH2CH2-N

+CH3), 46.72 (CH3N
+CH2(CH2)5-CH3), 59.55 

(CH2N
+CH2), 60.46 (-CH2OCH2-), 65.23 (CH3(CH2)5CH2-N

+CH3). 

[Mor1,8][Br]: Crystalline white solid (yield 90%). Tm =152±2°C. 1H NMR (250 MHz, D2O) δ: 

0.83 (t, J=6.4 Hz, 3H, CH3(CH2)6CH2N
+CH3); 1.24−1.34 (m, 10H, CH3(CH2)5CH2CH2N

+CH3); 

1.76 (m, 2H, CH3(CH2)5CH2CH2N
+CH3); 3.14 (s, 3H, CH3N

+CH2CH2(CH2)5CH3); 3.46 (m, 6H, 

(CH2)2N
+CH2); 4.01 (t, J=4.50, 4H, -CH2OCH2).

13C NMR (63 MHz, D2O) δ: 13.31 

(CH3(CH2)6CH2N
+CH3), 20.75 (CH3CH2(CH2)5CH2N

+CH3), 21.90 (CH3CH2CH2(CH2)5N
+CH3), 

25.41 (CH3CH2CH2CH2(CH2)4-N
+CH3), 28.07 (CH3(CH2)3CH2CH2(CH2)2-N

+CH3), 30.91 

(CH3(CH2)5CH2CH2-N
+CH3), 46.70 (CH3N

+CH2 (CH2)6CH3), 59.41 (CH2N
+CH2), 60.31 (-

CH2OCH2-), 65.27 (CH3(CH2)6CH2N
+CH3). 

 [Mor1,9][Br]: Crystalline white solid (yield 95%). Tm =122±2. 1H NMR (250 MHz, D2O) δ: 0.83 

(t, J=6.6 Hz, 3H, CH3(CH2)7 CH2N
+CH3); 1.33 (m, 12H, CH3(CH2)6CH2CH2N

+-CH3); 1.76  (m, 

2H, CH3(CH2)6CH2CH2N
+CH3); 3.15 (s, 3H, CH3 N+CH2(CH2)7CH3); 3.45 (m, 6H, 

(CH2)2N
+CH2); 4.02 (t, J=4.8, 4H, -CH2OCH2-). 

13C NMR  (63 MHz, D2O) δ: 13.31 

(CH3(CH2)7CH2N
+CH3),20.74(CH3 CH2(CH2)6 CH2-N

+CH3), 21.93 (CH3CH2CH2 

(CH2)5CH2N
+CH3), 25.32 (CH3CH2CH2CH2 (CH2)4CH2N

+CH3),  28.21 (CH3CH2CH2CH 

2(CH2)3CH2CH2N
+CH3), 31.07 (CH3(CH2)6CH2CH2N

+CH3), 46.75 (CH3N
+CH2(CH2)7CH3), 

59.40 (CH2N
+CH2), 60.30 (-CH2OCH2-),  65.15 (CH3(CH2)7CH2N

+CH3). 

2.2.1.2 Synthesis of N-alkyl-N-methyl morpholinium dicyanamides ([Mor1,n[N(CN)2]) 

 To a colorless solution of [Mor1,n][Br] (70−100 mmol) in water (100 ml) an equimolar amount 

of silver dicyanamide (white solid, freshly prepared from AgNO3 and NaN(CN)2 in water) was 

added. The mixture was stirred for 3 h at 40°C. After cooling at room temperature the precipitate 

was filtered off, washed with water (2×10 ml) and the resulting colorless aqueous solution 

(approximately 200 ml) was heated to 70°C under vacuum for 1 h to remove the water. The 

colorless liquid was dissolved in anhydrous acetone and the solution was cooled at −20°C for 48 

h. After filtration on glass septa (porosity 4) containing two different powdered layers of 1 cm 

each of celite (lower layer) and decolorizing carbon (upper layer), the solvent was removed 

under vacuum (2×10−3 mm Hg, 80°C, 6 h) to give the pure IL. All the ILs were colorless. 

[Mor1,2][N(CN)2]: Yield 80%. 1H NMR (250 MHz, D2O) δ:1.46 (tt, J=7.40, 2.16 Hz, 3H, 

CH3CH2N
+CH3 ); 3.23 (s, 3H, CH3N

+ CH2CH3); 3.47−3.66 (m, 6H, CH3CH2N
+(CH2)2); 4.12 (t, 

J= 5.2 Hz, 4H, -CH2OCH2-). 
13C NMR (63 MHz, D2O) δ: 6.59 (CH3CH2N

+CH3), 46.02 
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(CH3N
+CH2CH3), 59.12 (CH2N

+CH2), 60.43 (-CH2OCH2-), 60.89 (CH3CH2N
+), 119.91 

(N(CN)2). 

[Mor1,3][N(CN)2]: Yield 80%. 1H NMR (250 MHz, D2O) δ: 1.04 (t, J= 7.35 Hz, 3H, 

CH3CH2CH2N
+CH3); 1.86 (m, 2H, CH3CH2CH2N

+CH3); 3.2 (s, 3H, CH3 N+CH2CH2CH3); 

3.41−3.61 (m, 6H, (CH2)2N
+CH2); 4.08 (t, J=5.2, 4H, -CH2OCH2-). 

13C NMR (63 MHz, D2O) δ: 

9.89 (CH3CH2CH2N
+CH3), 14.84 (CH3CH2CH2N

+CH3), 46.90 (CH3N
+CH2CH2CH3), 59.55 

(CH2N
+CH2), 60.65 (-CH2OCH2-), 66.51 (CH3CH2CH2N

+), 120.01 (N(CN)2).  

 [Mor1,4][N(CN)2]: Yield 75%. 1H NMR (250 MHz, D2O) δ: (t, J=7.30 Hz, 3H, 

CH3(CH2)3N
+CH3); 1.34−1.48 (m, 2H, CH3CH2CH2CH2N

+CH3); 1.72−1.84 (m, 2H, CH3CH2 

CH2CH2N
+CH3); 3.18 (s, 3H, CH3 N

+CH2CH2CH2CH3); 3.42−3.52 (m, 6H, (CH2)2N
+CH2); 4.04 

(t, J=5.10, 4H, -CH2OCH2-). 
13C NMR (63 MHz, D2O) δ: 13.01 (CH3(CH2)3N

+CH3), 19.42 

(CH3CH2CH2CH2N
+CH3), 23.09 (CH3CH2CH2CH2N

+CH3), 46.90 (CH3N
+(CH2)3CH3), 59.55 

(CH2N
+CH2), 60.65 (-CH2OCH2-), 65.04 (CH3CH2CH2CH2N

+), 120.19  (N(CN)2). 

 [Mor1,5][N(CN)2]: Yield 85%. 1H NMR (250 MHz, D2O) δ: 0.99 (t, J= 6.8 Hz, 3H, 

CH3(CH2)4N
+CH3); 1.42−1.48 (m, 4H, CH3CH2CH2CH2CH2N

+CH3); 1.81 (m, 2H, 

CH3CH2CH2CH2CH2N
+CH3); 3.25 (s, 3H, CH3 N+(CH2)4CH3); 3.48−3.63 (m, 6H, 

(CH2)2N
+CH2); 4.10 (t, J= 4.85 Hz , 4H, -CH2OCH2-). 

13C NMR (63 MHz, D2O) δ: 13.24 

(CH3(CH2)4N
+CH3), 20.69 (CH3CH2CH2CH2CH2N

+CH3), 21.68 (CH3CH2CH2CH2CH2N
+CH3), 

27.74 (CH3(CH2)2CH2CH2-N
+CH3), 46.80 (CH3N

+(CH2)4CH3), 59.56 (CH2N
+CH2), 60.43 (-CH2-

OCH2-), 65.30 (CH3(CH2)3CH2-N
+), 119.81 (N(CN)2).  

[Mor1,6][N(CN)2]: Yield 78%. 1H NMR (250 MHz, D2O) δ: 0.87 (t, J= 7.0 Hz, 3H, 

CH3(CH2)5N
+CH3); 1.34 (m, 6H, CH3(CH2)3CH2CH2N

+CH3); 1.79 (m, 2H, CH3(CH2)3CH2CH2-

N+CH3); 3.16 (s, 3H, CH3 N
+(CH2)5CH3); 3.40−3.56 (m, 6H, (CH2)2N

+CH2); 4.03 (t, J= 4.8, 4H, 

-CH2OCH2-). 
13C NMR (63 MHz,D2O)δ: 13.13 (CH3(CH2)5N

+CH3), 20.75 (CH3CH2(CH2)4-

N+CH3),21.65 (CH3CH2CH2(CH2)3N
+CH3), 25.07 (CH3(CH2)2CH2(CH2)2N

+CH3), 30.37 

(CH3(CH2)2CH2(CH2)2N
+CH3), 46.68 (CH3N

+(CH2)5CH3), 59.42 (CH2N
+CH2), 60.32 (-

CH2OCH2-), 65.19 (CH3(CH2)4CH2N
+CH3), 120.56 ( N(CN)2). 

 [Mor1,7][N(CN)2]: Yield 85%. 1H NMR (250 MHz, D2O) δ: 0.97 (t, J= 6.0 Hz, 3H, 

CH3(CH2)6N
+CH3); 1.40 (m, 8H, CH3(CH2)4CH2CH2N

+CH3); 1.87 (m, 2H, 

CH3(CH2)4CH2CH2N
+ CH3); 3.24 (s, 3H, CH3-N

+(CH2)6CH3); 3.48−3.63 (m, 6H, (CH2)2N
+CH2); 

4.10 (t, J=4.8 Hz , 4H, -CH2OCH2-). 
13C NMR  (63 MHz, D2O) δ: 13.74 (CH3(CH2)6N

+CH3), 
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21.07 (CH3CH2(CH2)5N
+CH3), 22.17 (CH3CH2CH2(CH2)4N

+CH3), 25.83 (CH3(CH2)2CH2(CH2)3-

N+CH3), 28.22(CH3(CH2)3CH2-(CH2)2-N
+CH3), 31.15 (CH3(CH2)4CH2CH2N

+CH3), 46.90 

(CH3N
+(CH2)6CH3), 59.55 (CH2N

+CH2), 60.83 (-CH2OCH2), 65.59 (CH3(CH2)5CH2N
+), 120.01 

(N(CN)2).  

 [Mor1,8][N(CN)2]: Yield 85%. 1H NMR (250 MHz, D2O) δ: 0.95 (t, J=6.5 Hz, 3H, 

CH3(CH2)7N
+CH3); 1.36 (m,10H,CH3(CH2)5CH2CH2-N

+CH3); 1.83 (m, 2H, CH3(CH2)5CH2CH2-

N+CH3); 3.22 (s, 3H, CH3N
+(CH2)7CH3); 3.44−3.54 (m, 6H, (CH2)2N

+CH2); 4.07 (t, J= 4.8, 4H, -

CH2OCH2-). 
13C NMR (63 MHz, D2O) δ: 13.79 (CH3(CH2)7N

+CH3), 21.15 

(CH3CH2(CH2)6N
+CH3), 22.39 (CH3CH2CH2(CH2)5-N

+CH3), 25.84 (CH3(CH2)2CH2(CH2)4-

N+CH3), 28.63 (CH3(CH2)3CH2(CH2)3-N
+CH3), 28.68 (CH3(CH2)4CH2(CH2)2N

+CH3), 31.42 

(CH3(CH2)5CH2CH2N
+), 46.80 (CH3N

+(CH2)7CH3), 59.57 (CH2N
+CH2), 60.39 (-CH2OCH2-), 

65.25 (CH3(CH2)6CH2N
+), 119.74 (N(CN)2). 

[Mor1,9][N(CN)2]. Yield 75%. 1H NMR (250 MHz, D2O) δ: 0.96 (t, J=6.5 Hz, 3H, 

CH3(CH2)8N
+CH3); 1.38−1.46 (m, 12H, CH3(CH2)6CH2CH2N

+CH3); 1.86 (m, 2H, 

CH3(CH2)6CH2CH2N
+CH3); 3.25 (s, 3H, CH3N

+(CH2)8CH3); 3.52−3.56 (m, 6H, (CH2)2N
+CH2); 

4.09 (t, J=6.6, 4H, -CH2OCH2-). 
13C NMR (63 MHz, D2O) δ: 13.89 (CH3(CH2)8N

+CH3), 21.30 

(CH3CH2(CH2)7N
+CH3), 22.60 (CH3CH2 CH2(CH2)6N

+ CH3), 26.02 (CH3(CH2)2 CH2(CH2)5N
+ 

CH3), 28.92 (CH3(CH2)3 CH2(CH2)4- N
+CH3), 29.10 (CH3(CH2)4 CH2(CH2)3- N

+CH3), 29.26 

(CH3(CH2)5CH2(CH2)2- N
+CH3), 31.78 (CH3(CH2)6CH2CH2 N

+CH3), 46.81 (CH3 N
+(CH2)8CH3), 

59.60 (CH2 N
+CH2), 60.40 (-CH2 OCH2-), 65.26 (CH3(CH2)7CH2 N

+), 119.77 (N(CN)2).  

2.3 Results and Discussions 

The synthetic route to prepare morpholinium-based salts herein is shown in Scheme 

2.1. In the first step, the corresponding alkyl bromide and N-methylmorpholine were 

reacted in acetonitrile at temperatures ranging from 60 to 70°C to produce N-alkyl-N-

methylmorpholinium bromides, [Mor1,n]Br, 1. Generally, an excess of the alkyl halide 

was used to prevent problems arising from evaporation (in particular, in the case of 

short chain halides) due to the reaction temperature. Subsequent metathesis of 1 with 

silver dicyanamide (Ag[N(CN)2]) in water (Ag[N(CN)2] was freshly prepared by 

reacting AgNO3 and Na[N(CN)2] in equimolar quantities) resulted in the corresponding 

dicyanamide salts 2, i.e. [Mor1,n][N(CN)2].  
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Scheme 2.1: Synthetic route to prepare N-alkyl-N-methylmorpholinium dicyanamide ILs 

All the above salts were characterized using electrospray ionization−mass spectroscopy 

(ESI−MS), 1H and 13C NMR spectroscopy. All synthesized N-alkyl-N-methylmorpholinium 

bromides are colorless solid at room temperatures whereas the corresponding dicyanamides are 

colorless liquids.  

2.3.1 Physico-chemical Properties: Physico-chemical properties characterizing ILs 2 are shown 

in Table 2.1. 

Table 2.1: Physical Properties of Dicyanamide ILsa 

Salt 
d 

g cm−3 
PM C 

mol 
cm−3 

κ 
S cm−1 

Λ 
S 

cm2 

η 
cP  

 [C2] 1.17 196 0.0060 4.42 × 10−3 0.736 96 

[C3] 1.16 210 0.0055 1.94 × 10−3 0.353 588.5 

[C4] 1.12 224 0.0050 1.41 × 10−3 0.282 598 

[C5] 1.12 238 0.0047 0.84 × 10−3 0.179 758.5 

[C6] 1.07 252 0.0042 0.72× 10−3 0.171 759.5 

[C7] 1.06 266 0.0040 0.26 × 10−3 0.065 874 

[C8] 1.03 280 0.0037 0.11 × 10−3 0.030 986 

[C9] 1.03 294 0.0035 0.09 × 10−3 0.026 1076 

[emim] b    2.8 × 10−2  16 

[Pyrr1,2]
 b    2.0 × 10−2  27 

[Mor1,4]
c    0.4 × 10−3  532 

aC, molar concentration at 25 °C for dicyanamide salts and at 35°C; 
κ, ionic conductivity at 25 °C Λ, molar conductivity at 25°C, η, viscosity 
at 20°C. bIt is [Pyrr1,2][N(CN)2]. Ionic conductivity and viscosity at 25°C,  
from referenc 6. cIt is [Mor1,2][Tf 2N]. Ionic conductivity and viscosity at 25°C, 
from reference 7. 
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2.3.2 Density  

The density (d) of ILs falls typically in the range 1.1−1.7 g cm−3. It is affected by anion although 

the nature of the substituents on cation also plays an important role: normally, density decreases 

as the alkyl chain on cation elongates. This behavior has been observed also in the case of N-

alkyl-N-methylmorpholinium dicyanamides; d decreases from 1.17 to 1.03 g cm−3 on going from 

C2 to C9. 

2.3.3 Viscosity  

The variation of alkyl chain length exerts a drastic effect also on viscosity (η). Viscosity of ILs 

typically ranges from 30 to 1000 cP at room temperature: it is determined by the identity of the 

cation and anion (size and shape) that compose the IL. The mobility of an IL is generally ruled 

by the slow ion-exchange mechanism, which is dependent on the interaction strength. The 

possibility of anions and cations to give more or less strong Coulombic interactions and the 

presence of van der Waals interactions in contraposition with the contribution of the 

conformational degrees of freedom (together with the capacity of anion and/or cation to form 

hydrogen bonds) are some of the factors that determine IL’s viscosity. In the case of cyclic 

quaternary ammonium ILs, having common fluorinated anions and comparable alkyl chains, 

viscosity increases in the following order N-alkyl-N-methylpyrrolidinium < N-alkyl-N-

methyloxazolidinium < N-alkyl-N-methylpiperidinium < N-alkyl-N-methylmorpholinium.8 As 

shown in the Table 2.1, N-alkyl-N-methylmorpholinium dicyanamide ILs are characterized by 

relatively low viscosity values, comparable to the analogous bistriflimide salts, and maintain the 

order pyrrolidinium < morpholinium observed for fluorinated anions. The reason can be that the 

anion Tf2N is bigger than the N(CN)2 anion. Nevertheless, viscosity increases when the alkyl 

chain in the cation elongates, probably as a consequence of the increased van der Waals 

interactions not completely counterbalanced by the increased mobility freedom degrees.  

With the exception of [Mor1,2][N(CN)2] that exhibits a clear Newtonian behavior, all the other 

salts (at least at 25°C) could be defined either Newtonian or non-Newtonian (pseudoplastic) 

depending on the used regression. The rheological behavior shows only little better correlation 

coefficients (1 vs 0.9998) when the power law regression is used with respect to the linear 

regression. The pseudoplastic behavior in the interval of analysis, characterized by a decrease of 

viscosity with increasing rate of shear, became however more evident at high shear stresses. 

Moreover, as frequently happens with shear-thinning systems, in every case the down curve is 

slightly displaced with respect to the upper curve, showing that all the investigated ILs have a 

lower consistency at any one of the rate of shear on the down curve of the rheogram, in 

agreement with the presence of thixotropy. A thixotropic behavior might indicate a breakdown of 

structure that does not reform immediately when the stress is reduced (Figure 2.1).  
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 Figure 2.1: Viscosity behavior of [Mor1,3][N(CN)2] 

Furthermore, it is noteworthy that an odd/even alkyl chain length effect can be also evidenced, at 

least at the lower temperatures; the salts having odd alkyl chain lengths exhibit viscosity values 

significantly higher than those of adjacent salts having even alkyl chain lengths. This effect 

decreases on going from C3 to C7. On the other hand, for all investigated salts dynamic viscosity 

decreases significantly with temperature. At low temperatures until a gentle descent is achieved 

at the higher values: in particular salts having n ≥ 3 present a distinct curvature at lower 

temperatures in the Arrhenius plots. Therefore, viscosity data have been fitted to the Vogel-

Tamman-Fulcher (VTF) equation: 

η = η0 exp[B/(T−T0)]                       (1) 

where η0 (cP), B (K) and T0 (K) are fitting parameters. The best-fit parameters and the associated 

squared correlation coefficients R2 are given in Table 2.2.  
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Figure 2.2: Behavior of viscosity of [Mor1,n][N(CN)2] with temperature 

Table 2.2: VTF equation parameters for viscosity (η0, B and T0) (equation 1) 

Salt 
η0 (cP) B (K)a T0 (K) R2b 

[Mor1,2] 
1.49 (0.5) 275.2 (60) 227 (9) 0.9996 

[Mor1,3] 
0.076  1006 (250) 180 (15) 0.9997 

[Mor1,4] 
0.282 (0.08) 705 (120) 201 (8) 0.9998 

[Mor1,5] 
0.085 (0.01) 1018 (32) 181 (2) 1 

[Mor1,6] 
0.038 (0.02) 1259 (190) 165 (10) 0.9999 

[Mor1,7] 
0.028 (0.02) 1378 (267) 160 (14) 0.9998 

[Mor1,8] 
0.34 (0.3) 745 (264) 199 (18) 0.9992 

[Mor1,9] 
0.076  1089 (52) 179 (3) 0.9999 

                                 aBR=activation energy (kJ mol−1). b Squared correlation coefficient. 
 
2.3.4 Conductivity 

Present conductivity values are comparable to most values reported earlier for ILs, in particular 

for ILs based on cyclic onium cations. As expected, conductivities increase with temperature, up 

to 12.0 mS cm−1 at 85°C in the case of  [Mor1,2][N(CN)2]. Moreover, conductivities for 

[Mor1,n][N(CN)2] salts having n ≥ 3 exhibit non-Arrhenius behavior, in agreement with the 

viscosity results. 
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Therefore, the Vogel-Tamman-Fulcher (VTF) equation 2 was used to represent temperature 

dependence of the conductivity: 

σ = σ0 exp[−B / (T−T0)]                       (2) 

The best-fit parameters and the associated squared correlation coefficients R2 are given in Table 

2.3.  

Table 2.3: VTF equation parameters for conductivity (σ0, B and T0) (equation 2) 

Salt 
σ0 (S cm−1) B (K)a T0 (K) R2b 

[Mor1,3] 
0.076 (0.003) 351 (10) 210 (8) 0.9998 

[Mor1,4] 
0.079 (0.015) 353 (44) 212 (8) 0.9997 

[Mor1,5] 
0.048 (0.009) 313 (40) 224 (7) 0.9996 

[Mor1,6] 
0.038 (0.004) 254 (25) 233 (5) 0.9997 

[Mor1,7] 
0.016 (0.002) 310 (24) 223 (4) 0.9998 

[Mor1,8] 
0.014 (0.004) 291 (64) 228 (11) 0.9988 

[Mor1,9] 0.011 (0.008) 267 (134) 235 (23) 0.9938 
                                  aBR = activation energy (kJ mol−1). b Squared correlation coefficient. 
 
Since the behavior of all investigated ILs (except for [Mor1,2][N(CN)2]) can be fitted with a 

single VTF curve, all components can be characterized by a limited set of parameters; i.e. σ0, B 

and T0 . 

The linearity obtained in comparison to the curvature of the Arrhenius plots may be considered a 

consequence of the fact that the conductivity mechanism is affected by strong interactions 

between oppositely charged ions.9 This hypothesis finds a further support in the fact that the ideal 

glass transition temperatures T0 obtained from equations 1 and 2 for viscosity and conductivity, 

respectively are significantly different. In contrast to viscosity, conductivity data contain another 

contribution arising from temperature-dependent ion association. Thus, the fact that T0 values of 

our ILs calculated from viscosity and conductivity are significantly different can be tentatively 

explained assuming an increased association on going from C3 to C9. 

 

2.3.5 Ionicity and Association:  

One way of assessing ionicity of ILs is to use the classification diagram based on the classical 

Walden rule. This rule relates the ionic mobilities represented by the equivalent conductivity 

(Λ) to the fluidity of the medium through which the ions move. Figure 2.3 shows the equivalent 
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conductivity (Λ) versus the reciprocal viscosity (1/η) in logarithmic form for the morpholinium 

salts at 25 and 65 °C. The interpretation of ILs’ plots with respect to their deviation from the so-

called ideal KCl line, determined with 1 mol L−1 aqueous KCl solutions,10  has been recently 

questioned.11 It is however evident that morpholinium salts from C3 to C6 lies on or around the 

so-called “ideal” Walden product line, atleast at room temperature. The other morpholinium salts 

(C7−C9) are characterized by conductivities significantly lesser than the ideal and a peculiar 

trend can be observed on increasing alkyl chain from C3 to C9.  

  

Figure 2.3: Walden plot for [Mor1,n][N(CN)2] from the conductivity and viscosity measured at 
25 °C (left) and 65 °C (right). The ideal line is given by the line for KCl. 
 
Thus, Walden plot suggest an increase in association degree on increasing the alkyl chain length 

which is slightly affected by temperature. 

It is noteworthy that, in the case of 1-methyl-3-alkylimidazolium salts ESI−MS experiments have 

evidenced12 that steric effects exerted by long alkyl chain lengths may contribute to a reduction 

of the anion−cation interactions although longer alkyl groups induce interionic van der Waals 

forces between the alkyl groups. In order to obtain further information about the association 

degree of N-alkyl-N-methylmorpholinium dicyanamides as function of the alkyl chain length 

ESI−MS experiments were performed. The positive ion ESI mass spectra of [Mor1,n][N(CN)2] 

(n=2−9) exhibit parent peaks respectively at m/z corresponding to the expected cations, whereas 

the anion parent peak was never been evidenced. On the other hand, aggregates based on small 

cation−anions clusters, which are reduced in intensity as the concentration of IL−acetonitrile 

solution is reduced, characterized the negative and positive spectra of all examined ILs (Figure 

2.5). Since all the spectra were registered under identical conditions (solvent, concentration, 

ionization energy etc.) the comparison of the clusters’ peaks distribution can give a semi-

quantitative evaluation of the strength of anion−cation interaction. It is evident that [N(CN)2]
− 

anion gives a significant number of clusters in ESI-MS (in vacuum), and probably in pure liquid. 

In contrast with the situation evidenced in imidazolium salts the increase in alkyl chain length 

does not reduce the ability to give clusters: in negative mode the sole anion was never detected 
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and larger clusters increase in percentages on going from [Mor1,6][N(CN)2] to [Mor1,9][N(CN)2]. 

It is noteworthy that [Mor1,5][N(CN)2]  and [Mor1,7][N(CN)2]  show also strong peaks (not 

reported in figure) due to clusters bearing double negative charges, C3A5
−2 and C5A7

−2. 

Therefore, the ESI-MS measurements support the indication arising from Walden plots; even 

long alkyl chains substituted methylmorpholinium salts give association phenomena.  

                     

Figure 2.4: Relative percentages of the more relevant peaks observed in the positive and 
negative ESI−MS spectra of [Mor1,n][N(CN)2] . 

2.3.6 Solvent Properties and Polarity 

Although a wide range of solvatochromic dyes has been used to estimate ILs’ polarity by 

comparison to well-known polarity scales based on molecular solvents,13 N
TE  and Kamlet-Taft 

parameters are probably the most extensively employed to classify ILs and molecular solvents.14 

Therefore, N
TE  and Kamlet-Taft parameters have been determined for ILs using Reichardt’s 
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betaine dye, N,N-diethyl-4-nitroaniline and 4-nitroaniline.15 Table 2.3 presents the ET(30), 

dipolarity/polarizability (π*),  hydrogen-bond acidity (α)  and hydrogen-bond basicity (β) values 

of the [Mor1,n][N(CN)2] salts. For comparison, the corresponding values of other three 

dicyanamide salts (1-butyl-3-methyl imidazolium dicyanamide, [bmim][N(CN)2] and methyl-

ethylpyrrolidinium dicyanamide, [emPyr][N(CN)2]) , N-pentyl(dabco) dicyanamide, 

[C5dabco][N(CN)2], and some molecular solvents have been inserted. At 25°C the polarities of 

[Mor1,n][N(CN)2] ILs, as expressed  by N
TE  values, are higher than those of acetone, acetonitrile 

and dimethylsulfoxide; however, they are slightly lower than those of the corresponding 

imidazolium salt ([bmim][N(CN)2]), water and methanol. On the other hand, π* parameters 

evidence a high dipolarity−polarizability; the values reported for these salts are higher than those 

of methanol and acetone and are close to that for water. [Mor1,n][N(CN)2] ILs show moreover a 

hydrogen bond acidity, as expressed by α parameter, significantly lower than that of 

[bmim][N(CN)2], but comparable to analogous pyrrolidinium- and N-alkyl dabco-based salts. 

Surely, the presence of an ether portion in the cationic core increases the polarity of the 

morpholinium salts with respect to the pyrrolidinium analogous; π* parameters of  

[Mor1,n][N(CN)2] ILs are higher than  those reported for all the other salts and they are 

practically unaffected by the alkyl chain length. At variance, this latter parameter affects both 

hydrogen bond acidity and basicity in an opposite way: α decreases and β increases. The β 

values for our ILs are close to those for methanol and acetone, evidencing a significant hydrogen 

bond basicity. Although β depends mainly on the nature of the anion a moderate cation effect can 

be envisaged. At 25 °C the β values for [Cndabco][N(CN)2] and [Mor1,n][N(CN)2] are lower than 

that of [bmim][N(CN)2], suggesting a correlation with the cation polarity and hydrogen bond 

acidity. Therefore, considering the behavior of the solvatochromic parameters for 

[Mor1,n][N(CN)2] and for the other dicyanamide-based ILs reported in Table 2.4, we can state 

that these measurements support the viscosity and conductivity data being in agreement with an 

increase in the interactions inside the IL on going from [empyr][N(CN)2] to [Mor1,n][N(CN)2], 

attributable at least partially to the effect of the oxygen on conformational rigid six-membered 

cation that increases the associated dipole. On the other hand, the elongation of the alkyl chain on 

morpholinium cation probably modifies the three-dimensional cation−anion network; thus, the 

anion basicity (β) increases as a consequence of the reduced interaction with the morpholinium 

cation(s). On the other hand, a reduced interaction among anions and cations on going from C2 

to longer alkyl chains may be unable to increase hydrogen bond acidity due to the steric effects 

of the alkyl chain that inhibit the interaction of the positively charged cation with the 

solvatochromic dye. The limited ionic conductivity of the morpholinium salts bearing longer 
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alkyl chains, despite their lower Coloumbic interactions between oppositely charged species 

suggested by the solvatochromic parameters, may be therefore attributed to the increased van der 

Waals interactions among the alkyl chains. These latter interactions may be fundamental for the 

formation of organized three-dimensional networks of cations and anions separated by unpolar 

regions due to the alkyl chain in this class of ILs, as the π−π interactions that contribute to the 

association in imidazolium and pyridinium salts is absent in the morpholinium salts.  

Table 2.4: Solvatochromic parameters of the [CnMor1,n][N(CN)2] 

Salt ET(30) 
N

TE  ππππ* αααα    ββββ    

[bmim][N(CN)2]
a,b 51.4 

0.639 
(0.629) 

1.05 
(1.13) 

0.51 
(0.46) 

Nd 
(0.70) 

[emPyr][N(CN)2]
a 48.7 0.556 1.03 0.37 Nd 

[C5dabco][N(CN)2]
c 48.4 0.546 1.11 0.31 0.55 

[Mor1,2][N(CN)2] 50.30 0.605 1.1193 0.4286 0.5065 

[Mor1,3][N(CN)2] 50.23 0.6027 1.1230 0.4214 0.4944 

[Mor1,4][N(CN)2] 49.48 0.5796 1.1161 0.3777 0.5308 

[Mor1,5][N(CN)2] 49.54 0.5814 1.1147 0.3814 0.5384 

[Mor1,6][N(CN)2] 49.59 0.5831 1.1158 0.3850 0.5461 

[Mor1,7][N(CN)2] 49.23 0.5719 1.1129 0.3637 0.5435 

[Mor1,8][N(CN)2] 49.11 0.5682 1.1144 0.3548 0.5449 

[Mor1,9][N(CN)2] 49.17 0.5701 1.1136 0.3593 0.5444 

Waterd 53.7e,f 1.000 1.13 1.12 0.50 

Methanold 55.4 g 0.760 0.73 1.05 0.61 

Acetoned 42.2e,f 0.350 0.70 0.20 0.54 

Acetonitriled 45.6 g 0.460 0.75 0.19 0.40 

DMSOd 45.1e,f,g 0.444 1.00 0.00 0.76 
            aFrom ref. 12.    b From ref. 16.    cFrom ref. 17.    dFrom ref. 18. eFrom ref. 19.  

            fFrom ref. 20.  gFrom ref. 21. 
 

2.3.7 Toxicity and Biodegradability 

In this chapter, we are reporting experimental data on the aquatic  toxicity and 

biodegradability of N-alkyl-N-methylmorpholinium(Morph)-based ILs as function of the 

alkyl chain length. Only few sporadic data of toxicity have been reported for 
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dialkylmorpholinium-based ILs.22,23,24  Recent studies have however shown that 

dicyanamide anion generally characterized by toxicity levels at least to aquatic species 

(algae and crostaceous) lower than analogous salts bearing other common anions, such as 

tetrafluoroborate and trifluoromethanesulfonate.25 

The hazard assessment on aquatic environment of the morpholinium series of ILs was 

estimated using the standard Microtox Acute Toxicity test system, determining the 

effective concentration at 50% to the marine bacterium Vibrio fischeri. Ultimate 

biodegradability was evaluated by the CO2 headspace test, using the test substances as the 

only source of carbon for the inoculated environmental microorganisms. CO2 headspace 

test and Microtox  bioassay (V. Fisheri) were carried out according to Pretti et al.26  

 

2.3.7.1 Toxicity 

V. Fischeri: acutetoxicity: The ecotoxicological test data are shown in Figure 2.5 

(expressed as log10 EC50/mM). DABCO- and morpholinium-based bromides, bearing the 

same alkyl side-chains as substituents on nitrogen, were characterized by similar EC50 

values. In the Figure 2.5 shown below the morpholinium bromide salts bearing various 

alkyl chains are compared with DABCO salts with the same corresponding alkyl chains. 

 
Figure 2.5: Acute toxicity (V. fisheri) values (EC50) for DABCO- and morpholinium-based  
ILs with different lateral chain lengths (C2−C10) after 30 mins of incubation. Results are 
expressed as average log10(EC50/M)±standard deviation (n=3). Dotted lines represent the 
EC50 values of parent compounds (DABCO and N-methylmorpholine). Results are 
expressed as average log10(EC50/M)±standard deviation (n=3). Significance, tested by 
oneway ANOVA, Tukey’s multiple comparison test (p<0.05), evidenced that each 
DABCO-bar significantly differs from the other DABCO-bars and that each 
morpholinium-bar significantly differs from the other morpholinium-bars. 

 



Chapter 2 
 

71 

Nevertheless, in both the series a strong correlation between toxicity and the alkyl side-

chain length was found; a monotonic decrease in EC50 values for the bioluminescence 

activity of V. fischeri with increasing chain length of ILs has been observed. The lowest 

EC50 values were 1.3±0.1 for both DABCO C10 and N-methylmorpholinium C10, 

corresponding to an EC50 of  app. 20±4.5 expressed as mM. The highest EC50 values were 

5.6±0.1 and 5.2±0.1 for DABCO C2 and N-methylmorpholinium C2, respectively. The 

corresponding values expressed as mM were 378.582±71 and 161.90±31 for DABCO C2 

and N-methylmorpholinium C2, respectively.  Parent compounds were also tested: the EC50 

were 2.4±0.4 and 3.8±0.2 for DABCO and N-methylmorpholine, respectively. The C2 

derivatives had higher EC50 comparatively to the parent compound. 

 

2.3.7.2 Biodegradability  
The biodegradability of morpholinium-based bromides was assessed by the CO2 headspace 

test. Concerning the sodium benzoate (reference substance) curve, a difference in the 

efficiency of biodegradation of about 10% was observed between filtered and not filtered 

samples, probably related to the occurrence of adsorption phenomena. Under the 

experimental conditions, the  reference substance reached the maximum level of 

biodegradation (90% in not filtered samples) between day 7 and day 14 and all 

biodegradation rates of tested ILs were referred as percentage of reference, as shown in 

Figure 2.6, below.  

 

Figure 2.6: Percentage of biodegradability calculated for morpholinium ILs with different 
lateral chain length (C2−C10). Observations were performed after 7, 14, 21 and 28 days 
from the inoculums. Experiments were carried out in triplicate, levels were reported as 
average data (n=3). 
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All investigated ILs showed a low percentage of biodegradation (<60%). The 

biodegradation trend showed that the higher percentage of biodegradation is reached 

between day 15 and day 21 after sampling. Morpholinium ILs showed a biodegradation 

efficiency lower than those of DABCO ILs: the percentage of biodegradation varied from 

30% (C2, day 28) to 3–5% (C6, C8 and C10, day 28). In this case, no significant 

differences were found as a function of the alkyl side chain on going from C6 to C10. 

Observed time trends related to the total dissolved organic carbon (TDC) measured in the 

experimental vials have been reported in Figure 2.7, below. Residual values higher than 

30% (day 28) were observed for morpholinium molecules. 

 
Figure 2.7: Percentage of total dissolved organic carbon (TDC) calculated for 
morpholinium ILs with different lateral chain length (C2−C10). Observations were 
performed at 0, 7, 14, 21 and 28 days from the inoculums. Experiments were carried out in 
triplicate, levels were reported as average data (n=3). 

 

      2.3.8 Discussion on Toxicity and Biodegradability 

About the acute toxicity towards V. fischeri, for morpholinium-based ILs an EC50 value of 

4.3 (expressed as log10 EC50/mM) was reported by Stolte etal.24 in the year 2007 for N-

methyl-N-butylmorpholinium bromide ([Mor1,4][Br]). This value is in agreement with our 

results giving an EC50 (expressed as log10 EC50/mM) of 4.7 for the same IL, although 

Stolte et al.24  in the year 2007 used a different detection method (LUMIS toxs). On the 

basis of the data represented in Figure 2.5, it is evident that the transformation of both 

DABCO and N-methylmorpholine into the corresponding  bromide salts bearing short alkyl 

chains reduces toxicity towards V. Fischeri except to C8 and C10. The comparison of the 
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EC50 values characterizing starting amines and the corresponding salts also shows that 

small amounts of the unreacted starting substrate (DABCO or N-methylmorpholine) cannot 

significantly affect toxicity of the corresponding salts. On the other hand, in agreement 

with the behavior already evidenced with other ILs (imidazolium, pyridinium, ammonium, 

pyrrolidinium, piperidinium and so on), a correlation between toxicity to V. fischeri and 

lipophilicity can be envisaged: toxicity increases on increasing the alkyl chain length. 

However, when ILs bearing alkyl chains of comparable length are considered, 

morpholinium-based ILs show toxicity towards V.fischeri significantly lower than 

imidazolium and pyridinium salts also referred in Stolte et al.24 in the year  2007). The 

investigated morpholinium-based ILs did not show high levels of ultimate 

biodegradability: mineralization in 28 days was for all examined ILs lower than 60%; 

consequently, none could be defined as ‘‘readily biodegradable’’. However, the values 

characterizing the morpholinium salts bearing the shortest alkyl chain (ethyl) were 

significantly higher than those found for other widely used imidazolium-, phosphonium- 

and  pyridinium-based ILs as referred in Pham et al.27 in the year 2010. Percentages of 

biodegradation around 35% have been reported only for imidazolium-based ILs containing 

an ester side group as shown in Harjani et al.28 2008, which is known to increase 

significantly the biodegradability. Infact, compared to the other ones there is a strong 

increase in the ultimate biodegradability from day 21 onwards. However, all the 

degradation patterns are included in a narrow range of total biodegradation and the 

observed effect could be considered as a natural fluctuation of the density of the microbial 

population. Concerning morpholinium, observed TDC values remained close to 60% till 

the end of the incubation. This behavior could be both due to differences in the equilibrium 

processes and due to the different efficiency of microbial population in the degradation of 

the dissolved fraction of the tested molecules. Nevertheless, it is noteworthy that in 

morpholinium-based ILs, at variance with previously investigated imidazolium salts, 

biodegradability does not increase on increasing alkyl chain length on going from butyl to 

octyl (C4–C8); consequently, the more biodegradable ILs are also less toxic to V. fischeri. 

This suggests the presence of peculiar sites of biodegradation attack with respect to alkyl 

substituted imidazolium, pyridinium and ammonium salts. Moreover, considering that in 

the case of C2 and C4 substituted salts the percentage of biodegradation corresponds to the 

organic carbon content present in sites of the head group near to the oxygen 

(morpholinium), the hypothesis that this heteroatom may direct biodegradation favoring the 

attack by mono-oxygenases can be advanced. On the other hand, in the case of 

morpholinium ILs bearing longer alkyl chains, the reduced contribution of the headgroup 
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carbons to the total amount of carbon and the possible biocidal effects could explain the 

lower biodegradation. 

 

2.3.9 Conclusion  
A series of N-alkyl-N-methylmorpholinium dicyanamides (alkyl = CnHn+1, n=2, 3, 4, 5, 6, 

7, 8 and 9) were synthesized starting from the corresponding bromides and characterized. 

All the dicyanamide salts were liquid at room temperature. Their physical properties such 

as density, viscosity and conductivity have been experimentally measured in a broad range 

of temperatures. Moreover, the absorption spectra of selected solvatochromic dyes in these 

ILs and electrospray mass spectra of these ILs in acetonitrile were measured to estimate the 

ion association, polarity and hydrogen-bonding interactions. The experimental results may 

contribute to a better understanding of the structure−property relationship of this type of 

fluid.  

In particular, these data show that morpholinium dicyanamides are characterized by a 

significant ability to give clusters (ESI-MS measurements). ESI-MS, solvatochromic and 

conductivity−viscosity measurements suggest that in the case of morpholinium salts 

bearing long alkyl chains on cation, this cluster ability is determined by the interaction 

between nonpolar alkyl chains whereas in the case of [Mor1,2][N(CN)2] Coulombic 

interactions determine the supermolecular assembly. Although at the moment we do not 

have data about the structural features of the resulting three-dimensional networks as 

function of the alkyl chain length, we hypothesize that the absence of π−π interactions, 

strongly contributing to the ion association in imidazolium and pyridinium salts, the van 

der Waals interactions between alkyl chains may become determinant to the cluster ability 

of these ILs based on non-aromatic cations. 
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Chapter 3 

Design and Development of Glyceryl-Substituted Ionic Liquids: Synthesis, 
Characterization and Temperature-Dependent Properties  

 

Abstract 

A series of new ionic liquids (ILs) has been prepared by introducing the 1,2-dihydroxypropyl 

(glyceryl) appendage in many quaternizable bases, including N-methylimidazole, N-

methylmorpholine, 1,2-dimethyl imidazole, N-methylpyrrolidine, N-methylpiperidine and 4-

hydroxy-1-methylpiperidine. The initially synthesized chloride salts were then converted to the 

corresponding dicyanamides as well as bistriflimides. Also the corresponding nitrate salt was 

prepared for pyrrolidinium-based IL. Density, viscosity, conductivity and polarity of these ILs 

were studied at different temperatures: N-methyl-N-glycerylpyrrolidinium dicyanamide, 

[Pyrr1,g][N(CN)2], has the lowest viscosity and highest conductivity among all the studied 

glyceryl-substituted ILs, in the investigated temperature range. The polarity of these ILs covers a 

rather wide range and is strongly anion-dependent. Changes in Kamlet−Taft parameters 

(dipolarity/polarizability (π*), hydrogen-bond donor acidity (α) and hydrogen-bond basicity (β)) 

with temperature show interesting trends. 

3.1 Introduction 

There are few doubts that in this moment ionic liquids (ILs) show enormous potential as reaction 

media characterized by unusual and improved properties with respect to many molecular 

solvents.1 Surely, the fact that they are composed of ions alone and are still liquid at ambient 

conditions has been reason enough to evoke the initial curiosity among researchers. But, the 

option of fine-tuning the physico-chemical properties by an appropriate choice of cations and 

anions is the fact that has stimulated much of the current excitement with respect to these 

compounds, which are consequently defined as “designer solvents”.2 However, for a rational 

application of ILs that arises from a careful selection of the optimal anion−cation combination 

for each application, it is fundamental to know the solvent properties of this extremely large class 

of compounds and how these properties change on changing IL structure. Most published work 

has focused on ILs containing imidazolium cations. For these ILs, for example, it is generally 

reported that polarity is close to that of short-chained alcohols. Some parameters characterizing 

ILs such as [emim][Tf2N] and [bmim][Tf2N] are comparable to those of 2-butanol but this 
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statement cannot be generalized; also for imidazolium salts polarity depends on anion and 

eventually on the substituents present on the cation.3,4,5 A careful selection of an appropriate  

solvent for a reaction under study requires however a good and quantitative classification of the 

solvent polarity. In a pioneeristic approach, Stobbe6 divided the solvents into two groups 

according to their ability to isomerize tautomeric compounds. To some extent, his classification 

reflects the modern division of solvents into hydrogen-bond donor (HBD, protic) solvents and 

non-hydrogen-bond donor (non-HBD, aprotic) solvents.  

However, the ability of the medium to interact with dissolved species, i.e. the solvent polarity, is 

generally quantitatively evaluated using the so-called solvatochromic dyes or probes. It has long 

been known that UV/Vis/near-IR absorption spectra of chemical compounds may be influenced 

by the surrounding medium and that solvents can bring about a change in the position, intensity 

and shape of the absorption bands.7,8 Hantzschlater termed this phenomenon solvatochromism. A 

hypsochromic (or blue) shift of the UV/Vis/near-IR absorption band with increasing solvent 

polarity is usually called “negative solvatochromism”. The corresponding bathochromic (or red) 

shift with increasing solvent polarity is termed “positive solvatochromism”. Obviously, 

solvatochromism is caused by differential solvation of the ground and first excited state of the 

light-absorbing molecule (or its chromophore): if, with increasing solvent polarity, the ground-

state molecule is better stabilized by solvation than the molecule in the excited state, negative 

solvatochromism will result. Or vice versa, better stabilization of the molecule in the first excited 

state relative to that in the ground state, with increasing solvent polarity, will lead to positive 

solvatochromism. In this context, “first excited state” means the so-called Franck-Condon 

excited state with the solvation pattern present practically in the same position of the ground 

state. Since the time required for a molecule to get electronically excited is much shorter than 

that required to execute vibrations or rotations, the nuclei of the absorbing entity (i.e., absorbing 

molecule + solvation shell) do not appreciably alter their positions during an electronic transition 

(Franck-Condon principle).9 In this context, the solvatochromism observed depends on the 

chemical structure and physical properties of the chromophore and the solvent molecules, which, 

for their part, determine the strength of the intermolecular solute−solvent interactions in the 

equilibrium ground state and the Franck-Condon excited state. Surely, depending on the 

solute−solvent interaction(s), a solubilizing medium may exert a profound effect on the 

electronic transition of a solute. In solvatochromic absorbance and fluorescence probes, such 

changes in electronic transitions are systematic with respect to some property of the medium. 

Many of such properties, e.g., dipolarity/polarizability, dipolarity, static dielectric constant, 

hydrogen-bond donating (HBD) acidity, hydrogen-bond accepting (HBA) basicity, etc., are  
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readily manifested through molecular absorbance or fluorescence spectra of a variety of 

solvatochromic probes.10,11,12,13 

Although the changes in absorbance and/or fluorescence of a solvatochromic probe with solvent 

structure can be considered a direct consequence of the changes in nonspecific and specific 

solute−solvent interactions, also modifications in the properties of the milieu, as a result of 

changing conditions, for e.g. change in temperature and/or pressure, can affect the spectroscopic 

property of a solvatochromic dye. Surely, temperature has a profound effect on the physico-

chemical properties of a liquid and these latter affect the ability of the solvent to interact with a 

dye.14  

The temperature dependence of polarity parameters or “thermosolvatochromism” is a property 

reported both in molecular solvents and ILs, however, the temperature effect on the 

solvatochromic shift in ILs is generally much more pronounced and therefore it is more easily 

evaluable. Recently, El Seoud et al. 15 have investigated the thermosolvatochromism in binary 

mixtures of water and ILs (1-allyl-3-alkylimidazolium chlorides) to assess the relative 

importance of solute−solvent solvophobic interactions. Previously, the same group had reported 

thermosolvatochromic behavior of certain dyes in aqueous [bmim][BF4] and compared it with 

behaviors of aqueous alcohols in the temperature range 10−60°C.16 An earlier report on 

thermosolvatochromic behavior of chloro-nickel complexes in 1-hydroxyalkyl-3-

methylimidazolium cation based ILs suggested changes in the structure of the complex as the 

temperature was changed.17 Interesting results were found also by Kumar et al.14 by contrasting 

thermosolvatochromic trends in three series of ILs in the temperature range 298−353 K. The 

temperature-dependent polarity of [bmim][PF6] was studied by Baker et al.1k emphasizing that 

HBD strength of imidazolium cation was strongly temperature-dependent but HBA abilities were 

weak functions of temperature and added water. Also Shruti Trivedi et al.18 in the year 2010, 

showed temperature-dependent behavior of solvatochromic probes within [bmim][PF6], 

[bmim][BF4], and aqueous mixtures of [bmim][BF4] is found to depend on the identity of the 

probe. 

At variance with dialkyl-substituted imidazolium salts, the solvents properties of functionalized 

ILs have been only marginally investigated. However, it has been shown that ILs bearing an 

hydroxyl group on cation (hereafter as hydroxyl ILs), which were first reported by Branco et 

al.,19 endow classical ILs with useful polarity/solvation properties, and could replace traditional 

alcohols in certain applications. Hydroxyl ILs was found to play an important role on the  
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reaction. For example, addition of less than 1% hydroxyl ILs was sufficient to enhance the 

enzyme activity by a factor of up to 4 and also to increase the enantioselectivity of the reaction.20 

Diels-Alder reactions sensitive to polarity processed in 1-methyl-3-hydroxyethylimidazolium 

bistriflimide, [HOEMIm][Tf2N], produced a much higher endo/exo ratio as compared to other 

ILs.21 Hydroxyl ILs were also suggested as an excellent stabilizer for the synthesis of 

nanostructure material.22 For example, Rh nanoparticles can be readily synthesized and stabilized 

in hydroxyl containing ILs as compared to non-functionalized ILs, providing an effective and 

highly stable catalytic system for biphasic hydrogenation reactions. The hydroxyl group in ILs is 

more effective than those in water and alcohols to coordinate with the metal ion in the octahedral 

configuration.23 However, despite their extensive application of hydroxyl ILs and the large 

number of studies published in the past few years, some of their unique properties remain poorly 

understood, and little has been conducted to explore the relationship between ILs structure and 

solvent polarity.24 

During the course of this PhD thesis, a series of new ILs has been prepared by introducing the 

1,2-propanyldiol group in many quaternizable bases, including N-methylimidazole, N-

methylmorpholine, 1,2-dimethylimidazole, N-methylpyrrolidine, N-methylpiperidine and 4-

hydroxy-1-methylpiperidine. The physico-chemical and solvent properties for each of them by 

changing their counter anions to bistriflimide, [Tf2N]− and dicyanamide, [N(CN)2]
− were studied.  

3.2 Materials and Methods: 

3.2.1 Preparation of N-glyceryl-N-methylpyrrolidinium chloride [Pyrr1,g][Cl] 

26.58 g of 3-chloro-1,2-propanediol (Acros-99%) was added dropwise over 1 h to a solution of 

20.05 g of N-methylpyrrolidine (Acros-98%) in 100 ml of acetonitrile (J.T. Baker, Deventer, 

Holland) while stirring vigorously, and N2 was bubbled through the solution. The mixture was 

refluxed for 4.5 days at 70°C. The molten salt was decanted, washed three times with 100 ml of 

acetone, and dried on a rotovapor for 1 h at 45°C under low pressure. The product was dried in 

vacuum. If the product was found to have traces of brown or yellowish color, then it was washed 

again with acetone and recrystallized in acetone. A crystalline white solid was obtained and the 

product yield was 75%. Tm=100±2°C. 
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1H NMR (250 MHz, D2O) δ in ppm=4.28 (p, J=5.71 Hz, 1H, CH3-N
+-CH2-CH(OH)-CH2(OH) ); 

3.36-3.63 (m, 4H, CH2-N
+-CH2) ; 3.15 (s, 3H, CH3-N

+-CH2- CH(OH)-CH2(OH)); 3.36-3.63 (m, 

4H, CH3-N
+-CH2- CH(OH)-CH2(OH)); 2.23 (m, 4H, -CH2-CH2-N+-CH2-CH2-). 

13C NMR (63 MHz, D2O): δ in ppm= 20.48 (-CH2-CH2-N
+-CH2- CH2-); 21.31 (-CH2-CH2-N

+-

CH2- CH2-); 63.56 (CH2-N
+-CH2) ; 65.51, 65.79 (CH3-N

+-CH2- CH(OH)-CH2(OH)); 48.46 

(CH3-N
+-CH2- CH(OH)-CH2(OH)); 66.68 (-CH2-CH2-N

+-CH2- CH(OH)-CH2(OH)). 

3.2.2 Preparation of 1-glyceryl-2,3-dimethylimidazolium chloride [DMI1,g][Cl] 

31.16 g of 3-chloro-1,2-propanediol (Acros-99%) was added dropwise over 1 h to a solution of 

27.1 g of dimethylimidazole (Aldrich-98%) in 100 ml of acetonitrile (J.T. Baker, Deventer, 

Holland) while stirring vigorously, and N2 was bubbled through the solution. The mixture was 

refluxed for 4.5 days at 70°C. The molten salt was decanted, washed three times with 100 ml of 

acetone, and dried on a rotovapor for 1 h at 45°C under low pressure. The product was dried in 

vacuum. If the product was found to have traces of brown or yellowish color, then it was washed 

again with acetone and recrystallized in acetone. A crystalline white solid was obtained and the 

product yield was 69%. Tm= 115±2°C. 

1H NMR (250 MHz, D2O) δ in ppm= 2.80 (s, 3H, +N=C-CH3); 3.84 (s, 2H, C-N-CH2-CH(OH)-

CH2(OH) ); 3.98 (s, 3H CH-N-CH3); 4.29 (m, 1H, CH-N-CH2-CH(OH)-CH-H(OH)); 4.35 (m, 

1H, CH-N-CH2-CH(OH)-CH-H(OH)); 4.46 (m, 1H, CH-N-CH2-CH(OH)-CH2(OH)); 7.55 (M, 

2H, N-CH=CH-N). 

13C NMR (63 MHz, D2O): δ in ppm= 6.79 (CH3-N
+-C-CH3); 32.34 (=C-N+-CH2-CH(OH)-

CH2(OH)); 47.97 (N+-CH3); 60.08 (=C-N+-CH2-CH(OH)-CH2(OH)); 67.79 (=C-N+-CH2-

CH(OH)-CH2(OH)); 118.99, 119.92 (CH=CH). 

3.2.3 Preparation of N-glyceryl-N-methylpiperidinium chloride [Pip1,g][Cl]  

22.74 g of 3-chloro-1,2-propanediol (Acros-99%) was added dropwise over 1 h to a solution of 

20.4 g of N-methylpiperidine (Aldrich-99%) in 100 ml of acetonitrile (J.T. Baker, Deventer, 

Holland) while stirring vigorously, and N2 was bubbled through the solution. The mixture was  
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refluxed for 4.5 days at 70°C. The molten salt was decanted, washed three times with 100 ml of 

acetone, and dried on a rotovapor for 1 h at 45°C under low pressure. The product was dried in 

vacuum. If the product was found to have traces of brown or yellowish color, then it was washed 

again with acetone and recrystallized in acetone. A crystalline white solid was obtained and the 

product yield was 95%. Tm=115±2°C. 

1H NMR (250 MHz, D2O) δ in ppm=1.61-1.68 (m, 2H, -CH2-CH2-CH2-N
+-CH2-CH(OH)-

CH2(OH) ); 1.85-1.87 (m, 4H, CH2-CH2-N
+-CH2-CH2); 3.13 (s, 3H, CH3-N

+-CH2- CH(OH)-

CH2(OH)); 3.41−3.56 (m, 4H, CH3-N
+-CH2- CH(OH)-CH2(OH)); 3.41−3.56 (m, 4H, -CH2-CH2-

N+-CH2- CH2-); 4.26 (p, J =5.4, 1H, -CH2-CH2-N
+-CH2-CH2-). 

13C NMR (63 MHz, D2O): δ in ppm= 48.91 (-CH2-N
+-CH3); 20.34 (CH3-N

+-CH2-CH2-CH2-

CH2-); 63.63 (CH3-N
+-CH2-CH2-CH2-); 64.91 (CH3-N

+-CH2-CH2-CH2-); 65.63 (CH3-N
+-CH2-

CH(OH)-CH2(OH) ); 19.50 (CH3-N
+-CH2-CH2-CH2-CH2-CH2-); 62.02 (CH3-N

+-CH2-CH(OH)-

CH2(OH)). 

3.2.4 Preparation of 1-glyceryl-1-methyl-4-hydroxypiperidinium chloride [FHMPip1,g][Cl] 

23.47 g of 3-chloro-1,2-propanediol (Acros-99%) was added dropwise over 1 h to a solution of 

24.43 g of N-methyl-4-hydroxy piperidinium chloride (Acros-98%) in 100 ml of acetonitrile (J.T. 

Baker, Deventer, Holland) while stirring vigorously, and N2 was bubbled through the solution. 

The mixture was refluxed for 4.5 days at 70°C. The molten salt was decanted, washed three 

times with 100 ml of acetone, and dried on a rotovapour for 1 h at 45°C under low pressure. The 

product was dried in vacuum. The product was dissolved in ethanol to obtain the pure compound. 

The product obtained was a brown solid which is little sticky to the glass. The product yield was 

85%. Tm=110±2°C. 

1H NMR (250 MHz, D2O) δ in ppm=2.176 (m, 2H, OH-CH-CH2-CH2-N
+-CH3); 2.37 (m, 2H, 

OH-CH-CH2-CH2-N
+-CH3); 3.57 (s, 3H, CH3-N

+-CH2-CH(OH)-CH2(OH)); 3.65−3.74 (m, 8H, 

(CH2)2-N
+-CH2-CH(OH)-CH2(OH)); 3.78 (m, 1H, CH3-N

+-CH2-CH(OH)-CH2(OH)); 3.80 (m, 

1H, CH2-CH(OH)-CH2-CH2-). 

13C NMR (63 MHz, D2O): δ in ppm=24.39, 24.55 (-CH2-CH(OH)-CH2-); 46.05 (CH3-N
+-CH2-

CH(OH)-CH2(OH)); 55.76, 56.10, 56.45 ((CH2)2-N
+-CH2-CH(OH)-CH2(OH)); 59.47 (CH3-N

+-

CH2-CH(OH)-CH2(OH)); 60.98 (CH3-N
+-CH2-CH(OH)-CH2(OH)); 63.15 ((-CH2-CH(OH)-

CH2-).  
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3.2.5 Preparation of N-glyceryl-N-methylmorpholinium chloride [Mor1,g][Cl] 

33.05 g of 3-chloro-1,2-propanediol (Acros-99%) was added dropwise over 1 h to a solution of 

30.24 g of N-methylmorpholine (Acros-99%) in 100 ml of acetonitrile (J.T. Baker, Deventer, 

Holland) while stirring vigorously, and N2 was bubbled through the solution. The mixture was 

refluxed for 4.5 days at 70°C. The molten salt was decanted, washed three times with 100 ml of 

acetone, and dried on a rotovapor for 1 h at 45°C under low pressure. The product was dried in 

vacuum. If the product was found to have traces of brown or yellowish colour, then it was 

washed again with acetone and recrystallized in acetone. A crystalline white solid was obtained 

and the product yield was 75%. Tm=137±2°C. 

1H NMR (250 MHz, D2O) δ in ppm=3.31 (s, 3H, CH2-N
+-CH3); 4.34 (p, 1H, CH3-N

+-CH2-

CH(OH)-CH2(OH)); 3.60 (m, 8H, (CH2)2-N
+-CH2-CH(OH)-CH2(OH)); 4.05 (m, 4H, -CH2-O-

CH2-). 

13C NMR (63 MHz, D2O): δ in ppm= 47.8 (-CH2-N
+-CH3); 63.06 (-CH2-O-CH2-); 59.90 (CH3-

N+-CH2-CH(OH)-CH2(OH)); 60.11 (-CH2-N
+-CH2); 60.51 (CH3-N

+-CH2-CH(OH)-CH2(OH)); 

65.83 (CH3-N
+-CH2-CH(OH)-CH2(OH)). 

3.2.6 Preparation of N-glyceryl-N-methylimidazolinium chloride [MIM1,g][Cl] 

34.67 g of 3-chloro-1,2-propanediol (Acros-99%) was added dropwise over 1 h to a solution of 

25.75 g of N-methylimidazole in 100 ml of acetonitrile (J.T. Baker, Deventer, Holland) while 

stirring vigorously, and N2 was bubbled through the solution. The mixture was refluxed for 4.5 

days at 70°C. A colorless viscous liquid was formed which was decanted, washed three times 

with 100 ml of acetone, and dried on a rotovapor for 1 h at 45°C under low pressure. The product 

was dried in vacuum. The product yield was 75%.  

1H NMR (250 MHz, D2O) δ in ppm= 3.3 (m, 1H, -N+-CH2-CH(OH)-CH2-OH); 3.68 (m, 2H, -

N+-CH2-CH(OH)-CH2-OH); 3.88 (m, 2H, -N+-CH2-CH(OH)-CH2-OH); 3.63 (s, 3H, -N+-CH3); 

6.76 (s, 1H, N-CH=CH-N+-); 6.84 (s, 1H, N-CH=CH-N+-); 7.29 (s, 1H, -N+=CH-N-CH3). 

13C NMR (63 MHz, D2O): δ in ppm= 53.9 (-N+-CH2-CH(OH)-CH2-OH); 68.1 (-N+-CH2-

CH(OH)-CH2-OH); 74.4 (-N+-CH2-CH(OH)-CH2-OH); 46.8 (=HC-N-CH3); 126.2 (CH3-N-

CH=CH-N+); 143.4 (+N=CH-N-CH3). 
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Figure 3.1: Structures of glyceryl-substituted chloride derivatives. 3.1(a) [MIM 1,g][Cl]; ( b) 
[DMI 1,g][Cl]; ( c) [Pyrr1,g][Cl]; ( d) [Pip1,g][Cl]; ( e) [FHMPip1,g][Cl] and (f) [Mor1,g][Cl]. 

3.2.7 Preparation of N-methyl-N-glycerylpyrrolidinium dicyanamide ([Pyrr1,g][N(CN)2]) 

To a colorless solution of [Pyrr1,g][N(CN)2] (15.00 g, 0.07665 mol) in water (100 ml) 0.07818 

mol of silver dicyanamide (white solid, freshly prepared from AgNO3 and NaN(CN)2 in water) 

was added. The mixture was stirred for 3 h at 40°C. After cooling at room temperature the 

precipitate was filtered off, washed with water (2×10 ml) and the resulting colorless aqueous 

solution (approximately 200 ml) was heated to 70°C under vacuum for 1 h to remove the water. 

The colorless liquid was dissolved in anhydrous acetone (Carlo Erba reagents, HPLC grade, 200 

ml), and the solution was cooled at −20°C for 48 h. This was done to remove any silver salts if 

present. The silver salts were filtered on a glass filter (porosity 5) containing two different 

powdered layers of 1 cm each:- celite (lower layer) and decolorizing charcoal (upper layer). The 

solvent was removed under vacuum (2×10-3 mm Hg, 80°C, 6 h) to give the pure colorless IL. 

The product yield was 82%. 

1H NMR (250 MHz, D2O) δ in ppm=2.23, 2.22 (m, 4H, -CH2-CH2-CH2-CH2- ); 3.24 (s, 3H, 

CH3-N
+-CH2- CH(OH)-CH2(OH)); 3.38−3.63 (m, 8H, (CH2)2-N

+-CH2- CH(OH)-CH2(OH)); 

4.21 (m, 1H, CH3-N
+-CH2- CH(OH)-CH2(OH)). 

13C NMR (63 MHz, D2O): δ in ppm= 17.54, 18.38 (-CH2-CH2-N
+-CH2- CH2-); 63.56 (CH2-N

+-

CH2) ; 62.84, 62.56 (CH3-N
+-CH2- CH(OH)-CH2(OH)); 60.60 (-CH2-N

+-CH2-); 45.46 (CH3-N
+-

CH2- CH(OH)-CH2(OH)); 63.72 (-CH2-CH2-N
+-CH2- CH(OH)-CH2(OH)); 116.95 (N(CN)2). 
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3.2.8 Preparation of 1-glyceryl-2,3-dimethylimidazolium dicyanamide [DMI1,g][N(CN)2]  

To a colorless solution of [DMI1,g][Cl] (15.00 g, 0.0726 mol) in water (100 ml) 0.07403 mol of 

silver dicyanamide (white solid, freshly prepared from AgNO3 and NaN(CN)2 in water) was 

added. The same procedure like the one of [Pyrr1,g][N(CN)2] was repeated. The product yield 

was 76%. 

1H NMR (250 MHz, D2O) δ in ppm= 2.63 (s, 3H, +N=C-CH3); 3.65 (m, 2H, C-N-CH2-CH(OH)-

CH2(OH) ); 3.81 (s, 3H CH-N-CH3); 4.04 (m, 1H, CH-N-CH2-CH(OH)-CH-H(OH)); 4.12 (m, 

1H, CH-N-CH2-CH(OH)-CH-H(OH)); 4.34 (m, 1H, CH-N-CH2-CH(OH)-CH2(OH)); 7.39 (m, 

2H, N-CH=CH-N). 

13C NMR (63 MHz, D2O): δ in ppm= 6.23 (CH3-N
+-C-CH3); 31.80 (=C-N+-CH2-CH(OH)-

CH2(OH)); 47.44 (N+-CH3); 59.56 (=C-N+-CH2-CH(OH)-CH2(OH)); 67.21 (=C-N+-CH2-

CH(OH)-CH2(OH)); 118.47, 119.37 (CH=CH); 118.13 (N(CN)2). 

3.2.9 Preparation of N-glyceryl-N-methylpiperidinium dicyanamide [Pip1,g][N(CN)2] 

To a colorless solution of [Pip1,g][Cl] (15.00 g, 0.07153 mol) in water (100 ml) 0.07296 mol of 

silver dicyanamide (white solid, freshly prepared from AgNO3 and NaN(CN)2 in water) was 

added. The same procedure like the one of [Pyrr1,g][N(CN)2] was repeated. The product yield 

was 87%. 

1H NMR (250 MHz, D2O) δ in ppm=1.67−1.75 (p, J= Hz, 2H, -CH2-CH2-CH2-N
+-CH2-

CH(OH)-CH2(OH) ); 1.92−1.94 (m, 4H, CH2- CH2-N
+- CH2-CH2) ; 3.19 (s, 3H, CH3-N

+-CH2- 

CH(OH)-CH2(OH)); 3.36−3.59 (m, 4H, CH3-N
+-CH2- CH(OH)-CH2(OH)); 3.36−3.59 (m, 4H, -

CH2-CH2-N
+-CH2- CH2-); 4.31 (p, 1H, -CH2-CH2-N

+-CH2-CH(OH)-CH2OH). 

13C NMR (63 MHz, D2O): δ in ppm= 45.99 (-CH2-N
+-CH3); 16.65 (CH3-N

+-CH2-CH2-CH2-

CH2-); 63.63 (CH3-N
+-CH2-CH2-CH2-); 64.91 (CH3-N

+-CH2-CH2-CH2-); 65.63 (CH3-N
+-CH2-

CH(OH)-CH2(OH) ); 19.50 (CH3-N
+-CH2-CH2-CH2-CH2-CH2-); 62.02 (CH3-N

+-CH2-CH(OH)-

CH2(OH)). 
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3.2.10 Preparation of 1-glyceryl-1-methyl 4-hydroxypiperidinium dicyanamide 

[FHMPip1,g][N(CN)2] 

To a colorless solution of [FHMPip1,g][Cl] (20 g, 0.08861 mol) in water (100 ml) 0.09038 mol of 

silver dicyanamide (white solid, freshly prepared from AgNO3 and NaN(CN)2 in water) was 

added. The same procedure like the one of [Pyrr1,g][N(CN)2] was repeated. The product yield 

was 69%. 

1H NMR (250 MHz, D2O) δ in ppm=1.91−1.98 (m, 2H, OH-CH-CH2-CH2-N
+-CH3); 2.14−2.21 

(m, 2H, OH-CH-CH2-CH2-N
+-CH3); 3.24 (s, 3H, CH3-N

+-CH2-CH(OH)-CH2(OH)); 3.42−3.71 

(m, 8H, (CH2)2-N
+-CH2-CH(OH)-CH2(OH)); 4.05−4.09 (m, 1H, CH3-N

+-CH2-CH(OH)-

CH2(OH)); 4.30−4.33 (m, 1H, CH2-CH(OH)-CH2-CH2-). 

13C NMR (63 MHz, D2O): δ in ppm=24.16, 24.30 (-CH2-CH(OH)-CH2-); 45.76 (CH3-N
+-CH2-

CH(OH)-CH2(OH)); 55.79, 55.80, 55.82 ((CH2)2-N
+-CH2-CH(OH)-CH2(OH)); 59.27 (CH3-N

+-

CH2-CH(OH)-CH2(OH)); 60.70 (CH3-N
+-CH2-CH(OH)-CH2(OH)); 62.91 ((-CH2-CH(OH)-

CH2-); 116.91 (N(CN)2). 

3.2.11 Preparation of N-glyceryl-N-methylmorpholinium dicyanamide ([Mor1,g][N(CN)2]) 

To a colorless solution of [Mor1,g][Br] (15.00 g, 0.07085 mol) in water (100 ml) 0.07228 mol of 

silver dicyanamide (white solid, freshly prepared from AgNO3 and NaN(CN)2 in water) was 

added. The same procedure like the one of [Pyrr1,g][N(CN)2] was repeated. The product yield 

was 83%. 

1H NMR (250 MHz, D2O) δ in ppm=3.34 (s, 3H, CH2-N
+-CH3); 4.31−4.40 (p, 1H, CH3-N

+-CH2-

CH(OH)-CH2(OH)); 3.57−3.71 (m, 8H, (CH2)2-N
+-CH2-CH(OH)-CH2(OH)); 4.08 (m, 4H, -

CH2-O-CH2-).
 

13C NMR (63 MHz, D2O): δ in ppm= 45.27 (-CH2-N
+-CH3); 60.60 (-CH2-O-CH2-); 57.43 (CH3-

N+-CH2-CH(OH)-CH2(OH)); 57.65 (-CH2-N
+-CH2); 58.05 (CH3-N

+-CH2-CH(OH)-CH2(OH)); 

63.40 (CH3-N
+-CH2-CH(OH)-CH2(OH)); 116.97 (N(CN)2). 

3.2.12 Preparation of 1-glyceryl-3- methylimidazolium dicyanamide [MIM1,g][N(CN)2]) 

To a colorless solution of [MIM1,g][Cl] (15.00 g, 0.07787 mol) in water (100 ml) 0.07942 mol of 

silver dicyanamide (white solid, freshly prepared from AgNO3 and NaN(CN)2 in water) was 
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added. The same procedure like the one of [Pyrr1,g][N(CN)2] was repeated. The product yield 

was 72%. 

 
Figure 3.2: Structures of glyceryl-substituted N(CN)2 derivatives. 3.2(a) [MIM 1,g][N(CN)2]; (b) 
[DMI 1,g][N(CN)2]; (c) [Pyrr1,g][N(CN)2]; (d) [FHMPip1,g][N(CN)2]; (e) [Mor1,g][N(CN)2] and (f) 
[Pip1,g][N(CN)2]. 

 

3.2.13 Preparation of N-methylpyrrolidinium bistriflimide ( [Pyrr1,g][Tf2N]) 

To a colorless solution of [Pyrr1,g][Cl] (15.00 g, 0.07665 mol) in water (100 ml) equimolar 

amount of LiTf2N (io-li-tec) in 50 ml of water was added. The mixture was stirred for 3 h at 

40°C. Immediately two separate layers were obtained. The product being more denser than water 

formed the lower layer. The product was not soluble in CH2Cl2 as well as acetone and three 

layers were formed when CH2Cl2, water and IL was kept in the separating funnel as shown in 

Figure 3.4, below. The water was taken at each interval after a wash and AgNO3 test was 

performed to check the presence of halide. The IL was washed 5 times to obtain a colourless 

transparent solution after AgNO3 test. The pictures of the 5 washes are shown below in Figure 

3.5. The lowest part i.e. the desired IL was collected. It was dried in rotary at 40°C under vacuum 

for 1 hr. The colourless liquid was dissolved in anhydrous acetonitrile (Carlo Erba reagents, 

HPLC grade, 200 ml), and the solution was cooled at −20°C for 48 h. This was done to remove 

any halide salt (LiCl), if present, and this made the IL completely pure. The lithium salts were 

filtered on a glass filter (porosity 5) containing two different powdered layers of 1 cm each:- 

celite (lower layer) and decolourizing charcoal (upper layer). Charcoal was added only in case if 

the IL were brown or yellow coloured. The solvent was removed under vacuum (2x10−3 mm Hg, 

80°C, 6h) to give the pure colourless IL. The product yield was 82%. 
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1H NMR (250 MHz, CD3CN) δ in ppm=4.22 (p, J=5.71 Hz, 1H, CH3-N
+-CH2-CH(OH)-

CH2(OH) ); 3.29−3.58 (m, 4H, CH2-N
+-CH2) ; 3.17 (s, 3H, CH3-N

+-CH2- CH(OH)-CH2(OH)); 

3.29−3.58 (m, 4H, CH3-N
+-CH2- CH(OH)-CH2(OH)); 2.28 (m, 4H, -CH2-CH2-N+-CH2-CH2-). 

13C NMR (63 MHz, D2O): δ in ppm= 20.48 (-CH2-CH2-N
+-CH2- CH2-); 21.31 (-CH2-CH2-N

+-

CH2- CH2-); 63.56 (CH2-N
+-CH2) ; 65.51, 65.79 (CH3-N

+-CH2- CH(OH)-CH2(OH)); 48.46 

(CH3-N
+-CH2- CH(OH)-CH2(OH)); 66.68 (-CH2-CH2-N

+-CH2- CH(OH)-CH2(OH)), 122 (Tf2N). 

3.2.14 Preparation of 1-glycerol-2,3-dimethylimidazolium bistriflimide [DMI1,g][Tf2N] 

To a colorless solution of [DMI1,g][Cl] (10.00 g, 0.04816 mol) in water (100 ml) an equimolar 

amount of LiTf2N (io-li-tec) in 50 ml of water was added. The same procedure like in case of 

[Pyrr1,g][Tf 2N] was carried out. The product yield was 69%. 

1H NMR (250 MHz, D2O) δ in ppm= 2.80 (s, 3H, +N=C-CH3); 3.84 (s, 2H, C-N-CH2-CH(OH)-

CH2(OH) ); 3.98 (s, 3H CH-N-CH3); 4.29 (m, 1H, CH-N-CH2-CH(OH)-CH-H(OH)); 4.35 (m, 

1H, CH-N-CH2-CH(OH)-CH-H(OH)); 4.46 (m, 1H, CH-N-CH2-CH(OH)-CH2(OH)); 7.55 (m, 

2H, N-CH=CH-N). 

13C NMR (63 MHz, D2O): δ in ppm= 6.23 (CH3-N
+-C-CH3); 31.80 (=C-N+-CH2-CH(OH)-

CH2(OH)); 47.44 (N+-CH3); 59.56 (=C-N+-CH2-CH(OH)-CH2(OH)); 67.21 (=C-N+-CH2-

CH(OH)-CH2(OH)); 118.47, 119.37 (CH=CH); , 122 (Tf2N). 

3.2.15 Preparation of N-glyceryl-N-methylpiperidinium bistriflimide [Pip1,g][Tf2N]  

To a colorless solution of [Pip1,g][Cl] (15.00 g, 0.07665 mol) in water (100 ml) an equimolar 

amount of LiTf2N (io-li-tec) in 50 ml of water was added. The same procedure like the one of 

[Pyrr1,g][Tf 2N] was carried out. The product yield was 73%.  

1H NMR (250 MHz, D2O) δ in ppm=1.67−1.75 (p, J= Hz, 2H, -CH2-CH2-CH2-N
+-CH2-

CH(OH)-CH2(OH) ); 1.92−1.94 (m, 4H, CH2- CH2-N
+- CH2-CH2) ; 3.19 (s, 3H, CH3-N

+-CH2- 

CH(OH)-CH2(OH)); 3.36−3.59 (m, 4H, CH3-N
+-CH2- CH(OH)-CH2(OH)); 3.36−3.59 (m, 4H, -

CH2-CH2-N
+-CH2- CH2-); 4.31 (p, 1H, -CH2-CH2-N

+-CH2-CH(OH)-CH2OH). 

13C NMR (63 MHz, D2O): δ in ppm= 45.99 (-CH2-N
+-CH3); 16.65 (CH3-N

+-CH2-CH2-CH2-

CH2-); 63.63 (CH3-N
+-CH2-CH2-CH2-); 64.91 (CH3-N

+-CH2-CH2-CH2-); 65.63 (CH3-N
+-CH2-
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CH(OH)-CH2(OH) ); 19.50 (CH3-N
+-CH2-CH2-CH2-CH2-CH2-); 62.02 (CH3-N

+-CH2-CH(OH)-

CH2(OH)), 122 (Tf2N). 

 3.2.16 Preparation of N-glyceryl-N-methyl 4-hydroxypiperidinium bistriflimide 

[FHMPip1,g][Tf2N] 

To a colorless solution of [FHMPip1,g][Cl] (13.05 g, 0.0578 mol) in water (100 ml) an equimolar 

amount of LiTf2N (io-li-tec) in 50 ml of water was added. The same procedure like the one of 

[Pyrr1,g][Tf 2N] was carried out. The product yield was 55%. It was a hard sticky liquid. 

3.2.17 Preparation of N-glyceryl-N-methylmorpholinium bistriflimide ([Mor1,g][Tf2N]) 

To a colourless solution of [Mor1,g][Cl] (15.00 g, 0.0708 mol) in water (100 ml) an equimolar 

amount of LiTf2N (io-li-tech) in 50 ml of water was added. The same procedure like the one of 

[Pyrr1,g][Tf 2N] was carried out. The product yield was 82%.  

1H NMR (250 MHz, D2O) δ in ppm=3.34 (s, 3H, CH2-N
+-CH3); 4.31−4.40 (p, 1H, CH3-N

+-CH2-

CH(OH)-CH2(OH)); 3.57−3.71 (m, 8H, (CH2)2-N
+-CH2-CH(OH)-CH2(OH)); 4.08 (m, 4H, -

CH2-O-CH2-).
 

13C NMR (63 MHz, D2O): δ in ppm= 45.27 (-CH2-N
+-CH3); 60.60 (-CH2-O-CH2-); 57.43 (CH3-

N+-CH2-CH(OH)-CH2(OH)); 57.65 (-CH2-N
+-CH2); 58.05 (CH3-N

+-CH2-CH(OH)-CH2(OH)); 

63.40 (CH3-N
+-CH2-CH(OH)-CH2(OH)); 122.4 (Tf2N). 

3.2.18 Synthesis of N-glyceryl-N-methylimidazolium Tf2N
- ([MIM1,g][Tf2N]) 

To a colorless solution of [MIM1,g][Cl] (15.00 g, 0.07786 mol) in water (100 ml) an equimolar 

amount of LiTf2N (io-li-tec) in 50 ml of water was added. The same procedure like the one of 

[Pyrr1,g][Tf 2N] was carried out. The product yield was 85%.  
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Figure 3.3: Structures of glyceryl-substituted Tf2N derivatives. (a) [MIM 1,g][Tf 2N]; (b) 
[DMI 1,g][Tf 2N]; (c) [Pyrr1,g][Tf 2N]; (d) [FHMPip1,g][Tf 2N]; (e) [Mor1,g][Tf 2N] and (f) 
[Pip1,g][Tf 2N]. 

Commonly, all the [Tf2N]− based ILs, having the glyceryl group on cation were not soluble in 

less quantity of water but were highly soluble when the amount of water was increased. Firstly, 

the Tf2N was thought to be soluble in CH2Cl2 and hence we added CH2Cl2 to it as in less water 

the IL was not soluble. Thus, we obtained three separate layers as shown below in Figure 3.4. 

The lowest layer was the desired IL with Tf2N anion and the middle layer was CH2Cl2 and the 

top most layer was water with all halides dissolved in it (it was assumed to have dissolved the 

maximum amount of halide in it). Hence, we can say that these type of ILs are very useful for 

extraction purposes in which the ILs are exceptionally forming different layers with organic 

solvent and water. Those these type of ILs were soluble in CH3CN and all of them were washed 

in it to assume 100% removal of all halide salts.  

 

Figure 3.4: Separating funnel showing three different layers (a) IL (lowest layer); (b) CH2Cl2 

(middle layer) and (c) H2O (topmost layer). 
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The topmost layer (aqueous layer) was treated for AgNO3 nitrate and when it was found positive, 

it was discarded and the entire system was washed again with fresh distilled water. The AgNO3 

tests were performed atleast 4 times, and more if required, unless the test was 100% negative.  

 

Figure 3.5: This figure represents various washings of AgNO3 test from 1st to 4th. The 
precipitations decrease as we move from figures (1) to (4) (they are marked on the test-tubes). 

 

3.2.19 Preparation of N-glyceryl-N-methylpyrrolidinium nitrate ([Pyrr1,g][NO3]) 

To a colorless solution of [Pyrr1,g][Cl] (15.00 g, 0.0767 mol) in water (100 ml) an equimolar 

amount of NaNO3 (RPE ACS) in 50 ml of water was added. The mixture was stirred for 24 h at 

60°C. After stopping the reaction, the water was removed in the rotary at 60°C. Then acetonitrile 

was added to remove the NaCl salts (acetone was not used as IL was not soluble in acetone might 

be due to the glyceryl moiety). Then the solution was filtered in normal filter paper and then the 

entire solution was filtered on a glass filter (porosity 5) containing two different powdered layers 

of 1 cm each:- celite (lower layer) and decolorizing charcoal (upper layer). The charcoal was 

used in filter because the IL was yellowish-coloured. The solvent was removed under vacuum 

(2×10−3 mm Hg, 80°C, 6h) to give the pure colourless IL. The product yield was 79%. 

Table 3.1a: Melting points of various glycerol chlorides 

Compounds Melting points (°C) 
[Pyrr1,g][Cl] 100±2 
[Pip1,g][Cl] 115±2 

[DMI 1,g][Cl] 115±2 
[Mor1,g][Cl] 137±2 

[FHMPip1,g][Cl] 110±2 
[MIM 1,g][Cl] Viscous liquid which can flow 
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3.3 Determination of some Physico-Chemical Parameters 

Since the data on the purity of ILs are critical to the assessment of their physico-chemical 

properties and the polarity of ILs was reported to be water sensitive,25 before every test of probe 

behavior the purity of ILs was first determined. To ensure that the water and other volatile 

solvents in ILs was reduced as low as possible, each IL was kept in a vacuum (pressure 10−3 

mbar) with stirring at 80°C for at least 24 h prior to perform any measurement; contact with air 

was avoided during the measurements. The purity of each IL was first verified by NMR 

spectroscopy to check for residues of unreacted reactants or residual solvents. 

Density was examined by the weight method at 25°C. Conductance measurements were 

performed using a CON 510 bench meter supplied with conductivity/TDS electrode. This 

electrode has a stainless steel ring and a cell constant of K=1.0 cm−1. It also has an inbuilt 

temperature sensor for automatic temperature compensation. Viscosity and rheological  

measurements were conducted using a Brookfield DV-II + Pro concentric cylinder viscometer. 

Data were determined at shear rate ranging from 0 to 200 s−1. All the data were measured near 

room temperature and are shown below in Table 3.1b. 

Table 3.1b: Physical Properties of ILs 

Salt 
C 

mol cm3 

 

 
PM κ 

S cm-1 

(at 30°C) 

Λ 
S 

cm2 
mol-

1 

 
Vis 

 (cP) 
at 30°C 

 

 
Density 
(g/ml) 

[Pyrr1,g][N(CN)2] 
0.0054 226.2 1.84 × 10-3 0.34 322.7 1.22 

 
[DMI 1,g][N(CN)2] 0.0056 237.2 0.323 × 10-3 0.05 1141 1.32 
[Pip1,g][N(CN)2] 0.0049 240.3 0.272 × 10-3 0.05 970.3 1.18 

[FHMPip1,g][N(CN)2] 0.0057 256.3 0.232 × 10-3 0.04 ND 1.47 
[Mor1,g][N(CN)2] 0.0056 242.2 0.108 × 10-3 0.01 5367 1.37 
[MIM 1,g][N(CN)2] 0.0059 223.2 0.440 × 10-3 0.07 932.4 1.31 

[Pyrr1,g][Tf 2N] 0.0035 440.4 0.643 × 10-3 0.18 322.7 1.55 
[DMI 1,g][Tf 2N] 0.0036 451.4 0.095 × 10-3 0.02 ND 1.62 
[Pip1,g][Tf 2N] 0.0032 485.0 0.461 × 10-3 0.14 756.2 1.57 

[FHMPip1,g][Tf 2N] 
----- 470.5 0.00047 × 

10-3 
-----

- 
ND ND 

 
[Mor1,g][Tf 2N] 

 
0.0035 

 
456.4 

 
0.033 × 10-3 

 
0.00 

 
ND 

 
1.61 

[MIM 1,g][Tf 2N] 0.0037 437.4 0.360 × 10-3 0.09 766.5 1.61 
aC, molar concentration at 25°C for N(CN)2 salts and at 35°C for Tf2N salts; κ, ionic conductivity at 
25°C; Λ, molar conductivity at 25°C. Vis=viscosity 
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3.4 Determination of ET(30) and Kamlet-Taft Parameters 
 
UV-Vis absorption spectra of three solvatochromic dyes (Reichardt’s betaine dye, N,N-diethyl-4-

nitroaniline and 4-nitroaniline) dissolved in ILs were taken in a quartz cell with light path length 

of 1 mm on a Cary 2200 spectrophotometer (300−800 nm). Individual stock solutions of 

Reichardt’s betaine dye, N,N-diethyl-4-nitroaniline and 4-nitroaniline were prepared in 

dichloromethane. In order to prepare a given dye/IL solution, the appropriate amount of the dye 

stock solution was micropipetted into a clean dry quartz cuvette. Residual dichloromethane was 

evaporated under gentle stream of argon gas. The IL was then added to the cuvette. The cuvette 

was then capped and sealed and the sample was mixed for an appropriate time before the 

experimental measurements. 

3.5 Results and Discussions 

3.5.1 Physico-Chemical Properties 

For all synthesized glyceryl-substituted ILs the fundamental properties including density (ρ), 

viscosity (η) and conductivity (κ) were measured after accurate drying (see above) and the 

corresponding data are shown in Table 3.1b (above). The density (ρ) values lie in the range 1.62 

to 1.18 g/ml. Thus, a moderate effect of cation structure on density and a more significant anion 

effect can be evidenced: i) dicyanamide salts have lower densities than the bistriflimide 

analogues; ii) the introduction of oxygen on cation core increases the density. Morpholinium 

salts have higher densities than piperidium, the introduction of an hydroxyl group on the 

piperidinium cation increases the density. Nevertheless, the cation and anion structure 

significantly affect viscosity (η). It is to note that in Table 3.1b, the viscosity values are reported 

at 30°C as some of these salts are extremely viscous liquids at lower temperatures. For the same 

reason all the conductivities are reported at 30°C.  

The temperature dependence of viscosity was investigated, with few exceptions, in the range 20 

to 80°C. In the case of the dicyanamide salts, dynamic viscosity (Table 3.2) decreases on 

increasing the temperature: at lower temperatures, the viscosity decrease is significant whereas a 

more gentle descent behavior can be observed at higher temperatures (Figure 3.6).  
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Table 3.2: Viscosity values for six dicyanamide salts  
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Figure 3.6: Viscosity behavior of glyceryl N(CN)2 compounds 

The Arrhenius plots of viscosity according to eq (1) are shown in Figure 3.7. 

lnη = lnA + Eη/RT                           (1) 

T (K) [DMI 1,g] 
Cp 

[Pip1,g] 
cP 

[Pyrr1,g] 
cP 

[Mor1,g] 
cP 

[MIM 1,g] 
cP 

[FHMPip1,g] 
cP 

293 3227.5 2433 619.2 NDa 2599.5 

 
 

ND 
303 1141 970.3 322.7 5367 932.4 ND 
313 470 461.4 179.6 1636 414.1 2007 
323 221.5 243.5 104.9 691.3 201.6 798.7 
333 126.5 140.1 53.7 349.5 114.2 414.0 
343 72 88.9 45.0 201.7 66.9 226.7 

353 46 56.9 35.1 122.8 43.1 125.3 
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Figure 3.7: Arrhenius plots of viscosity for dicyanamide-based glyceryl ILs 

  
These plots present a distinct curvature (see Appendix). However, the values of Eη, A and the 

linear fitting parameters (R2) obtained are listed in Table 3.3. According to the values of R2, the 

five salts were approximately fit by the Arrhenius model in this temperature interval. It is 

however to note that all ILs exhibit high energy barriers, in agreement with the elevated viscosity 

values. 

Table 3.3: Arrhenius Fitting parameters and Vogel-Tamman-Fulcher (VTF) parameters for 

viscosity behavior as a function of temperature (N(CN)2) 

Compounds Eη 
kJ mol−1 

A 
104 cP 

R
2 η0  

cP 

B 

K 

T0  

K 

R
2
 

[Pyrr1,g] 42.48 0.11 0.984 0.07 1125 (543) 168 0.9990 

[DMI 1,g] 59.86  0.0012 0.991 0.3 717 (168) 215 0.9998 

[Pip1,g] 53.20 0.0068 0.993 0.5 691 (86) 211 0.9999 
[Mor1,g] 66.01 0.00017 0.984 1.94 450 (23) 246 0.9999 

[FHMPip1,g] 62.68 0.00068 0.995     
[MIM 1,g] 57.05 0.0009 0.992 0.12 873 (60) 205 0.9999 

 

For these ILs, viscosity data have been also fitted to the VTF equation (2), the best fit lines are 

reported in Appendix 1. 
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η = η0 exp[B/(T−T0)]                           (2) 
 
where η0 (cP), B (K) and T0 (K) are the fitting parameters. The best-fit parameters and the 

associated squared correlation coefficients R2 are given in Table 3.3.  

The effect of temperature on the viscosity was measured also in the case of bistriflimide salts. 

Analogously, dynamic viscosity (Table 3.4) decreases on increasing the temperature (Figure 3.8) 

and the Arrhenius plots are reported in Figure 3.9. 

 
Table 3.4: Viscosity values for six bistriflimide salts 

           

      

 

 

 

 

 

 

The IL [FHMPip1,g][Tf 2N] was a sticky jell and hence the viscosity is undeterminable for this 

kind of liquid. 
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Figure 3.8: Behavior of viscosity with temperature for bistriflimide salts 

  

T (K) [DMI 1,g] 
cP 

[Pip1,g] 
cP 

[Pyrr1,g] 
cP 

[Mor1,g] 
cP 

[MIM 1,g] 
cP 

293 - 2037 676 - 1259 
303 - 756 321.3 - 766 
313 1363 358 172.6 2619 361 
323 524.5 188 100.4 1394 188 

 
333 306.3 111 61.8 644 112 
343 174.6 68 41.1 331 67 
353 108.3 44 30.1 189 47 
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Figure 3.9: Arrhenius plot of viscosity for five bistriflimide-based glyceryl ILs 

 

Table 3.5: Arrhenius Fitting parameters and VTF parameters for viscosity behavior as a function 

of temperature for Tf2N ILs 

Compounds Eη 
kJ 

mol−1 

A 
104 
cP 

R
2 η0  

cP 

B 

K 

T0  

K 

R
2
 

[Pyrr1,g] 44.72 0.067 0.994 0.09 979.5  
 

193 0.99999 

[DMI 1,g] 56.86 0.004 0.988 8.1 230  267 0.99991 
[Pip1,g] 54.04 0.004 0.991 0.47 628  217 0.99996 
[Mor1,g] 61.52 0.001 0.998 ND ND - - 
[MIM 1,g] 49.05 0.023 0.998 ND ND - - 

 

Generally, the bistriflimide ILs follow the Arrhenius behavior better that the dicyanamide salts; 

same ILs cannot be fitted to the VTF equation. Moreover, a similar trend in the activation 

barriers as defined by the Eη values can be observed for both series of ILs: for dicyanamide salts, 

[Pyrr1,g] <[Pip1,g] <[MIM 1,g] <[DMI 1,g] <[FHPip1,g]< [Mor1,g]; for bistriflimide salts, [Pyrr1,g] 

<[MIM 1,g] <[DMI 1,g] <[FHMPip1,g] <[Mor1,g]. It is noteworthy that when the B parameters are 

considered the activation energies appear to follow not exactly the same trend. In particular, for 

the dicyanamide salts the B parameter arising from the VTF analysis is completely in 

disagreement with the Arrhenius activation energy values for the [Pyrr1,g] and [Mor1,g]; the 

behavior of the two salts is inverted. A more deep analysis of the plots reported in the Appendix 

1 shows that the behavior of pyrrolidinium is better described by the Arrhenius plot, the 
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moderate R2 coefficient arises from the random scatter of some values and not from a not linear 

behavior. On the other hand, [Mor1,g][N(CN)2] is poorly described by equation 1. 

Both, for dicyanamide and bistriflimide salts we have also investigated the behavior of 

conductivity with temperature, data are reported in Table 3.6 and Figure 3.10.  

 

Table 3.6: Conductivity values for all dicyanamide and bistriflimide salts from 293 to 363 K in 

mS cm−1 

Compounds       293  303 313 323 343 353 363  
[Pyrr1,g][N(CN)2] 1.191 1.84 2.54 3.41 4.35 5.39 6.52 
[DMI 1,g][N(CN)2] 0.147  0.323 0.610 1.024 1.598 2.36 3.21 
[Pip1,g][N(CN)2] 0.140 0.272 0.498 0.821 1.254 1.677 2.28 
[Mor1,g][N(CN)2] 0.052 0.109 0.212 0.389 0.614 0.910 1.332 

[FHMPip1,g][N(CN)2] 0.120 0.232 0.387 0.759 1.235 1.508 1.92 
 

[MIM 1,g][N(CN)2] 
 

0.210 
 

0.440 
 

0.832 
 

1.325 
 

1.980 
 

2.81 
 

3.77 
[Pyrr1,g][Tf 2N] 0.402 0.643 0.969 1.359 1.835 2.60 3.15 
[DMI 1,g][Tf 2N] 0.046 0.095 0.208 0.339 0.550 0.798 1.133 
[Pip1,g][Tf 2N] 0.268 0.461 0.733 1.079 1.483 2.06 2.52 
[Mor1,g][Tf 2N] 0.012 0.034 0.073 0.138 0.290 0.469 0.627 

[FHMPip1,g][Tf 2N] 0.0001 0.0004 0.0014 0.0038 0.0096 0.021 0.045 
[MIM 1,g][Tf 2N] 0.197 0.360 0.591 0.938 1.494 1.92 2.48 
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Figure 3.10: Behavior of conductivity of dicyanamide (left) and bistriflimides (right) salts with 
temperature 

We have also reported the corresponding Arrhenius plots according to the equation 3 in Figures 
3.11(a) and (b). 

lnκ = lnA + (Eκ/RT)                            (3) 
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Figure 3.11: Arrhenius plots of conductivity for dicyanamides (left) and bistriflimides (right) 

Since, as expected from viscosity results, at least in some cases conductivities exhibit some 

deviations from Arrhenious behavior (as shown in Figure 3.11 and plots in Appendix 1), also the 

VTF equation (4) was used to represent the temperature dependence of the conductivity: 

κ = κ∞ exp[-B′/(T−T0)]                       (4) 
 

The Arrhenius and VTF equation parameters as well as the related correlation coefficients are 

reported in Table 3.9. In agreement with the viscosity data, a similar trend in the activation 

barriers as defined by the Eκ values characterize the conductivities of dicyanamide and 

bistriflimide salts, [Pyrr1,g] < [Pip1,g] < [MIM 1,g] < [DMI 1,g] < [Mor1,g]; the sole exception being 

represented by the position of [FHMPip1,g]
+ based ILs. In particular, the Eκ value of 

[FHMPip1,g][N(CN)2] is quite low, at least in comparison with the analogous system. A more 

deep analysis of the data however shows that this IL gives a poor correlation using both the 

Arrhenius equation and the VTF equation: in this latter case it was impossible to fit all the data to 

equation 4 (see Appendix 1). [FHMPip1,g][N(CN)2] is really the sole IL based on a cation bearing 

three hydroxyl groups and a dicyanamide anion, therefore much more than all the other salts, 

absorbs water from the environment. Although manipulation of these ILs has been carried out 

with a particular attention to avoid the contact with air we cannot exclude that the presence of 

small amounts of water could affect some measurements. 

On the other hand, [FHMPip1,g][Tf 2N] having as counteranion a hydrophobic species is almost a 

non-conducting system. The ability of the cation to give intra- and intermolecular H-bonding 
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increases dramatically the viscosity; this IL appears as a sticky jelly liquid, it is more or less a 

semi solid which turn to a viscous liquid at 90°C. Hence, the conductivity was also measured at 

this temperature, though we did not measure conductivities of any other ILs at this temperature. 

The conductivity of [FHMPip1,g][Tf 2N] at 90°C was found to be 70.1 µS.  

 

Table 3.7: Arrhenius Fitting parameters and VTF parameters for viscosity behavior as a function 

of temperature 

Comp Eκ 
kJ 

mol−1 

lnA 
mS 

R
2 κ∞ 

mS 

B’ 

K 

T0 

K 

R
2
 

 
[Pyrr1,g][N(CN)2] 

 
24.7 

 
10.1 

 
0.992 

 
115 

 
465 

 
190 

 
0.99994 

[DMI 1,g][N(CN)2] 43.89 16.2 0.989 206 582 213 0.99989 

[Pip1,g][N(CN)2] 39.90 14.58 0.989 78 476 218 0.9994 

[Mor1,g][N(CN)2] 46.39 16.23 0.993 357 915 189 0.9997 

[FHMPip1,g][N(CN)2] 40.90 14.80 0.981     

[MIM 1,g][N(CN)2] 40.99 15.42 0.987 174 539 212 0.99995 

[Pyrr1,g][Tf 2N] 29.64 11.32 0.996 191 724 176 0.9976 

[DMI 1,g][Tf 2N] 45.72 15.89 0.989 109 664 207 0.9997 

[Pip1,g][Tf 2N] 32.17 12.00 0.992 65 470 208 0.9988 

[Mor1,g][Tf 2N] 57.20 19.26 0.988    ND 

[FHMPip1,g][Tf 2N] 80.06 24.00 0.999    ND 

[MIM 1,g][Tf 2N] 36.58 13.50 0.991 47 367 227 0.9978 

ND=not determined 

 

It is noteworthy that the [Pyrr1,g][N(CN)2] has an extraordinarily high conductivity comparatively 

to all other ILs bearing the same dihydroxyl-substituted alkyl chain (glyceryl). Generally, 

pyrrolidinium-based ILs have higher conductivities and lower viscosity values than piperidinium 

ILs having the same counter anions and bearing the same substituent on nitrogen. In 2007, T. 

Yim et al.26 evidenced this behavior investigating various allyl-substituted piperidinium- and 

pyrrolidinium-based ILs: among them, 1-allyl-1-methylpyrrolidinium bistriflimide 

[Pyrr1,a][Tf 2N] showed the lowest viscosity (52 cP) and the highest conductivity (5.7 mS cm−1). 

The lower viscosity of the pyrrolidinium ILs with respect to the piperidinium analogous was 

attributed to the lower number of carbon atom in the cation core. In general, larger cations make 
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ILs more viscous because of the increased intermolecular van der Waals interactions.27,28,29 

However, ionic conductivity is proportional to the number of charge carrier ions and their 

mobility. That is, the bigger piperidinium cations reducing the rotational freedom of molecules 

lead to higher viscosities and lower ionic conductivities. The conformational bias of a six-

membered ring to a rather stable chair-like conformation in the piperidinium structure seems also 

to contribute towards the higher viscosity of the piperidinium-based ILs. Both the lower energy 

barrier of a ring-flip and the smaller energy difference between the envelope and the half-chair 

conformations in a five-membered ring make a cyclopentane ring more flexible. 

As expected, however, the presence of two hydroxyl groups reduces conductivity and increases 

viscosity. The conductivity values reported30 for dialkyl substituted pyrrolidinium bistriflimide, 

[Pyrr1,n][Tf 2N] (where, n = alkyl group), including branched alkyl chains and straight alkyl 

chains are generally higher than 10−3 S cm−1 even at 12°C. On the other hand, when 

pyrrolidinium-based ILs bearing the same alkyl chains with different anions have been 

investigated31 a conductivity equivalent to 3.0 mS cm−1 and viscosity equivalent to 164 cP have 

been reported for [Pyrr1,4][NbF6] at 328 K. Finally, when a series of ILs (including imidazolium, 

tetraalkyl ammonium, pyrrolidinium and piperidinium) based on (fluorosulfonyl) 

(pentafluroethanesulfonyl)imide ([(FSO2)(C2F5SO2)N]−, FPFSI−) anion have been investigated32 

it has been shown that the imidazolium salt, 1-methyl-3-ethylimidazolium fluorosulfonyl 

([MIM 1,2][FPFSI]), had the least viscosity and the highest conductivity, although the 

pyrrolidinium IL, [Pyrr1,3][FPFSI], compared to the analogous piperidinium salt, [Pip1,3][FPFSI], 

had a lower viscosity and higher conductivity. It is to note that in our system, in the presence of a 

glyceryl group, pyrrolidinium-based ILs have the lowest viscosity and highest conductivity 

including the imidazolium salts. 

Since N-methyl-N-glycerylpyrrolidinium salts appeared to be inside this class of functionalized 

compounds the ILs having the best physico-chemical properties, we investigated also the 

behavior of conductivity of the corresponding nitrate salt, [Pyrr1,g][NO3]. In agreement with the 

higher ability of the relatively small nitrate anion to interact with the counteranion, conductivities 

significantly lower than those characterizing [Pyrr1,g][Tf 2N] and [Pyrr1,g][N(CN)2] were found at 

all the investigated temperatures. 
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Table 3.8: Comparison of conductivities between three different ILs having various anions and 

common cation from 293 to 353 K 

Name of ILs 293 303 313 323 333 343 353 

[Pyrr1,g][N(CN)2] 1.191 1.84 2.54 3.41 4.35 5.39 6.52 

[Pyrr1,g][Tf 2N] 0.402 0.643 0.969 1.359 1.835 2.60 3.15 

[Pyrr1,g][NO3] 0.228 0.379 0.576 0.829 1.124 1.468 1.98 

 

3.5.2 Solvatochromic Measurements and Polarity 

So far, a large number of solvatochromic probes have been used to estimate the polarity of ILs. 

However, among them the Reichardt’s dye 30 represents surely one of the most applied, 

probably due to fact that well-established empirical solvent polarity scales based on this probe 

are largely used also for molecular liquids. 

 

 

Figure 3.12: Reichardt’s dye 

 

The polarity scale, ET(30), is defined as: 

 

ET(30) (kcal mol−1) =28 591.5/λmax (nm)                                         (5) 

 

where, λmax is the wavelength maximum of the lowest energy band, intramolecular charge-

transfer (CT) π−π* absorption band of the zwitterionic phenolate molecule. Because of its 

zwitterionic structure, the solvatochromic property is strongly affected by the dipolarity, 

polarizability and hydrogen bond acidity of the solvent because they stabilize the dipolar ground 



Chapter 3 

 

103 

 

state more than the less dipolar Frank-Condon excited state. In Figure 3.13 it is reported the 

different salvation of ground and excited states on going from unpolar to polar solvents.  

 

Figure 3.13: Different salvation of ground and excited states 

 

Really, solvatochromism of 2,6-diphenyl-4-(2,4,6-triphenylpyridinio)-phenolate (Reichardt’s dye 

or Betaine 30) results not only from a large reduction of dipole moment and hydrogen bonding 

on going from fundamental to excited state, but also from the modulation of the mesomeric 

effect. 

When these spectroscopically derived empirical parameters are applied to the correlation analysis 

of solvent effects, it is tacitly assumed that the contribution of the various, nonspecific and 

specific, intermolecular forces to the overall interaction between solvatochromic probe and 

solvent molecules is the same as in the interaction between the solute and solvent of interest in 

the particular solvent-dependent process under investigation. The successful application of the 

ET(30) values in correlation analysis of a great variety of solvent-dependent processes 

demonstrates that this is often the case. However, according to the chemical structure of the 

solvatochromic probe molecule of 2,6-diphenyl-4-(2,4,6-triphenylpyridinio)-phenolate, this dye 

is not capable of interacting specifically and significantly with electron pair donor (EPD) 

solvents. That is, the Lewis basicity of solvents is not registered by this probe, whereas the 

solvent Lewis acidity is. This limit may have important consequences in the case of ILs bearing 

more or less basic anions.  

Kamlet and Taft33 have developed one of the most ambitious, and very successful, quantitative 

treatment of solvent effects which is able to consider also Lewis basicity, by means of a 

multiparameter equation that was introduced in 1976 and called linear solvation energy 
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relationship (LSER). Using three probes and defining these UV/Vis spectroscopically derived 

solvatochromic parameters, π*,α and β, equation (6) was established: 

 

XYZ = (XYZ o), + s(π*+d δ) + aα + bβ + mδH
2              (6) 

 

 where (XYZ)o, s, a, b and m are solvent-independent coefficients characteristic of the process 

under study and indicative of its susceptibility to the solvent properties π*, α, β and δH
2. In 

particular, π* measures the exoergic effects of solute/solvent, dipole/dipole, and dipole/induced 

dipole interactions. That is, it measures the ability of a solvent to stabilize a neighboring charge 

or dipole by virtue of nonspecific dielectric interactions. In other words, these values represent a 

blend of dipolarity and polarizability of the solvent. For selected solvents, i.e. non-

polychlorinated aliphatic solvents, with a single dominant bond dipole moment, π* values are 

very nearly proportional to the solvent’s molecular permanent dipole moment. The 

solvatochromic parameter α in equation 6 is a quantitative, empirical measure of the ability of a 

bulk solvent to act as an HBD toward a solute, whereas β is a quantitative, empirical measure of 

the ability of a bulk solvent to act as an HBA or an EPD toward a solute, forming a solute-to-

solvent hydrogen bond or a solvent-to-solute coordinative bond, respectively. During the time, 

several sets of dyes have been used to derive the Kamlet–Taft parameters and many studies are 

quoted as an average of the values obtained for several of these dye sets. However, for ILs 

generally the Reichardt’s dye, 4-nitroaniline and N,N-diethyl-4-nitroaniline are used. These dyes 

have been employed also in this thesis. 

In particular, the solvent dipolarity/polarizability, π*, which was initially normalized by taking 

dimethyl sulfoxide (π* =1.00) and cyclohexane (π*= 0.00) as references, can be correlated to the 

wavelength maximum of the lowest energy band of N,N-diethyl-4-nitroaniline, a non-hydrogen 

bond donor solute.34 

π* =(8.649−0.314×ν1)                           (7) 

The hydrogen bond donating acidity (HBD), α, is calculated using the ET(30) and π* values 
 

α=0.0649(ET(30)) −0.72π*−2.03          (8) 
 
Finally, the hydrogen bond accepting basicity (HBA), β, can be determined by using the 

following equation: 

β=(1.035ν1−ν2+2.64)/2.80                 (9) 

ν1=104/λ4Nitroaniline  and ν2=104/λNN-diethyl-4-nitroaniline 
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The Kamlet-Abboud-Taft parameters determined for the glyceryl-based ILs have been reported 

in Table 3.9 where also reference values of some molecular solvents and other ILs have been 

included. 

Table 3.9: Solvatochromic parameters of ILs and molecular solvents 

Salt ET(30) ET
N

 ππππ* αααα    ββββ    
    

[bmim][N(CN)2]
a,b 51.4 

0.639 
(0.629) 

1.05 
(1.13) 

0.51 
(0.46) 

Nd 
(0.70) 

[emPyr][N(CN)2]
a 48.7 0.556 1.03 0.37 Nd 

[C5dabco][N(CN)2]
c 48.4 0.546 1.11 0.31 0.55 

[Mor1,2][N(CN)2]
d 50.3 0.605 1.12 0.43 0.5065 

[Mor1,4][Tf 2N] --- --- 1.00 --- 0.2048 
Watere 53.7e,f 1.000 1.13 1.12 0.50 

Methanole 55.4 g 0.760 0.73 1.05 0.61 
Acetonee 42.2e,f 0.350 0.70 0.20 0.54 

Acetonitrilee 45.6 g 0.460 0.75 0.19 0.40 
[Pyrr1,g][N(CN)2]  58.28 0.851 1.18 0.90 0.46 

[Pyrr1,g][Tf 2N]  64.1 1.030 1.14 1.13 0.14 
[Pyrr1,g][NO3] 57.86 0.838 1.19 0.87 0.53 

[Pip1,g][N(CN)2] 57.0 0.811 1.12 0.86 0.53 
[DMI 1,g][N(CN)2] 57.0 0.813 1.15 0.84 0.46 
[Mor1,g][N(CN)2] 57.8 0.836 1.20 0.85 0.43 

[Pip1,g][Tf 2N] 62.8 0.991 1.13 1.23 0.11 
[FHMPip1,g][N(CN)2] 59.2 0.879 1.09 1.02 0.28 

[DMI 1,g][Tf 2N] 61.2 0.941 1.14 0.93 0.11 
[Mor1,g][Tf 2N] 62.9 0.993 1.11 1.25 0.12 
[MIM 1,g][Cl] 59.0 0.875 0.82 1.12 0.99 

[MIM 1,g][N(CN)2] 57.6 0.831 1.17 0.87 0.47 
[MIM 1,g][Tf 2N] 62.6 0.985 1.15 1.20 0.13 
[EMIM][Tf 2N]h 52.0 0.657 0.90 0.76 0.28 

[EMIM][N(CN) 2]
h 51.7 0.648 1.08 0.53 0.35 

[EMIM][NO 3]
h 51.5 0.642 1.13 0.48 0.66 

[HOEMIM][Tf 2N]h 60.8 0.929 1.03 1.17 0.34 
[HOEMIM][N(CN) 2

 h --- 0.784 1.11 0.80 0.51 
[HOEMIM][NO 3]

h --- 0.769 1.11 0.77 0.65 
aFrom reference 12.  b From reference 35.  cFrom reference  36.    dFrom reference 37.  
eFrom reference  38. fFrom reference 39. gFrom reference 40. hShiguo et al. (2010). 

 

Although non-hydroxyl ILs containing variable anions generally show comparable ET(30) 

values, in the range of 49.8−52.6 kcal/mol, irrespective of the nature of anion, this is not the 

same case for the corresponding hydroxyl41 and dihydroxyl ILs, which covered a rather wide 
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range of ET(30) values (51−64.1 kcal/mol), depending strongly on the nature of the anion. All ILs 

bearing one or two hydroxyl groups on the alkyl chain have higher π* values (1.03−1.20) than 

molecular solvents, and in most cases slightly higher than non-hydroxyl ILs. However, little 

variation was observed on going from monohydroxyl to dihydroxyl derivatives, indicating the 

strong and comparable ability of the solvent dipolarity/polarizability of these functionalized ILs. 

The HBD ability, α value, is largely determined by the availability of HBD sites on the cation; as 

expected, the presence of hydroxyl groups on cation increases HBD ability. Nevertheless, it 

appears that more basic anions give much lower α values with a common cation in the hydroxyl 

ILs; for our ILs bearing two hydroxyl groups on the side alkyl chain α values range from 0.84 to 

0.87 for the dicyanamide salts and from 0.93 to 1.23 for the bistriflimide-based IL. The 

introduction of another hydroxyl group on cation significantly increases H-bond acidity; the 

α value of [FHMPip1,g][N(CN)2] being 1.02 and that of [Pip1,g][N(CN)2] 0.86. On the other hand, 

the HBA parameter β, which is said to be controlled solely by the anions, increases in the order 

similar to the non-hydroxyl ILs, but of large magnitude; the β values of bistriflimides are around 

0.11, those for dicyanamide-based ILs around 0.5 and a value of 0.99 was found for 1-methyl-3-

glycerylimidazolium chloride, [MIM1,g]Cl. The different HBA ability induced by the hydroxyl 

group could be indicative of the interaction between the anion and the hydrogen bond donor 

(OH). As previously observed, we confirm that the hydroxyl group is indispensable for the 

enhanced and expanded polarity, since the ET(30) scales for the 1/1 (molar ratio) binary mixtures 

of ethanol and the non-hydroxyl ILs were exclusively decreased as compared to each of the 

components. 

 

Considering specifically the structure of Reichardt’s dye, we can observe that this probe presents 

an easily accessible negative charge, at least when localized on oxygen, whereas the positive 

charge on the nitrogen is “buried” by its surrounding phenyl rings. Consequently, we can 

reasonably hypothesize that an unfunctionalized cation will be strongly localized and interact 

with the negative charge. This interaction can take advantage from some of the chemical features 

of the cation, such as the availability of the hydrogen on C(2)-H in 1,3-dialkyl substituted 

imidazolium ILs, although the charge–charge interaction should have a dominant effect. At 

variance, the anion interaction with the probe is less specific and strongly structure dependent. 

All IL anions are single-charged but they can show remarkable differences in shape and charge 

distribution. Small and linear ions, like dicyanamide, can approach closer to the positive charge 

of Reichardt’s dye and specifically interact with it. For large spherical anions like BF4
− and PF6

−, 
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steric hindrance results in a less close interaction. This reduces the strength of the specific 

Coulombic interaction according to the inverse distance law. In the absence of functional groups 

on cation or anion able to give specific interactions, short-range anionic or cationic-probe 

interactions can be disregarded. It is to note that in aprotic molecular solvents, probe solvation is 

only due to the ability of solvent molecules to align or anti-align their dipoles toward the 

positively- or negatively-charged centers; therefore, with respect to ILs, the interactions are 

weaker and always due to the same species. These considerations are pictorially illustrated in 

Figure 3.14. 

 

 

Figure 3.14: Illustration of interaction between the Reichardt’s dye and the IL. The cation can 
get closer to the negative charge of Reichardt’s dye (here represented as an ellipse) than the 
anion to the (delocalized and buried) positive charge. Molecular solvents align their dipoles with 
the electric field, but it is always the same molecule that interacts with the two charged centers. 
 

In hydroxyl-functionalized ILs, practically the IL polarity becomes independent of the 

imidazolium moiety as well as the C(2)-H on imidazolium cation, since pyrrolidinium- and 

alkylammonium-based hydroxyl ILs also given high polarity. ET(30) of Reichardt’s dye in mono-, 

di- and tri- hydroxyl-functionalized ILs is probably mainly influenced by the hydroxyl groups, 

which act as hydrogen bonds’ donor modulated by the anion. Considering that Reichardt’s dye is 

particularly sensitive to HBD solvents and dipolarity/polarizability effect, it can be conjectured 

that in hydroxyl ILs the phenolate oxygen on Reichardt’s dye acting as a strong EPD or HBA 

center is suitable for ionic/charge−charge interactions with the cations of ILs and specific for 

hydrogen-bond interactions with HBD hydroxyl groups. The hydroxyl group on the piperidinium 

ring is probably more available to interact with the HBA center than the hydroxyl groups on the 

alkyl chain. However, considering the structure of the Reichardt’s dye, as recently reported,37 it 

is possible to hypothesize also the existence of interactions between the positive charge of the 
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pyridinium moiety and the anions of ILs, although, as explained above, the pyridinium ring does 

not act as a strong electron-pair acceptor (EPA) due to its delocalized and shielded positive 

charge by the three 2,4,6-phenyl groups. All of these solute−solvent interactions facilitate 

stabilization of the ground state of ionic probe, leading to increased and expanded polarity of 

hydroxyl ILs. In particular, in hydroxyl ILs having basic anions, such as [N(CN)2]
−, it has been 

reported37 that the hydrogen atom of the hydroxyl group is fixed by a strong H-bonding between 

hydroxyl group and the coordinative and nucleophilic anions, giving to the OH group less 

freedom to interact with the phenolate part of the solvatochromic dye. These ILs present 

therefore a relatively low HBD ability. On the other hand, the formed strong hydrogen-bond in 

turn play as a bridge that bind the cation and anion, enhancing the rigidity of both the cation and 

anion and decreasing the magnitude of interaction with negatively charged phenolate oxygen and 

positively charged pyridinium moiety: this should determine a lower polarity than other hydroxyl 

ILs. In contrast, for the hydroxyl ILs bearing low coordinating anions, such as [Tf2N]−, the weak 

H-bonding between cations and anions, as well as the resulting high HBD ability of hydroxyl 

group induces efficient electrostatic and hydrogen-bond interactions between ILs and 

zwitterionic dye, thus stabilizing the ground state of ionic probe and giving “hyperpolarity”.  

 

 

Figure 3.15: Cartoon illustrating a plausible mechanism between Reichardt’s dye and non-

hydroxyl ILs (left) and with hydroxyl ILs (right) 

 

Finally, since recently it has been shown that pyridinium-, pyrrolidinium- and phosphonium-

based ILs present a substantial temperature dependence of polarity parameters, in this thesis the 

“thermosolvatochromism” of four glyceryl-substituted ILs, [Pip1,g][N(CN2], [DMI 1,g][N(CN)2], 

[DMI 1,g][Tf 2N] and [Pyrr1,g][Tf 2N] was investigated determining the solvatochromic parameters 

by increasing the temperature from 25 to 45 and then to 65°C and immediately in the system the 

temperature was cooled from 65 to 45 and then to 25°C (see Appendix 2). Although the overall 
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changes in the polarity parameters increasing or decreasing the temperature in the interval 

25−65°C (no significant differences were observed in function of the modality of change in this 

temperature range) was moderate a dependence on ILs structure was observed. In particular, the 

ET
N values indicating dipolarity/polarizability and/or HBD acidity decrease linearly with 

increasing temperature in the case of the two dicyanamide-based ILs ([Pip1,g][N(CN2] and 

[DMI 1,g][N(CN)2]) but moderately increase with temperature for [DMI1,g][Tf 2N], and practically 

remain constant for [Pyrr1,g][Tf 2N]. Interestingly, also the Kamlet-Abboud-Taft are affected in 

different ways by temperature in the case of dicyanamide and bistriflimide salts. The 

polarizability parameter decreases on increasing the temperature for all the investigated ILs; 

however, this effect is more pronounced in the case of dicyanamides and associated to a decrease 

in HBD ability; for these salts, the α parameter decreases on increasing the temperature. At 

variance, an increase in H-bond ability can be observed for bistriflimides. On the other hand, the 

H-bond accepting (HBA) basicity (β) has always an opposite trend with respect H-bond donor 

acidity (α): i.e., decreases significantly in the case of bistriflimides and moderately increase for 

dicyanamides.  
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Figure 3.16: Variations of solvatochromic parameters with temperature. Top left−ET
N variation 

for four ILs with temperature; top right−π* variation for four ILs with temperature; bottom 
left−α variation for four ILs with temperature; and  bottom right−β variation for four ILs with 
temperature.  
 

The behavior of dicyanamide-based ILs is in agreement with that of a polar solvent; when the 

temperature is increased, in the case of betaine dye the ground state interactions are weakened, 

thus reducing the gap between the ground and excited state of the betaine dye. 

Contemporaneusly, decreases also the H-bond donor acidity. The opposite effect of temperature 

in the case of bistriflimide-based ILs seems to be largely related to the decrease in H-bond 

accepting (HBA) basicity (β) of this anion on increasing temperature, which induces more 

efficient electrostatic and hydrogen-bond interactions between IL cation and the zwitterionic dye, 

determining an increase in H-bond donor acidity. However, a detailed discussion of the effect of 

the IL at molecular level in terms of these parameters is surely difficult being these properties 

determined by the combination of responses of two or more probes and the effects extremely 

moderate.  

 

   3.6 Conclusion 

This investigation has evidenced the possibility to obtain hyper-polar ILs introducing a 

glyceryl moiety of the cation core. In particular, the cation N-methyl-N-

glycerylpyrrolidinium [Pyrr1,g]
+ gives when associated to proper anions, such as dicyanamide 

and bistriflimide, ILs having not too high viscosities and moderate conductivities. 

[Pyrr1,g][N(CN)2] has the least viscosity and maximum conductivity among all the 

investigated glyceryl-substituted salts. The anionic nature, however, strongly affects also the 
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solvatochromic parameters: the lower coordinating ability of as [Tf2N] - anion disfavoring the 

formation of H-bonding between IL cation and anion induces more efficient electrostatic and 

hydrogen-bond interactions between ILs and the zwitterionic dye (or, more in general, 

dissolved solutes), thus stabilizing the ground state  of ionic probe and giving 

“hyperpolarity”.
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Here, we report how the Fitting parameters are obtained using Origin8 software. 

Appendix 1:Analysis of the behavior of viscosity values for [DMI 1,g][N(CN)2], 
[Pip1,g][N(CN)2], [Pyrr1,g][N(CN)2], [MIM 1,g][N(CN)2], [FHMPip1,g][N(CN)2] with temperature. 

Arrhenius Plots 

lnη = lnη0 + E/T 
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Linear Regression for Data: 
Y = A + B * X 
Parameter      Value               Error             t-Value                   Prob>|t| 
--------------------------------------------------------------------------------------- 
A               −16.99294        0.95628       −17.76989               <0.0001 
B                  7.28837          0.30712          3.73316               <0.0001 
---------------------------------------------------------------------------------------- 
R              R-Square(COD)       Adj. R-Square       Root-MSE(SD)        N 
---------------------------------------------------------------------------------------- 
0.99559           0.9912                   0.98944                 0.15704                 7 
----------------------------------------------------------------------------------------- 
Parameter               LCI                        UCI 
----------------------------------------------------------------------------------------- 
A                          −19.45113         −14.53476 
B                              6.49896             8.07779 
----------------------------------------------------------------------------------------- 
ANOVA Table: 
----------------------------------------------------------------------------------------- 
               Degrees of            Sum of               Mean 
Item          Freedom             Squares             Square           F Statistic 
----------------------------------------------------------------------------------------- 
Model        1                         13.89054         13.89054       563.26307 
Error          5                           0.1233             0.02466 
Total          6                         14.01385 
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Y = A + B * X 
Parameter              Value             Error                      t-Value                          Prob>|t| 
------------------------------------------------------------------------------------------------------- 
A                         −14.2237         60.73284               −19.4091                     <0.0001 
B                            6.40484          0.23534                  27.21496                    <0.0001 
-------------------------------------------------------------------------------------------------------- 
R                     R-Square(COD)            Adj. R-Square            Root-MSE(SD)         N 
--------------------------------------------------------------------------- 
0.99664              0.99329                        0.99195                         0.12035                 7 
-------------------------------------------------------------------------------------------------------- 
Parameter                 LCI                          UCI 
--------------------------------------------------------------------------- 
A                         −16.10758               −12.33994 
B                             5.79987                    7.0098 
--------------------------------------------------------------------------- 
ANOVA Table: 
--------------------------------------------------------------------------- 
               Degrees of               Sum of             Mean 
Item         Freedom                 Squares            Square           F Statistic 
--------------------------------------------------------------------------------------- 
Model          1                          10.72689       10.72689         740.65419 
Error            5                            0.07241         0.01448 
Total            6                          10.79931 
--------------------------------------------------------------------------- 
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 [Pyrr1,g][N(CN)2] 
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Parameter                     Value                   Error                t-Value               Prob>|t| 
--------------------------------------------------------------------------- 
A                              −11.14128               0.90731          −12.27949           <0.0001 
B                                  5.11995               0.29137             17.57195           <0.0001 
----------------------------------------------------------------------------------------------------- 
 
R                   R-Square(COD)            Adj. R-Square               Root-MSE(SD)           N 
-------------------------------------------------------------------------------------------------------- 
0.992                0.98406                         0.98088                         0.149                        7 
----------------------------------------------------------------------------------------------------------- 
 
Parameter                         LCI                     UCI 
----------------------------------------------------------------------------------------------------------- 
A                                 −13.47359           −8.80897 
B                                     4.37096              5.86895 
---------------------------------------------------------------------------------------------------------- 
ANOVA Table: 
--------------------------------------------------------------------------------------------------------- 
                 Degrees of              Sum of            Mean 
Item            Freedom               Squares           Square             F Statistic 
--------------------------------------------------------------------------------------------------------- 
Model             1                      6.85473             6.85473          308.77341 
Error               5                      0.111                 0.0222 
Total               6                      6.96573 
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[Mor1,g][N(CN)2] 
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Y = A + B * X 

Parameter            Value               Error                      t-Value                   Prob>|t| 
-------------------------------------------------------------------------------------------- 
A                      −17.88128         1.53402              −11.65646                  3.0965E-4 
B                          7.94817          0.50111                15.86113                  <0.0001 
------------------------------------------------------------------------------------------------- 
 
R               R-Square(COD)              Adj. R-Square                  Root-MSE(SD)           N 
------------------------------------------------------------------------------------------------------------- 
0.99214          0.98435                         0.98044                            0.19597                     6 
-------------------------------------------------------------------------------------------------------------- 
 
Parameter                        LCI                                 UCI 
------------------------------------------------------------------------------------------------------------------ 
A                                −22.14041                       −13.62216 
B                                    6.55687                            9.33947 
--------------------------------------------------------------------------------------------------------------- 
ANOVA Table: 
------------------------------------------------------------------------------------------------------------- 
                Degrees of               Sum of               Mean 
Item          Freedom                 Squares              Square               F Statistic 
-------------------------------------------------------------------------------------------------------------- 
Model             1                         9.6612               9.6612              251.57546 
Error               4                         0.15361             0.0384 
Total               5                         9.81481 
--------------------------------------------------------------------------------------------------------- 
 

 [MIM 1,g][N(CN)2] 
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Y = A + B * X 
Parameter                        Value              Error           t-Value               Prob>|t| 
------------------------------------------------------------------------------------------------ 
A                                  −16.26218       0.86464      −18.80811             <0.0001 
B                                      7.01302        0.27767        25.25693             <0.0001 
-------------------------------------------------------------------------------------------------- 
R                    R-Square(COD)                Adj. R-Square             Root-MSE(SD)              N 
-------------------------------------------------------------------------------------------------------------- 
0.9961                0.99222                             0.99067                        0.14199                      7 
------------------------------------------------------------------------------------------------------------------- 
 
Parameter                           LCI                              UCI 
--------------------------------------------------------------------------- 
A                                   −18.48479                    −14.03956 
B                                       6.29926                         7.72679 
--------------------------------------------------------------------------- 
ANOVA Table: 
--------------------------------------------------------------------------- 
               Degrees of                 Sum of                    Mean 
Item         Freedom                   Squares                   Square                  F Statistic 
----------------------------------------------------------------------------------------------------- 
Model         1                            12.86082                 12.86082              637.91255 
Error           5                              0.1008                     0.02016 
Total           6                            12.96162 
--------------------------------------------------------------------------- 
 

 

 

 [FHMPip1,g][N(CN)2] 
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Parameter               Value                   Error                      t-Value                  Prob>|t| 
-------------------------------------------------------------------------------------------------------- 
A                            −16.59586          0.83926               −19.77443            2.82602E-4 
B                                7.54823          0.27872                  27.08212            1.10483E-4 
--------------------------------------------------------------------------- 
 
R                       R-Square(COD)          Adj. R-Square                 Root-MSE(SD)              N 
------------------------------------------------------------------------------------------------------------- 
0.99796                  0.99593                      0.99457                                 0.07978                5 
--------------------------------------------------------------------------- 
 
Parameter                     LCI                             UCI 
--------------------------------------------------------------------------- 
A                             −19.26677                 −13.92495 
B                                 6.66122                     8.43523 
--------------------------------------------------------------------------- 
 
ANOVA Table: 
--------------------------------------------------------------------------- 
                 Degrees of                  Sum of               Mean 
Item           Freedom                   Squares              Square                      F Statistic 
-------------------------------------------------------------------------------------------------- 
Model           1                              4.668                4.668                       733.44137 
Error             3                              0.01909            0.00636 
Total             4                              4.68709 
--------------------------------------------------------------------------- 
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FITTING to VTF Equation:        

          η = η0 exp[B/(T−T0)] 
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[Mor1,g][N(CN)2] 
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Viscosity values for [DMI1,g][Tf 2N], [Pip1,g][Tf 2N], [Pyrr1,g][Tf 2N], [MIM 1,g][Tf 2N] and 
[Mor1,g][Tf 2N]. 

Arrhenius Plots 

lnη = lnη0 + E/T 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Parameter              Value          Error              t-Value                      Prob>|t| 
-------------------------------------------------------------------------------------------- 
A                        −11.97782      0.5973        −20.05225                  <0.0001 
B                            5.38364      0.19183         28.06534                 <0.0001 
-------------------------------------------------------------------------------------------- 
R                 R-Square(COD)              Adj. R-Square                  Root-MSE(SD)              N 
----------------------------------------------------------------------------------------------------------------- 
0.99684            0.99369                         0.99243                                 0.09809                   7 
------------------------------------------------------------------------------------------------------------------ 
Parameter                    LCI                      UCI 
--------------------------------------------------------------------------- 
A                             −13.51331           −10.44234 
B                                 4.89054               5.87675 
--------------------------------------------------------------------------- 
ANOVA Table: 
--------------------------------------------------------------------------- 
                   Degrees of           Sum of              Mean 
Item              Freedom           Squares             Square                F Statistic 
--------------------------------------------------------------------------------------------- 
Model             1                     7.57898            7.57898               787.6635 
Error               5                     0.04811            0.00962 
Total               6                     7.62709 
--------------------------------------------------------------------------- 
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Parameter          Value              Error           t-Value               Prob>|t| 
--------------------------------------------------------------------------- 
A                  −14.79556          1.3106         −11.28916            0.00149 
B                      6.84897           0.43525         15.73581           5.5786E-4 
--------------------------------------------------------------------------- 
 
R                R-Square(COD)             Adj. R-Square               Root-MSE(SD)             N 
--------------------------------------------------------------------------------------------------------- 
0.994            0.98803                          0.98404                          0.12458                      5 
--------------------------------------------------------------------------- 
 
Parameter                             LCI                          UCI 
--------------------------------------------------------------------------- 
A                                       −18.96649              −10.62463 
B                                           5.46381                   8.23413 
--------------------------------------------------------------------------- 
 
ANOVA Table: 
--------------------------------------------------------------------------- 
                Degrees of                 Sum of                       Mean 
Item          Freedom                   Squares                      Square                 F Statistic 
-------------------------------------------------------------------------------------------------------- 
Model            1                           3.84319                    3.84319                247.61571 
Error              3                           0.04656                    0.01552 
Total              4                           3.88975 
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Parameter               Value                Error             t-Value                 Prob>|t| 
------------------------------------------------------------------------------------------------------------- 
A                         −14.7823             0.83895        −17.61994             <0.0001 
B                             6.50645           0.26942           24.14989            <0.0001 
----------------------------------------------------------------------------------------------------------- 
R                      R-Square(COD)            Adj. R-Square              Root-MSE(SD)              N 
------------------------------------------------------------------------------------------------------------ 
0.99574              0.9915                           0.9898                            0.13777                       7 
--------------------------------------------------------------------------- 
Parameter                            LCI                           UCI 
--------------------------------------------------------------------------- 
A                                      −16.9389                   −12.62571 
B                                          5.81388                     7.19901 
--------------------------------------------------------------------------- 
ANOVA Table: 
--------------------------------------------------------------------------- 
                          Degrees of                       Sum of                     Mean 
Item                    Freedom                         Squares                   Square            F Statistic 
--------------------------------------------------------------------------------------------------------- 
Model                       1                               11.06995                11.06995        583.21705 
Error                         5                                 0.0949                    0.01898 
Total                         6                               11.16486 
---------------------------------------------------------------------------------------------------------- 
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Parameter              Value              Error           t-Value             Prob>|t| 
--------------------------------------------------------------------------- 
A                      −15.73877           0.52372     −30.05196        <0.0001 
B                          7.40025           0.17393        42.54827        <0.0001 
--------------------------------------------------------------------------- 
 
R             R-Square(COD)             Adj. R-Square               Root-MSE(SD)           N 
----------------------------------------------------------------------------------------------------- 
0.99917      0.99835                         0.99779                           0.04978                   5 
--------------------------------------------------------------------------- 
Parameter                         LCI                       UCI 
--------------------------------------------------------------------------- 
A                                  −17.40549           −14.07206 
B                                      6.84674               7.95376 
--------------------------------------------------------------------------- 
ANOVA Table: 
--------------------------------------------------------------------------- 
                     Degrees of                              Sum of                  Mean 
Item                Freedom                               Squares                Square             F Statistic 
--------------------------------------------------------------------------- 
Model                 1                                        4.48677              4.48677            1810.35502 
Error                   3                                        0.00744              0.00248 
Total                  4                                         4.49421 
 

 [MIM 1,g][Tf 2N] 
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Y = A + B * X 
 
Parameter                      Value                Error              t-Value          Prob>|t| 
------------------------------------------------------------------------------------------------ 
A                               −12.95642          0.51541          −25.13828        <0.0001 
B                                   5.90028          0.16552             35.6477          <0.0001 
------------------------------------------------------------------------------------------------------------ 
R                R-Square(COD)               Adj. R-Square                       Root-MSE(SD)         N 
------------------------------------------------------------------------------------------------------------- 
0.99804            0.99608                        0.9953                                   0.08464                    7 
--------------------------------------------------------------------------- 
Parameter                     LCI                         UCI 
--------------------------------------------------------------------------- 
A                               −14.28131            −11.63153 
B                                   5.4748                  6.32575 
--------------------------------------------------------------------------- 
ANOVA Table: 
------------------------------------------------------------------------------------------------------------- 
                           Degrees of                         Sum of                   Mean 
Item                     Freedom                           Squares                  Square                 F Statistic 
----------------------------------------------------------------------------------------------------------------- 
Model                        1                                  9.10338                9.10338              1270.75857 
Error                          5                                  0.03582               0.00716 
Total                          6                                  9.13919 
------------------------------------------------------------------------------------------------------------------- 
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VTF plots for all bistriflimide ILs:  
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Equation: 
y =a*exp(b/(x+c))
Weighting: 
y No weighting
  
Chi^2/DoF = 0.65956
R^2 =  0.99999
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Data: Data1_D
Model: Exp3P1
Equation: 
y =a*exp(b/(x+c))
Weighting: 
y No weighting
  
Chi^2/DoF = 468.27813
R^2 =  0.9991
  
a 8.1285 ±7.49689
b 230.52726 ±100.12517
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Data: Data1_E
Model: Exp3P1
Equation: 
y =a*exp(b/(x+c))
Weighting: 
y No weighting
  
Chi^2/DoF = 34.19889
R^2 =  0.99996
  
a 0.47 ±0.17012
b 628.73826 ±61.25158
c -217.91748 ±4.08633
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Model: Exp3P1
Equation: 
y =a*exp(b/(x+c))
Weighting: 
y No weighting
  
Chi^2/DoF = 3162.49078
R^2 =  0.99842
  
a 3.7098E-23 ±7.4407E-21
b 51377.08242 ±350567.63359
c 550.11144 ±2981.29364
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Model: Exp3P1
Equation: 
y =a*exp(b/(x+c))
Weighting: 
y No weighting
  
Chi^2/DoF = 1727.10103
R^2 =  0.99442
  
a 5.4968E-16 ±6.5352E-14
b 29082.56441 ±166659.82144
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Conductivity 

Arrhenius plots: 
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Parameter                Value                    Error              t-Value                      Prob>|t| 
----------------------------------------------------------------------------------------------------- 
A                           10.14326               0.35029            28.95652                 <0.0001 
B                           −2.89712               0.11249          −25.75397                <0.0001 
------------------------------------------------------------------------------------------------------ 
R                    R-Square(COD)                     Adj. R-Square             Root-MSE(SD)                 N 
-------------------------------------------------------------------------------------------------------------------- 
−0.99625            0.99252                                  0.99102                      0.05752                           7 
--------------------------------------------------------------------------- 
Parameter                         LCI                                UCI 
--------------------------------------------------------------------------- 
A                                     9.2428                         11.04371 
B                                   −3.18629                      −2.60795 
--------------------------------------------------------------------------- 
ANOVA Table: 
--------------------------------------------------------------------------- 
                       Degrees of                           Sum of                       Mean 
Item                  Freedom                            Squares                      Square                 F Statistic 
------------------------------------------------------------------------------------------------------------------- 
Model                   1                                    2.19478                     2.19478               663.26708 
Error                     5                                    0.01655                     0.00331 
Total                     6                                    2.21132 
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Parameter                   Value                   Error             t-Value                Prob>|t| 
-------------------------------------------------------------------------------------------------- 
A                              16.26528              0.7405          21.96531              <0.0001 
B                              −5.28057              0.2378        −22.20573              <0.0001 
---------------------------------------------------------------------------------------------------- 
 
R                     R-Square(COD)                       Adj. R-Square                    Root-MSE(SD)           N 
---------------------------------------------------------------------------------------------------------------------
- 
−0.99497           0.98996                                     0.98795                                  0.1216                  7 
---------------------------------------------------------------------------------------------------------------------
----- 
 
Parameter                  LCI                UCI 
--------------------------------------------------------------------------- 
A                              14.36177       18.16879 
B                              −5.89186      −4.66928 
--------------------------------------------------------------------------- 
 
ANOVA Table: 
--------------------------------------------------------------------------- 
                              Degrees of                   Sum of                   Mean 
Item                          Freedom                   Squares                 Square               F Statistic 
----------------------------------------------------------------------------------------------------------- 
Model                             1                          7.29154                7.29154            493.09457 
Error                               5                          0.07394                0.01479 
Total                               6                          7.36548 
------------------------------------------------------------------------------------------------------------ 
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Parameter                 Value               Error             t-Value                   Prob>|t| 
-------------------------------------------------------------------------------------------------- 
A                            14.58681           0.69299         21.04903                 <0.0001 
B                            −4.8127             0.22255       −21.62566                 <0.0001 
------------------------------------------------------------------------------------------------------ 
 
R                        R-Square(COD)                     Adj. R-Square                 Root-MSE(SD)           N 
--------------------------------------------------------------------------------------------------------------------- 
−0.9947                      0.98942                              0.98731                             0.1138                    7 
--------------------------------------------------------------------------- 
 
Parameter                  LCI                      UCI 
--------------------------------------------------------------------------- 
A                              12.80542              16.3682 
B                              −5.38477              −4.24063 
--------------------------------------------------------------------------- 
 
ANOVA Table: 
--------------------------------------------------------------------------- 
                       Degrees of                        Sum of                       Mean 
Item                  Freedom                         Squares                     Square                 F Statistic 
------------------------------------------------------------------------------------------------------------- 
Model                     1                              6.05669                     6.05669                 467.66933 
Error                       5                              0.06475                     0.01295 
Total                       6                              6.12144 
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Parameter                     Value               Error             t-Value               Prob>|t| 
------------------------------------------------------------------------------------------------ 
A                                 16.2322            0.62194          26.09912           <0.0001 
B                                −5.58889           0.19973        −27.98228           <0.0001 
--------------------------------------------------------------------------- 
 
R              R-Square(COD)                 Adj. R-Square                 Root-MSE(SD)            N 
------------------------------------------------------------------------------------------------------------ 
−0.99682       0.99365                                0.99239                        0.10213                     7 
--------------------------------------------------------------------------- 
 
Parameter                      LCI                      UCI 
--------------------------------------------------------------------------- 
A                                  14.63344           17.83095 
B                                  −6.10231          −5.07547 
--------------------------------------------------------------------------- 
 
ANOVA Table: 
--------------------------------------------------------------------------- 
                             Degrees of                     Sum of                         Mean 
Item                        Freedom                      Squares                        Square                  F Statistic 
------------------------------------------------------------------------------------------------------------------- 
Model                           1                             8.16788                      8.16788                783.00799 
Error                             5                             0.05216                      0.01043 
Total                             6                             8.22004 
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Parameter                 Value                Error            t-Value             Prob>|t| 
----------------------------------------------------------------------------------------- 
A                            14.80118            0.95055         15.57125        <0.0001 
B                            −4.92476            0.30526       −16.13321        <0.0001 
--------------------------------------------------------------------------- 
 
R              R-Square(COD)              Adj. R-Square               Root-MSE(SD)               N 
------------------------------------------------------------------------------------------------------------ 
−0.99053          0.98115                    0.97738                           0.1561                         7 
--------------------------------------------------------------------------- 
 
Parameter                 LCI                  UCI 
--------------------------------------------------------------------------- 
A                            12.35773         17.24463 
B                            −5.70944        −4.14007 
--------------------------------------------------------------------------- 
 
ANOVA Table: 
--------------------------------------------------------------------------- 
                     Degrees of                  Sum of                  Mean 
Item                Freedom                   Squares                Square                       F Statistic 
----------------------------------------------------------------------------------------------------------- 
Model                1                            6.34202                6.34202                     260.2804 
Error                  5                            0.12183                0.02437 
Total                  6                            6.46385 
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Parameter                 Value                  Error              t-Value                      Prob>|t| 
--------------------------------------------------------------------------------------------------- 
A                           15.42808               0.77999          19.77989                   <0.0001 
B                           −4.92921               0.25048        −19.67878                   <0.0001 
---------------------------------------------------------------------------------------------------- 
 
R                       R-Square(COD)                    Adj. R-Square              Root-MSE(SD)               N 
--------------------------------------------------------------------------------------------------------------------- 
−0.99361              0.98725                                  0.9847                          0.12809                        7 
---------------------------------------------------------------------------------------------------------------------
- 
 
Parameter                    LCI                         UCI 
--------------------------------------------------------------------------- 
A                               13.42306                17.4331 
B                              −5.5731                  −4.28532 
--------------------------------------------------------------------------- 
 
ANOVA Table: 
--------------------------------------------------------------------------- 
                    Degrees of                        Sum of                      Mean 
Item              Freedom                          Squares                    Square                      F Statistic 
-------------------------------------------------------------------------------------------------------------------- 
Model                1                                 6.35349                   6.35349                      387.25433 
Error                  5                                 0.08203                   0.01641 
Total                  6                                 6.43553 
 
 
VTF plots for dicyanamide ILs: 
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[Pip1,g][N(CN)2] 
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[FHMPip1,g][N(CN)2]
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y No weighting
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y =a*exp(b/(x+c))
Weighting: 
y No weighting
  
Chi^2/DoF = 0.00013
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Bistriflimides 

Arrhenius Plots 
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Parameter             Value                   Error                 t-Value              Prob>|t| 
--------------------------------------------------------------------------------------------- 
A                         11.31715               0.2996             37.77476          <0.0001 
B                        −3.56636                0.09621         −37.06789          <0.0001 
----------------------------------------------------------------------------------------------- 
R                        R-Square(COD)                   Adj. R-Square               Root-MSE(SD)         N 
------------------------------------------------------------------------------------------------------------------- 
−0.99819               0.99637                               0.99565                              0.0492                 7 
---------------------------------------------------------------------------------------------------------------------
- 
Parameter                       LCI                  UCI 
--------------------------------------------------------------------------- 
A                                 10.54702         12.08729 
B                                 −3.81367         −3.31904 
--------------------------------------------------------------------------- 
ANOVA Table: 
--------------------------------------------------------------------------- 
                            Degrees of                   Sum of                      Mean 
Item                       Freedom                    Squares                     Square             F Statistic 
------------------------------------------------------------------------------------------------------------ 
Model                           1                         3.32588                     3.32588            1374.02862 
Error                             5                         0.0121                       0.00242 
Total                             6                         3.33799 
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Parameter                  Value                  Error            t-Value             Prob>|t| 
--------------------------------------------------------------------------------------------- 
A                               15.89831           0.80234         19.81488         <0.0001 
B                               −5.51927           0.25766       −21.42057        <0.0001 
--------------------------------------------------------------------------- 
 
R                R-Square(COD)                  Adj. R-Square                 Root-MSE(SD)                 N 
------------------------------------------------------------------------------------------------------------------ 
−0.9946            0.98922                          0.98706                              0.13176                          7 
--------------------------------------------------------------------------------------------------------------------- 
 
Parameter                             LCI                                    UCI 
--------------------------------------------------------------------------- 
A                                       13.83583                            17.9608 
B                                      −6.18161                            −4.85693 
--------------------------------------------------------------------------- 
ANOVA Table: 
--------------------------------------------------------------------------- 
                          Degrees of                Sum of                         Mean 
Item                    Freedom                 Squares                        Square                F Statistic 
----------------------------------------------------------------------------------------------------------- 
Model                       1                       7.96566                        7.96566              458.84072 
Error                         5                       0.0868                          0.01736 
Total                         6                      8.05246 
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Parameter            Value                Error                     t-Value                     Prob>|t| 
----------------------------------------------------------------------------------------------------- 
A                       12.00231            0.46955                 25.56145                   <0.0001 
B                       −3.87493            0.15079               −25.69761                  <0.0001 
---------------------------------------------------------------------------------------------------------- 
 
R                          R-Square(COD)                 Adj. R-Square                     Root-MSE(SD)              
N 
---------------------------------------------------------------------------------------------------------------------
----- 
−0.99624                      0.99249                         0.99098                                 0.07711                      
7 
-------------------------------------------------------------------------------------------------------------------- 
Parameter                            LCI                               UCI 
--------------------------------------------------------------------------- 
A                                       10.7953                       13.20932 
B                                       −4.26254                     −3.48731 
--------------------------------------------------------------------------- 
ANOVA Table: 
--------------------------------------------------------------------------- 
                         Degrees of                           Sum of                                 Mean 
Item                    Freedom                            Squares                               Square                      F 
Statistic 
---------------------------------------------------------------------------------------------------------------------
--------- 
Model                       1                                   3.92631                              3.92631                     
660.36697 
Error                         5                                   0.02973                              0.00595 
Total                         6                                   3.95604 
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Parameter                    Value                   Error                 t-Value                    Prob>|t| 
--------------------------------------------------------------------------------------------------------- 
A                               19.26647               1.03119               18.68368               <0.0001 
B                               −6.88237               0.33115             −20.78293              <0.0001 
----------------------------------------------------------------------------------------------------------- 
R                         R-Square(COD)                Adj. R-Square                Root-MSE(SD)             N 
---------------------------------------------------------------------------------------------------------------------
- 
−0.99426                0.98856                              0.98627                         0.16934                       7 
---------------------------------------------------------------------------------------------------------------------
---- 
Parameter                   LCI                       UCI 
--------------------------------------------------------------------------- 
A                             16.61571                 21.91723 
B                             −7.73363                 −6.03111 
--------------------------------------------------------------------------- 
ANOVA Table: 
--------------------------------------------------------------------------- 
                           Degrees of                 Sum of                      Mean 
Item                     Freedom                  Squares                     Square                            F Statistic 
-------------------------------------------------------------------------------------------------------------------- 
Model                       1                        12.38607                   12.38607                        431.93038 
Error                         5                          0.14338                     0.02868 
Total                         6                        12.52945 
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Parameter             Value             Error           t-Value                         Prob>|t| 
----------------------------------------------------------------------------------------------- 
A                         24.2477        0.35351         68.59211                      <0.0001 
B                        −9.63954       0.11352       −84.91192                     <0.0001 
-------------------------------------------------------------------------------------------------- 
R                       R-Square(COD)                 Adj. R-Square              Root-MSE(SD)              N 
----------------------------------------------------------------------------------------------------------------- 
−0.99965               0.99931                              0.99917                        0.05805                       7 
--------------------------------------------------------------------------- 
 
Parameter                   LCI                     UCI 
--------------------------------------------------------------------------- 
A                              23.33898            25.15641 
B                              −9.93136            −9.34771 
--------------------------------------------------------------------------- 
 
ANOVA Table: 
--------------------------------------------------------------------------- 
                        Degrees of                     Sum of                   Mean 
Item                  Freedom                      Squares                  Square                     F Statistic 
----------------------------------------------------------------------------------------------------------------- 
Model                     1                           24.29799               24.29799                  7210.03402 
Error                       5                             0.01685                 0.00337 
Total                       6                           24.31484 
------------------------------------------------------------------------------------------------------------------- 
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Parameter               Value                 Error             t-Value                        Prob>|t| 
--------------------------------------------------------------------------------------------------- 
A                          13.54093            0.57919         23.37926                      <0.0001 
B                          −4.41547            0.186           −23.73929                      <0.0001 
---------------------------------------------------------------------------------------------------- 
R              R-Square(COD)                 Adj. R-Square               Root-MSE(SD)            N 
--------------------------------------------------------------------------------------------------------- 
−0.99559      0.99121                               0.98945                      0.09511                       7 
---------------------------------------------------------------------------------------------------------- 
Parameter                           LCI                             UCI 
--------------------------------------------------------------------------- 
A                                    12.05209                      15.02978 
B                                    −4.89359                      −3.93735 
--------------------------------------------------------------------------- 
ANOVA Table: 
--------------------------------------------------------------------------- 
                           Degrees of                       Sum of                     Mean 
Item                     Freedom                         Squares                   Square                  F Statistic 
-------------------------------------------------------------------------------------------------------------- 
Model                        1                              5.09814                   5.09814                563.55386 
Error                          5                              0.04523                   0.00905 
Total                          6                              5.14337 
--------------------------------------------------------------------------- 
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Equation: 
y =a*exp(b/(x+c))
Weighting: 
y No weighting
  
Chi^2/DoF = 0.00134
R^2 =  0.99873
  
a 65.42056 ±37.29124
b -470.19352 ±138.50834
c -208.17874 ±17.64451

κ,
  m

S

T (K)

[Pip1,g][Tf2N]

 

290 300 310 320 330 340 350 360

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

y =a*exp(b/(x+c))
Weighting: 
y No weighting
  
Chi^2/DoF = 0.00557
R^2 =  0.93395
  
a 1.23868 ±1.10157
b -51.73583 ±67.44991
c -293 ±22.56028
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300 310 320 330 340 350 360
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0.5

0.6

0.7 y =a*exp(b/(x+c))
Weighting: 
y No weighting
  
Chi^2/DoF = 0.00037
R^2 =  0.99606
  
a 8.88889 ±7.21786
b -229.88875 ±114.03808
c -265.86219 ±17.03957

κ,
 m

S

T (K)

Without the first point:
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D
y =a*exp(b/(x+c))
Weighting: 
y No weighting
  
Chi^2/DoF = 0.00007
R^2 =  0.83048
  
a 0.11001 ±0.28316
b -74.6875 ±214.38637
c -293 ±56.19372

κ,
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S

T (K)

[FHMPip1,g][Tf2N]
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310 320 330 340 350 360
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0.05
y No weighting
  
Chi^2/DoF = 3.692E-8
R^2 =  0.99994
  
a 140446310.38912 ±791980394.79318
b -6537.51468 ±3262.38956
c -53.96264 ±72.12743

κ,
 m

S

T (K)

Without the first two points:
[FHMPip

1,g
][Tf

2
N]]
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y =a*exp(b/(x+c))
Weighting: 
y No weighting
  
Chi^2/DoF = 0.00241
R^2 =  0.9978
  
a 47.00443 ±29.07688
b -367.31098 ±126.92308
c -227.97732 ±17.41683

κ,
 m

S

T (K)

[MIM1,g][Tf2N]
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Appendix 2: 

Evaluation of the sensitivity of the solvatochromic parameters to temperature 

 

Table 3A1: Changes in α, π*, β and ET
N, ET(30) at 25, 45, 65, 45 and 25°C ([Pip1,g][N(CN)2] 

Temperatures ET(30) ET
N αααα ββββ ππππ* 

25 (going) 56.99 0.811 0.87 0.50 1.12 

45 (going) 56.56 0.798 0.85 0.51 1.09 

65 55.92 0.778 0.82 0.53 1.08 

45 (return) 56.41 0.794 0.85 0.51 1.10 

25 (return) 57.18 0.817 0.87 0.50 1.12 

 

ET(30):-  The %age increase of ET(30) on  increasing the temperature from 25 to 45°C is 0.75 % and 

45 to 65°C is 1.13% and on returning from 65 to 45°C is 0.87% and on returning from 45 to 

25°C is 1.35%. The major difference is 1.88% that is when one moves from 25 to 65°C and back 

to 25 from 65°C is 2.20%. As we see the Table 3.8a we can say that ET(30) decreases linearly with 

the increase in the temperature and increases linearly with the decrease in temperature. This 

result also agrees with Shruti Trivedi et al. 

ET
N:- The %age increase of ET

N on  increasing the temperature from 25 to 45°C is 1.60% and 45 

to 65°C  is 2.51% and on returning from 65 to 45°C is 2.02% and on returning from 45 to 25°C is 

2.82%. The major difference is 4.07% that is when one moves from 25 to 65°C and back to 25 

from 65°C is 4.77%. This result also shows that the ET
N value decrease linearly with the rise in 

temperature and the vice-versa. This result is in agreement with Shruti Trivedi et al. 

α:- The %age increase of α on  increasing the temperature from 25 to 45°C is 0.92% and 45 to 

65°C  is 4.32% and on returning from 65 to 45°C is 3.41% and on returning from 45 to 25°C is 

2.30%. The major difference is 5.20% that is when one moves from 25 to 65°C and back to 25 

from 65°C is 5.53%. This result also shows that the  α value decrease linearly with the rise in 

temperature and the vice-versa. This result is in agreement with Shruti Trivedi et al. 
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β:- The %age increase of β on  increasing the temperature from 25 to 45°C is 3.02% and 45 to 

65°C  is 2.38% and on returning from 65 to 45°C is 10.69% and on returning from 45 to 25°C is 

4.83%. The difference from 25°C to 65°C is exceptionally low i.e. 0.57%. The percentage 

difference when one moves from 65°C to 25°C is 6.81%. The major difference is 10.69% that is 

when one moves from 65 to 45°C. Thus, one can say from these results that β is independent of 

temperature and the increase or decrease in β -values cannot be explained on basis of 

temperatures. This result is in agreement with Shruti Trivedi et al. 

π*:- The %age increase of π* on  increasing the temperature from 25 to 45°C is 2.33% and 45 to 

65°C  is 0.73% and on returning from 65 to 45°C is 2.43% and on returning from 45 to 25°C is 

1.77%. When one moves from 25 to 65°C the difference is 3.05% and back to 25 from 65°C is 

4.16%. This result also shows that the π* value decrease linearly with the rise in temperature and 

the vice-versa. This result is in agreement with Shruti Trivedi et al. 

Table 3A2: DMI1,g N(CN)2 changes with temperature 

Temp α β π* ET(30) ET
N 

25 0.84 0.46 1.16 57.06 0.81 

45 0.83 0.50 1.13 56.45 0.79 

65 0.82 0.51 1.08 55.93 0.77 

45 0.83 0.51 1.12 56.41 0.79 

25 0.85 0.46 1.16 57.02 0.81 

 
 

Table 3A3: DMI 1,g Tf2N:- changes with temperature 

Temp α β π* ET(30) ET
N 

25 1.12 0.178 1.144 61.2 0.93 

45 1.13 0.160 1.139 61.4 0.94 

65 1.16 0.139 1.132 61.8 0.96 

45 1.13 0.164 1.137 61.5 0.94 
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25 1.10 0.178 1.143 61.0 0.93 

 

Table 3A4:  Pyrr1,g Tf2N:- changes with temperature 

Temp α β π* ET(30) ET
N 

25 1.13 0.141 1.388 64.07 1.03 

45 1.16 0.125 1.373 64.38 1.04 

65 1.17 0.116 1.364 64.44 1.04 

45 1.14 0.123 1.382 64.13 1.03 

25 1.12 0.141 1.391 63.94 1.023 

 

The above tables from 3.8 (a−d) show variations in various solvatochromic parameters with the 

rise in temperature and also decrease in temperature. ET
N obtained from betaine dye 33, 

indicating dipolarity/polarizability and/or hydrogen bond donating (HBD) acidity, decreases 

linearly with increasing temperature within the two ILs. Changes in Kamlet−Taft parameters 

dipolarity/polarizability (π*), HBD acidity (α), and HB accepting (HBA) basicity (β) with 

temperature show interesting trends. While π* and α decrease linearly with increasing 

temperature within the two ILs, β appears to be independent of the temperature. Also, we can say 

that this kind of variations with temperatures from 25 to 65°C comes in an average of 0.7 to 4% 

which are not significantly important.  
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Chapter 4 

New class of ionic liquids containing seven-membered rings: their synthesis and  
properties and comparing them with other six-membered rings 

Abstract 

A series of functionalized and non-functionalized new ionic liquids (ILs) based on a cyclic 

seven-membered ring amine (hexamethylenimine, defined also as azepane) were prepared and 

their properties were compared with those of two other six-membered ring amines, i.e. a 

functionalized six-membered ring, namely morpholinium salts, and non-functionalized six-

membered ring, namely piperidinium salts. The physico-chemical properties such as 

conductivity, viscosity and polarity were measured at different temperatures. A comparison 

between five-, six- and seven-membered ringed cations based ILs are reported here.  

4.1 Introduction 

Recently, Belhocine et al.1 have reported the synthesis and some properties of a new class of ILs 

arising from azepane and have compared them with analogous ILs arising from 3-

methylpiperidine, showing that both of these salts exhibited wide electrochemical windows. 

Nevertheless, the syntheses and the physical and electrochemical properties of ILs based on 1-

alkyl-1-methylazepanium2 were also reported in a recent patent application from INVISTA.3   

Considering our interest in the development of new classes of ILs having improved properties, 

during the course of this PhD thesis, we have synthesized a series of hydroxyl-functionalized 

cyclic onium ILs based on six membered  rings (morpholine and piperidine) and seven-

membered rings (azepane). The physico-chemical properties as well as solvent properties were 

studied for all the above-mentioned ILs having [N(CN)2]
−  as anion and were compared with 

those of  analogously alkyl functionalized ILs.   

4.2 Experimental section 

In this section we have shown the synthesis of various ILs studied in this chapter. Also the 

schemes for each of the reactions are shown in this section. 
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4.2.1 Synthesis of all bromide, chloride and iodide salts 

The various bromides, chlorides and iodides were prepared and are explained in this section. 

4.2.1.1 Synthesis of [HME1,4][I] 

 This synthesis involves 3 consecutive steps which are explained below. 

N-butyl hexamethyleniminium bromide [HMEH,4][Br] 

30.40 g (0.2218 mol) of bromobutane (Acros, 99%) was added dropwise over 1 h to a solution of 

22 g (0.2218 mol) of hexamethylenimine (Aldrich 99%) in 100 ml of acetonitrile (J.T. Baker, 

Deventer, Holland) while stirring vigorously, and N2 was bubbled through the solution. The 

mixture was refluxed for 8 h at 70°C. The molten salt was decanted, washed three times with  

100 ml of CH2Cl2, and dried on a rotovapor for 1 h at 45°C, under low pressure. The product was 

dried in vacuum. If the product was found to have traces of brown or yellowish color, then  it 

was washed with acetone and recrystallized in acetone. A crystalline white solid was obtained 

with a yield of 85%. 

N-butyl hexamethylenimine [HME4] 

Equimolar amounts of Na2CO3.10H2O and [HMEH,4][Br] were dissolved in pure distilled water. 

The organic base was then extracted in CH2Cl2 and after solvent removal  the final product, a 

yellowish liquid, was analyzed by NMR. This product was completely insoluble in water. The 

weight of the product obtained  was 9.16 g and the product yield was 69.73% .  

N-butyl-N-methyl hexamethyleniminium iodide [HME1,4][I] 

7.919 g (0.0558 mol) of iodomethane (Acros, 99%) (2% molar excess of  iodomethane was taken 

as it is highly volatile) was added dropwise to a solution of 8.49 g ( 0.0547 mol) of N-butyl 

hexamethylenimine in 40 ml of acetonitrile (J.T. Baker, Deventer, Holland) under vigorous 

stirring and N2 was bubbled through the solution. The mixture was stirred at room temperature 

for 2 h as the reaction was exothermic. The formed molten salt was decanted, washed three times 

with 100 ml of CH2Cl2, and dried on a rotovapour for 30 mins at 45°C under low pressure. The 

product was dried in vacuum. If the product was found to have traces of brown or yellowish 

colour, then  it was washed with acetone and recrystallized in acetone. A crystalline white solid 

was obtained and the weight of the product was 15.38 g and the product yield was 93.72%.   
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4.2.1.2 Synthesis of [HME1,e][I] 

 This synthesis involves 3 consecutive steps as shown below.   

N-ethanol hexamethyleniminium chloride [HMEH,e][Cl] 

17.86 g (0.2218 mol) of 2-chloroethanol (Acros, 99%) was added dropwise over 1 h to a solution 

of 22 g (0.2218 mol) of hexamethylenimine (Aldrich 99%) in 100 ml of acetonitrile (J.T. Baker, 

Deventer, Holland) while stirring vigorously, and N2 was bubbled through the solution. As the 

boiling point of bromoethane was quite low we took 2% more of it in the reflux. The mixture 

was refluxed for 12 h at 70°C. The molten salt was decanted, washed three times with 100 ml of 

CH2Cl2, and dried on a rotovapor for 1 h at 45°C, under low pressure. The product was dried in 

vacuum. If the product was found to have traces of brown or yellowish colour, then  it was 

washed with acetone and recrystallized in acetone. A crystalline white solid was obtained with 

the product yield of 85%. 

N-ethanol hexamethylenimine [HMEe] 

Equimolar amounts of K2CO3 and [HMEH,e][Cl] were dissolved in pure distilled water. The 

organic base was then extracted using dichloromethane and after solvent removal the final 

product,a yellowish liquid, was analyzed by NMR. This product was completely insoluble in 

water. The weight of the product was 15.94 g and the product yield was 79.7%. 

N-ethanol-N-methyl hexamethyleniminium iodide [HME1,e][I] 

15.80 g (0.11135 moles) of iodomethane (Acros, 99%) (2% molar excess of  iodomethane was 

taken as it is highly volatile) was added dropwise  to a solution of 15.94 g (0.11130 moles) of N-

ethanol hexamethylenimine (prepared and approved by NMR) in 40 ml of acetonitrile (J.T. 

Baker, Deventer, Holland) while stirring vigorously, and N2 was bubbled through the solution. 

This was stirred at room temperature for 2 h as the reaction was exothermic. The molten salt was 

decanted, washed three times with 100 ml of CH2Cl2, and dried on a rotovapor for 30 mins at 

45°C under low pressure. The product was dried in vacuum. The product was washed with 

acetone and recrystallized in acetone. A crystalline white solid was obtained and the weight of 

the product 25 g and the product yield was 80.80%. 
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4.2.1.3 Synthesis of [HME1,g][I] 

 This synthesis involves 3 consecutive steps which are shown below. 

N-glyceryl hexamethyleniminium chloride [HMEH,g][Cl] 

24.52 g (0.2218 mol) of 1,3-chloro propanediol (Acros, 99%) was added dropwise over 1 h to a 

solution of 22 g (0.2218 mol) of hexamethylenimine (Aldrich 99%) in 100 ml of acetonitrile (J.T. 

Baker, Deventer, Holland) while stirring vigorously, and N2 was bubbled through the solution. 

The mixture was refluxed for 4.5 days at 70°C. The molten salt was decanted, washed three 

times with 100 ml of CH2Cl2, and dried on a rotovapor for 1 h at 45°C under low pressure. The 

product was dried in vacuum. If the product was found to have traces of brown or yellowish 

color, then it was washed with acetone and recrystallized in acetone. A crystalline white solid 

was obtained and the weight of the product was 40 g and the product yield was 86%.  

N-glyceryl hexamethylenimine [HMEg] 

Equimolar amounts of Na2CO3.10H2O and [HMEH,g][Cl] were dissolved in pure distilled water. 

The final product was then extracted using dichloromethane and after solvent removal  the purity 

of the collected product was estimated using NMR. The product yield was 72%.  

N-glyceryl-N-methyl hexamethyleniminium iodide [HME1,g][I] 

0.0589 moles of iodomethane (Acros, 99%) (2% molar excess of  iodomethane was taken as it is 

highly volatile) was added dropwise  to a solution of 10 g (0.0577 moles) of                                    

N-glycerylhexamethylenimine (prepared and approved by NMR) in 40 ml of acetonitrile (J.T. 

Baker, Deventer, Holland) while stirring vigorously, and N2 was bubbled through the solution. 

This was stirred at room temperature for 2 h as the reaction was exothermic. The molten salt was 

decanted, washed three times with 100 ml of CH2Cl2, and dried on a rotovapor for 30 mins at 

45°C under low pressure. The product was dried in vacuum.  If the product was found to have 

traces of brown or yellowish colour, then it was washed with acetone and recrystallized in 

acetone. A crystalline white solid was with 52% of product yield. 

4.2.1.4 N-ethanol-N-methyl morpholinium chloride [Mor1,e][Cl] 

43.94 g (0.5457 mol) of 2-chloro ethanol (99%) was added dropwise over 1h to a solution of 55.2 

g (0.5457 mol) of N-methylmorpholine (Acros, 99%) in 100 ml of acetonitrile (J.T. Baker, 

Deventer, Holland) while stirring vigorously, and N2 was bubbled through the solution. As the 
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boiling point of bromoethane was very low we took 2% more of it in the reflux. The mixture was 

refluxed for 8h at 70°C. The molten salt was decanted, washed three times with 100 ml of 

CH2Cl2, and dried on a rotovapor for 1h at 45°C under low pressure. The product was dried in 

vacuum. If the product was found to have traces of brown or yellowish color, then  it was washed 

with acetone and recrystallized in acetone. A crystalline white solid was obtained and the weight 

of the product was 46.21 g and the product yield was 46.61%.  

4.2.1.5 N-ethanol-N-ethyl morpholinium chloride [Mor2,e][Cl] 

23.55 g (0.21609 moles) of 2-bromo ethanol (Aldrich, 98%) was added dropwise over 1 h to a 

solution of 27 g (0.2058 moles) of N-(2-hydroxylmorpholine) (Acros, 99%) in 100 ml of 

acetonitrile (J.T. Baker, Deventer, Holland) while stirring vigorously, and N2 was bubbled 

through the solution. As the boiling point of bromoethane was very low we took 2% more of it in 

the reflux. The mixture was refluxed for 12 h at 70°C. The molten salt was decanted, washed 

three times with 100 ml of CH2Cl2, and dried on a rotovapor for 1 h at 45°C under low pressure. 

The product was dried in vacuum. If the product was found to have traces of brown or yellowish 

color, then it was washed with acetone and recrystallized in acetone. A crystalline white solid 

was obtained and the weight of the product was 41.77 g and the product yield was 82.63%. 

4.2.1.6 N-ethanol-N-methyl piperidinium iodide [Pip1,e][I] 

26.64 g (0.1877 moles) of methyl iodide (Acros, 99%) was added dropwise over 1 h to a solution 

of 24.25 g (0.1877 moles) of N-ethanolpiperidine (Acros, 99%) in 100 ml of acetonitrile (J.T. 

Baker, Deventer, Holland) while stirring vigorously, and N2 was bubbled through the solution. 

The mixture was refluxed for 4 h at 70°C. The molten salt was decanted, washed three times with 

100 ml of CH2Cl2, and dried on a rotovapour for 1 h at 45°C under low pressure. The product 

was dried in vacuum. The product was washed with acetone and recrystallized in acetone. A 

brownish crystalline solid was obtained and the weight of the product was 39.11 g and the 

product yield was 76.85%. 

4.2.1.7 N-ethanol-N-ethyl piperidinium iodide [Pip2,e][I] 

29.28 g (0.1877 moles) of 2-iodoethane (Aldrich, 99%) was added dropwise over 1 h to a 

solution of 24.25 g (0.1877 moles) of N-ethanolpiperidine (Aldrich 99%) in 100 ml of 

acetonitrile (J.T. Baker, Deventer, Holland) while stirring vigorously, and N2 was bubbled 

through the solution. As the boiling point of iodoethane (bpt.=72 °C) was very low we took 2% 

more of it in the reflux. The mixture was refluxed for 4 h at 70°C. The molten salt was decanted, 
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washed three times with 100 ml of CH2Cl2, and dried on a rotovapor for 1 h at 45°C under low 

pressure. The product was dried in vacuum. It was washed with acetone and recrystallized in 

acetone. A brownish-colored crystalline solid was obtained and the weight of the product was 

45.14 g and the product yield was 84.33%.  

[Mor1,4][Br] was prepared as reported in Chapter 2; whereas [Mor1,g][Cl] and [Pip1,g][Cl] were 

prepared as reported in Chapter 3. 

4.2.2 Synthesis of dicyanamide salts 

4.2.2.1 N-butyl-N-methyl hexamethyleniminium dicyanamide ([HME1,4][N(CN)2]) 

To a colorless solution of [HME1,4][I] (15 g, 0.0505 moles) in water (100 ml) 0.0515 moles (a 

little molar excess was taken assuming some silver dicyanamide will be lost during filtration 

process) of silver dicyanamide (white solid, freshly prepared from AgNO3 and NaN(CN)2 in 

water) was added. The mixture was stirred for 3 h at 40°C. After cooling at room temperature the 

precipitate was filtered off, washed with water (2×10 ml) and the resulting colourless aqueous 

solution (approximately 200 ml) was heated to 70°C under vacuum for 1 h to remove the water. 

The colorless liquid was dissolved in anhydrous acetone (Carlo Erba reagents, HPLC grade, 200 

ml), and the solution was cooled at −20°C for 48 h. Then, it was filtered on glass septa (porosity 

4) containing two different powdered layers of 1 cm each:- celite (lower layer) and decolorizing 

carbon (upper layer). The solvent was removed under vacuum (2×10−3 mm Hg, 80°C, 6 h) to 

give the pure IL. The product yield was 82% after removal of silver by washing with acetone. 

4.2.2.2 N-ethanol-N-methyl hexamethyleniminium dicyanamide ([HME1,e][N(CN)2]) 

To a colorless solution of [HME1,e][I] (10.55 g, 0.03700 moles) in water (100 ml) 0.03774 moles 

(a little molar excess was taken assuming some silver dicyanamide will be lost during filtration 

process) of  silver dicyanamide (white solid, freshly prepared from AgNO3  and NaN(CN)2 in 

water) was added. The mixture was stirred for 3 h at 40°C. After cooling at room temperature the 

precipitate was filtered off, washed with water (2×10 ml) and the resulting colourless aqueous 

solution (approximately 200 ml) was heated to 70°C under vacuum for 1 h to remove the water. 

The colorless liquid was dissolved in anhydrous acetone (Carlo Erba reagents, HPLC grade, 200 

ml), and the solution was cooled at −20°C for 48 h. Then, it was filtered on glass septa (porosity 

4) containing two different powdered layers of 1 cm each:- celite (lower layer) and decolorizing 
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carbon (upper layer). The solvent was removed under vacuum (2×10−3 mm Hg, 80°C, 6h) to give 

the pure IL. The product yield was 76% after removal of silver by washing with acetone. 

4.2.2.3 N-glyceryl-N-methyl hexamethyleniminium dicyanamide ([HME1,g][N(CN)2]) 

To a colorless solution of [HME1,g][I] (15 g, 0.04759 moles) in water (100 ml) 0.04854 moles (a 

little molar excess was taken assuming some silver dicyanamide will be lost during filtration 

process) of silver dicyanamide (white solid, freshly prepared from AgNO3 and NaN(CN)2 in 

water) was added. The mixture was stirred for 3 h at 40°C. After cooling at room temperature the 

precipitate was filtered off, washed with water (2×10 ml) and the resulting colorless aqueous 

solution (approximately 200 ml) was heated to 70°C under vacuum for 1 h to remove the water. 

The colorless liquid was dissolved in anhydrous acetone (Carlo Erba reagents, HPLC grade, 200 

ml), and the solution was cooled at −20°C for 48 h. Then, it was filtered on glass septa (porosity 

4) containing two different powdered layers of 1 cm each:- celite (lower layer) and decolorizing 

carbon (upper layer). The solvent was removed under vacuum (2×10−3 mm Hg, 80°C, 6 h) to 

give the pure IL. The product yield was 64% after the removal of silver by washing with acetone. 

4.2.2.4 N-ethanol-N-methyl piperidinium dicyanamide ([Pip1,e][N(CN)2]) 

To a colorless solution of [Pip1,e][I] (15 g, 0.08348 moles) in water (100 ml) 0.08514 moles (a 

little molar excess was taken assuming some silver dicyanamide will be lost during filtration 

process) of  silver dicyanamide (white solid, freshly prepared from AgNO3 and NaN(CN)2 in 

water) was added. The mixture was stirred for 3 h at 40°C. After cooling at room temperature the 

precipitate was filtered off, washed with water (2×10 ml) and the resulting colorless aqueous 

solution (approximately 200 ml) was heated to 70°C under vacuum for 1 h to remove the water. 

The colourless liquid was dissolved in anhydrous acetone (Carlo Erba reagents, HPLC grade, 

200 ml), and the solution was cooled at −20°C for 48 h. Then, it was filtered on glass septa 

(porosity 4) containing two different powdered layers of 1 cm each:- celite (lower layer) and 

decolorizing carbon (upper layer). The solvent was removed under vacuum (2×10−3 mm Hg, 

80°C, 6 h) to give the pure IL. The product yield was 86% after the removal of silver by washing 

with acetone. 

4.2.2.5 N-ethanol-N-methyl morpholinium dicyanamide ([Mor1,e][N(CN)2]) 

To a colorless solution of [Mor1,e][Cl] (15 g) in water (100 ml) with 2% extra molar of silver 

dicyanamide (a little molar excess was taken assuming some silver dicyanamide will be lost 
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during filtration process) which is a white solid, freshly prepared from AgNO3 and NaN(CN)2 in 

water was added. The mixture was stirred for 3 h at 40°C. After cooling at room temperature the 

precipitate was filtered off, washed with water (2×10 ml) and the resulting colourless aqueous 

solution (approximately 200 ml) was heated to 70°C under vacuum for 1 h to remove the water. 

The colorless liquid was dissolved in anhydrous acetone (Carlo Erba reagents, HPLC grade, 200 

ml), and the solution was cooled at −20°C for 48 h. Then, it was filtered on glass septa (porosity 

4) containing two different powdered layers of 1 cm each:- celite (lower layer) and decolorizing 

carbon (upper layer). The solvent was removed under vacuum (2×10−3 mm Hg, 80°C, 6 h) to 

give the pure IL. The product yield was 62% after the removal of silver by washing with acetone. 

4.2.2.6 N-ethanol-N-ethyl morpholinium dicyanamide ([Mor2,e][N(CN)2]) 

To a colorless solution of [Mor2,e][Br] (15 g, 0.06246 moles) in water (100 ml) 0.06371 moles (a 

little molar excess was taken assuming some silver dicyanamide will be lost during filtration 

process) of  silver dicyanamide (white solid, freshly prepared from AgNO3 and NaN(CN)2 in 

water) was added. The mixture was stirred for 3 h at 40°C. After cooling at room temperature the 

precipitate was filtered off, washed with water (2×10 ml) and the resulting colourless aqueous 

solution (approximately 200 ml) was heated to 70°C under vacuum for 1 h to remove the water. 

The colorless liquid was dissolved in anhydrous acetone (Carlo Erba reagents, HPLC grade, 200 

ml), and the solution was cooled at −20°C for 48 h. Then, it was filtered on glass septa (porosity 

4) containing two different powdered layers of 1 cm each:- celite (lower layer) and decolorizing 

carbon (upper layer). The solvent was removed under vacuum (2×10−3 mm Hg, 80°C, 6 h) to 

give the pure IL. The product yield was 68% after the removal of silver by washing with acetone. 

4.2.2.7 N-ethanol-N-ethyl piperidinium dicyanamide  ([Pip2,e][N(CN)2]) 

To a colorless solution of [Pip2,e][I] (15 g, 0.0526 moles) in water (100 ml) 0.0537 moles (a little 

molar excess was taken assuming some silver dicyanamide will be lost during filtration process) 

of  silver dicyanamide (white solid, freshly prepared from AgNO3 and NaN(CN)2 in water) was 

added. The mixture was stirred for 3 h at 40°C. After cooling at room temperature the precipitate 

was filtered off, washed with water (2×10 ml) and the resulting colourless aqueous solution 

(approximately 200 ml) was heated to 70°C under vacuum for 1 h to remove the water. The 

colourless liquid was dissolved in anhydrous acetone (Carlo Erba reagents, HPLC grade, 200 

ml), and the solution was cooled at −20°C for 48 h. Then, it was filtered on glass septa (porosity 

4) containing two different powdered layers of 1 cm each:- celite (lower layer) and decolorizing 
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carbon (upper layer). The solvent was removed under vacuum (2×10−3 mm Hg, 80°C, 6 h) to 

give the pure IL. The product yield was 78% after removal of silver by washing with acetone. 

 

Scheme 4.1: Synthesis of bromide and chloride derivatives of hexamethylenimine 

 

Scheme 4.2: Removal of the hydrogen chloride/bromide under basic condition 
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Scheme 4.3: Synthesis of the respective iodide derivatives of azepane 

 

Scheme 4.4: Synthesis of dicyanamide derivatives of azepane 
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Scheme 4.5: Synthesis of functionalized piperidinium and morpholinium ILs 

 

4.3 Results and Discussion 

4.3.1 Physico-chemical properties 

For all synthesized ILs the fundamental properties including density (ρ), viscosity (η) and 

conductivity (κ) were measured after accurate drying (see chapter 3) and the corresponding data 

are shown in Table 4.1. The density (ρ) values lie in the range 1.37 to 1.15 g/ml. Thus, a 

moderate effect of cation structure on density and a more significant anion effect can be 

evidenced: i) the dicyanamide salt has a lower density than the bistriflimide analogues; ii) the 

introduction of oxygen on cation core increases density. Generally, morpholinium salts have 

higher densities than piperidinium and the introduction of an hydroxyl group on the alkyl chain  

increases density; iii) passing from piperidinium to azepanium cation increases density. 

Nevertheless, the cation structure significantly affect  viscosity (η). Generally, viscosity 

increases in the order [Pip]+ < [HmE]+ ≤ [Mor]+; however, the presence of hydroxyl groups on 

cation determines a more drastic increase in the viscosities of morpholinium-based ILs with 

respect to the others. It is noteworthy that  in Table 4.1. the viscosity values are reported at 30°C 

being the viscosities of some salts extremely high. The temperature dependence of viscosity was 

investigated, with few exceptions, in the range 20 to 80 °C. In all cases, dynamic viscosity (Table 

4.2a and b) decreases on increasing temperature: at lower temperatures, the viscosity decrease is 

significant whereas a more gentle descent behaviour can be observed at higher temperatures.  
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Table 4.1: Temperature-dependent physico-chemical properties 

Salt 
C 

mol cm3 

 

 
 

PM κ 
S cm-1 

(at 30°C) 

Λ 
S cm2 
mol-1 

 
Viscosit

y 
 (cP) 

at 30°C 
 

 
d 

(g/ml
) 

[HME1,4] 0.0054 236.36 2.10  × 10-3 0.389 297 1.27 
[Mor1,4]

a 0.0050 224 1.76 × 10-3  0.352 280 1.12 
[HME1,g] 0.0054 254.33 0.20 × 10-3 0.037 1105 1.37 
[Mor1,g]

b 0.0056 242.28 0.10 × 10-3 0.018 5367 1.37 
[Pip1,g]

b 0.0049 240.30 0.27 × 10-3 0.055 970 1.18 
[HME1,e] 0.0057 224.31 1.79 × 10-3  0.314 221 1.28 
[Mor1,e] 0.0058 212.25 1.55 × 10-3 0.267 332 1.24 
[Pip1,e] 0.0074 210.28 2.03 × 10-3 0.274 196 - 

[HME1,4]
c 0.0030 481.54 0.66 × 10-3 0.222 273 1.43 

[Mor2,e] 0.0053 226.27 1.13 × 10-3 0.213 538.9 1.19 
[Pip2,e] 0.0052 224.30 1.58 × 10-3 0.304 135.1 1.16 

aData taken from chapter 2. bData taken from chapter 3.cThis IL is [HME1,4][Tf 2N] and the values 
agree with reference 3. 

 

The Arrhenius plots of viscosity according to equation (1): 

 

lnη = lnA + Eη/RT   (1) 

 

present a distinct curvature (see Appendix). However, the values of Eη, A, and the linear fitting 

parameters (R2) obtained are listed in Table 4.3a. According to the values of R2, the five salts 

were approximately fit by the Arrhenius model in this temperature interval. It is however to note 

that all ILs exhibit high energy barriers, in agreement with the elevated viscosity values; the 

higher value characterizing the N-glyceryl-N-methylmorpholinium cation. It is to note that the Eη 

values for the dialkyl and methyl-glyceryl substituted [HME]+ cation are lower than those 

characterizing the corresponding piperidinium-based ILs. 

 

Table 4.2a: Viscosity values from 20−80°C for six N(CN)2 ILs 

T(K) HME1,4 Mor1,4
a Pip1,4 Pip1,g

b HME1,g Mor1,g
b 

293 623 589 429 2433 2969 ND 
303 297 280 212 970 1105 5367 
313 153 156 106 461 987 1636 
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323 96 94 83 243 556 691 
333 59 55 52 140 308 349 

343 39 38 23 89 180 202 
353 29 29 15 57 89 123 
aThese values are taken from Chapter 2 for comparison. bThese values are taken from 
 Chapter 3 for comparison. 
 
 

Table 4.2b: Viscosity values from 20−80°C for five N(CN)2 and one Tf2N ILs 

T(K) Mor1,e Pip1,e HME1,e HME1,4 
Tf2N

c 
Mor2,e Pip2,e 

293 685 292 483 550.3 1195 225 
303 332 196 221 273 539 135 
313 156 93 146 144 280 84 
323 113 79 98 81 155 53 
333 74 58 65 51 99 37 

343 46 40 34 38 64 28 
353 36 23 28 27 44 21 

 cThese values are in agreement with reference 3. 

 

For these ILs, viscosity data have been also fitted to the Vogel-Tamman-Fulcher (VTF) equation 

(2), the best fit lines are reported in Appendix.  

 
η = η0 exp[B/(T−T0)]                       (2) 

 
where η0 (cP), B (K) and T0 (K) are fitting parameters. The best-fit parameters and the associated 

squared correlation coefficients R2 are given in Tables 4.3a and b.  

In Table 4.4. is reported the behavior of conductivity with temperature whereas figure 4.1  
reports the corresponding Arrhenius plots according to equation (3): 

lnκ = lnA + (Eκ/RT)  (3) 

Table 4.3a: Arrhenius Fitting parameters for viscosity behavior as a function of temperature 

ILs Eη 

(kJ 
mol −1) 

LnA 
cP 

R 

[HME1,4] 43.77 −11.67 0.996 
[Mor1,4] 43.69 −11.67 0.996 
[Pip1,4] 46.63 −13.12 0.993 
[Pip1,g] 53.27 −14.23 0.997 

[HME1,g] 46.88 −11.29 0.988 

[Mor1,g] 66.11 −17.89 0.992 
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[Mor1,e] 41.86 −10.81 0.993 
[Pip1,e] 34.78 −8.61 0.990 

[HME1,e] 40.20 −10.42 0.995 

[HME1,4][Tf 2N] 43.45 −11.65 0.995 

[Mor2,e] 47.07 −12.37 0.997 

[Pip2,e] 34.21 −8.69 0.997 

 

Table 4.3b: Vogel-Tamman-Fulcher (VTF) parameters for viscosity behavior as a function of 

temperature 

ILs η0 

cP 
B 
K 

T0 

K 
R2 

[HME1,4] 0.159 829.71 192 0.9998 
[Mor1,4] 0.167 826.03 191 0.9998 
[Pip1,4] 0.100 903.42 185 0.9966 
[Pip1,g] 0.181 890.58 199 0.9999 

[HME1,g] 24.84 230.02 245 0.9776 

[Mor1,g] 1.948 450.15 246 0.9999 
[Mor1,e] 0.495 621.31 207 0.9983 
[Pip1,e] 0.003 2559.93 70 0.9860 

[HME1,e] 2.161 350.44 228 0.9960 
[HME1,4][Tf 2N] 0.026 1285.18 164 0.9998 

[Mor2,e] 0.164 905.47 191 0.9999 
[Pip2,e] 0.025 1499 128 0.9997 

 

Since, as expected from viscosity results, at least in some cases conductivities exhibit relevant 

deviations from Arrhenius behavior, also the Vogel-Tamman-Fulcher (VTF) equation (4) was 

used to represent the temperature dependence of the conductivity: 

κ = κ∞ exp[-B’/(T−T0)]                       (4) 
 

The Arrhenius and VTF equation parameters as well as the related correlation coefficients are 

reported in Table 4.5.  
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Table 4.4a: Conductivity values from 20 to 80° C for six N(CN)2 ILs 

Temp 
(K) HME1,4 

Mor1,4
a Pip1,4 Pip1,g

b HME1,g Mor1,g
b 

293 1.35 1.11 2.21 0.14 0.12 0.05 

303 2.10 1.76 2.94 0.27 0.20 0.10 
313 2.92 2.52 3.62 0.49 0.39 0.21 
323 3.91 3.40 4.49 0.82 0.69 0.38 
333 4.98 4.38 7.21 1.25 0.97 0.61 
343 6.15 5.46 9.18 1.67 1.59 0.91 
353 7.50 6.60 10.5 2.28 1.98 1.33 

aThese values are taken from Chapter 2 for comparison. bThese values are taken from Chapter 3 
for comparison.   

 

Table 4.4b: Conductivity values from 20 to 80° C for five N(CN)2 and one Tf2N ILs 

Temp 
(K) 

Mor1,e Pip1,e HME1,
e 

HME 
Tf2N

c 
Mor2,e Pip2,e 

293 1.02 1.49 1.21 0.42 0.71 1.16 

303 1.55 2.03 1.79 0.66 1.13 1.58 
313 2.31 3.36 2.87 0.99 1.72 2.12 
323 3.19 4.18 3.67 1.40 2.56 2.67 
333 4.14 5.49 4.8 1.92 3.47 3.30 
343 5.26 6.10 5.68 2.47 4.45 3.97 
353 6.36 7.29 6.86 3.01 5.57 4.63 

                                  cThese values are in agreement with reference 3. 
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 Figure 4.1: Conductivity behavior with temperature 
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Table 4.5: Arrhenius Fitting parameters and Vogel-Tamman-Fulcher (VTF) parameters for 

conductivity behavior as a function of temperature 

ILs Eκ  

(kJ mol −1)
Ln A 
mS 

R κ  
mS 

B′  
(K) 

T0  

(K) 
R2 

[HME1,4]
a 24.17 10.3 0.996 134.40 470.05 190 0.999 

[Mor1,4] 25.25 10.5 0.990 91.87 393.01 204 0.999 

[Pip1,4] 23.47 10.3 0.982 2043.8 1274.7 109 0.981 

[Pip1,g] 40.01 14.5 0.989 78.51 476.73 218 0.999 
[HME1,g] 41.32 14.9 0.992 69.44 454.68 224 0.994 

[Mor1,g] 46.47 16.2 0.993 357.01 915.54 189 0.999 
[Mor1,e] 26.30 10.8 0.992 101.91 414.41 203 0.999 

[Pip1,e] 23.11 9.96 0.973 31.58 166.51 239 0.994 

[HME1,e] 24.87 10.4 0.982 48.01 246.53 226 0.998 

[HME1,4]
b 28.36 10.8 0.994 60.73 446.61 204 0.999 

[Mor2,e] 29.63 11.8 0.993 122.98 458.03 205 0.999 

[Pip2,e] 19.84 8.34 0.995 61.07 440.69 18 0.999 
    aThis symbol represents dicyanamide is the counter anion and bthis symbol represents the counter anion 

is Tf2N 

Generally, piperidinium-based ILs have higher conductivities and lower viscosity values than 

azepanium-based ILs with the corresponding counteranion as well substituents on the nitrogen. 

Also in this case, the lower number of carbon atoms in the cation core reduces viscosity and 

increases conductivity. As more times observed, larger cations make ILs more viscous because 

of the increased intermolecular van der Waals interactions.4,5,6 Ionic conductivity is proportional 

however not only to the number of charge carrier ions but also to their mobility; the different 

mobility of the six- and seven-membered rings of piperidinium and azepanium cation may affect 

the values characterizing both classes of ILs. Finally, it is to note that although the presence of 

two hydroxyl groups reduces significantly conductivity and increases viscosity a sole hydroxyl 

group has a not so drastic effect, in particular in the case of the azepanium-based ILs.  

4.3.2 Solvent properties 

In Table 4.6 are reported the polarity parameters of the investigated ILs determined 

spectrophotometrically at 25°C using three solvatochromic dyes (Reichardt’s dye, 4-nitroaniline, 

and N,N-diethylaniline) on the basis of the equations reported in chapter 3. In agreement with the 

behavior observed for other classes of ILs and extensively discussed in chapter 3, the solvent 

properties of piperidinium-, morpholinium- and azepanium-based ILs are affected by the cationic 
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structure; generally, the presence of an hydroxyl group significantly increases the ability of the 

solvent to act as a hydrogen bonding donator. Monohydroxyl- or dihydroxyl-functionalized ILs 

are characterized by high α values. It is however noteworthy that also the non-functionalized 

[HME1,4][Tf 2N] and [HME1,4][N(CN)2] are characterized by high α values (0.88 and 0.69, 

respectively), significantly higher than the corresponding piperidinium (0.31), morpholinium 

(0.38) salts and pyrrolidinium (0.37) (reported in Table 4.6) below; suggesting possible 

conformational effects on the ability of IL cation to interact with the Reichardt’s dye. 

Nevertheless, the values here reported confirm that with the similar cation more basic anions 

give significantly lower α values; the anion−cation interactions are in the three-dimensional 

network characterizing ILs and this mutually affect the properties of the constituents of IL. 

Table 4.6. Polarity parameters of ILs and organic solvents at 25°C 

Salt ET(30) ET
N

 π* α β 
 

[bmim][N(CN)2]
a,b 51.4 

0.639 
(0.629) 

1.05 
(1.13) 

0.51 
(0.46) 

Nd 
(0.70) 

[emPyr][N(CN)2]
a 48.7 0.556 1.03 0.37 Nd 

[C5dabco][N(CN)2]
c 48.4 0.546 1.11 0.31 0.55 

[Mor1,2][N(CN)2]
d 50.3 0.605 1.12 0.43 0.506 

[Mor1,4][Tf 2N] --- --- 1.00 --- 0.205 
Watere 53.7e,f 1.000 1.13 1.12 0.50 

Methanole 55.4 g 0.760 0.73 1.05 0.61 
Acetonee 42.2e,f 0.350 0.70 0.20 0.54 

Acetonitrilee 45.6 g 0.460 0.75 0.19 0.40 
[Pip1,g][N(CN)2]

h 57.0 0.811 1.12 0.86 0.53 
[Mor1,g][N(CN)2]

h 57.8 0.836 1.20 0.85 0.43 
[MIM 1,g][N(CN)2]

h 57.6 0.831 1.17 0.87 0.47 
[HME1,e][N(CN)2] 57.44 0.825 1.12 0.89 0.52 
[HME1,4][Tf 2N] 55.76 0.773 0.98 0.88 0.28 

[Mor1,e][N(CN)2] 55.80 0.775 1.13 0.78 0.49 
[Pip1,e][N(CN)2] 55.65 0.77 1.11 0.78 0.51 

[HME1,4][N(CN)2] 54.52 0.735 1.14 0.69 0.47 
[Mor1,4][N(CN)2]

i 49.48 0.5796 1.12 0.38 0.53 
[Pip1,4][N(CN)2] 48.6 0.552 1.13 0.31 0.49 
[EMIM][Tf 2N] j 52.0 0.657 0.90 0.76 0.28 

[EMIM][N(CN) 2]
j 51.7 0.648 1.08 0.53 0.35 

[EMIM][NO 3]
j 51.5 0.642 1.13 0.48 0.66 

[HOEMIM][Tf 2N] j 60.8 0.929 1.03 1.17 0.34 
[HOEMIM][N(CN) 2]

 j --- 0.784 1.11 0.80 0.51 
[HOEMIM][NO 3]

j --- 0.769 1.11 0.77 0.65 
    aFrom reference 12.  b From reference 7.  cFrom reference  8.    dFrom reference 9.  
      eFrom reference  10. fFrom reference 11. gFrom reference 12. hValues obtained from chapter 3. 
       iValues obtained from chapter 2. jShiguo et al. (2010). 
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4.4 Conclusion  

Azepanium-based ILs represent an interesting class of ILs characterized by high polarity, in 

particular, a high hydrogen-bond acidity even in the case of N,N-dialkyl substituted salts. 

Nevertheless, although they have a lower conductivity and high viscosity with respect to the 

analogous piperidinium-based ILs differences are not dramatic. Finally, the introduction of an 

unique hydroxyl group on the alkyl chain on cation has only a moderate effect on the physico-

chemical properties of azepanium and piperidinium salts whereas two hydroxyl groups are able 

to significantly affect conductivity and viscosity.  
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Appendix:3 

Analysis of the behavior of conductivity values for [HME1,4][N(CN)2], [Mor1,4][N(CN)2], 

[Pip1,4][N(CN)2], [HME1,g][N(CN)2], [Mor1,g][N(CN)2], [Pip1,g][N(CN)2], [HME1,e][N(CN)2], 

[Mor1,e][N(CN)2], [Pip1,e][N(CN)2], [Mor2,e][N(CN)2], [Pip2,e][N(CN)2] and [HME1,4][Tf 2N]. 
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Linear Regression for [HME1,4][N(CN)2]: 

Y = A + B * X 

Parameter                     Value          Error               t-Value             Prob>|t| 

----------------------------------------------------------------------------------------- 

A                                 10.3091      0.36339           28.36923         <0.0001 

B                                −2.90717       0.1167           −24.91183        <0.0001 

------------------------------------------------------------------------------------------ 

R          R-Square(COD)       Adj. R-Square          Root-MSE(SD           N 

----------------------------------------------------------------------------------------- 

−0.996       0.99201                      0.99041                      0.05968              7 

---------------------------------------------------------------------------------------- 

Parameter                  LCI              UCI 

--------------------------------------------------------------------------- 

A                         9.37498          11.24323 

B                       −3.20715          −2.60719 

--------------------------------------------------------------------------- 

ANOVA Table: 

--------------------------------------------------------------------------- 

                    Degrees of                  Sum of                    Mean 

Item             Freedom                   Squares                   Square                       F Statistic 

---------------------------------------------------------------------------------------------------------- 

Model            1                              2.21003                  2.21003                      620.59903 

Error               5                              0.01781                  0.00356 

Total               6                              2.22784 

------------------------------------------------------------------------------------------------------------- 
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Linear Regression for [Mor1.4][N(CN)2]: 

Y = A + B * X 

Parameter             Value           Error               t-Value               Prob>|t| 

------------------------------------------------------------------------------------------ 

A                            10.563         0.42096         25.09287             <0.0001 

B                           −3.03649     0.13518        −22.46174            <0.0001 

--------------------------------------------------------------------------- 

 

R                    R-Square(COD)              Adj. R-Square             Root-MSE(SD)           N 

------------------------------------------------------------------------------------------------------ 

−0.99508          0.99019                         0.98822                        0.06913                   7 

--------------------------------------------------------------------------- 

Parameter                 LCI                             UCI 

--------------------------------------------------------------------------- 

A                             9.4809                        11.6451 

B                          −3.38399                     −2.68899 

--------------------------------------------------------------------------- 

ANOVA Table: 

--------------------------------------------------------------------------- 

                        Degrees of                      Sum of                          Mean 

Item                Freedom                         Squares                       Square                  F Statistic 

---------------------------------------------------------------------------------------------------------------- 

Model                1                                  2.41102                       2.41102                 504.52992 

Error                  5                                  0.02389                       0.00478 

Total                  6                                 2.43492 
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Linear Regression for [Pip1,4][N(CN)2]: 

Y = A + B * X 

 

Parameter          Value               Error               t-Value                  Prob>|t| 

--------------------------------------------------------------------------------------------- 

A                       10.37516            0.5282            19.6425               <0.0001 

B                      −2.82318             0.16962       −16.64369             <0.0001 

--------------------------------------------------------------------------- ---------------------- 

R                       R-Square(COD)                 Adj. R-Square                 Root-MSE(SD)             N 

----------------------------------------------------------------------------------------------------------------- 

−0.9911                 0.98227                             0.97872                         0.08674                      7 

--------------------------------------------------------------------------- 

Parameter                 LCI                             UCI 

--------------------------------------------------------------------------- 

A                             9.01739                     11.73294 

B                          −3.25922                     −2.38715 

--------------------------------------------------------------------------- 

ANOVA Table: 

--------------------------------------------------------------------------- 

                     Degrees of                      Sum of                        Mean 

Item              Freedom                       Squares                       Square                         F Statistic 

-------------------------------------------------------------------------------------------------------------------- 

Model               1                                 2.08418                        2.08418                       277.01228 

Error                 5                                 0.03762                         0.00752 

Total                 6                                 2.1218 
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Linear Regression for [Pip1,g][N(CN)2]: 

Y = A + B * X 

 

Parameter           Value           Error             t-Value                Prob>|t| 

----------------------------------------------------------------------------------------- 

A                        14.58681      0.69299         21.04903             <0.0001 

B                       −4.8127         0.22255       −21.62566             <0.0001 

--------------------------------------------------------------------------- 

 

R                R-Square(COD)              Adj. R-Square             Root-MSE(SD)             N 

--------------------------------------------------------------------------------------------------------- 

−0.9947          0.98942                        0.98731                        0.1138                      7 

--------------------------------------------------------------------------- 

Parameter                     LCI                              UCI 

--------------------------------------------------------------------------- 

A                                12.80542                       16.3682 

B                                −5.38477                      −4.24063 

--------------------------------------------------------------------------- 

ANOVA Table: 

--------------------------------------------------------------------------- 

                             Degrees of                 Sum of                Mean 

Item                      Freedom                  Squares               Square                  F Statistic 

------------------------------------------------------------------------------------------------------------- 

Model                           1                       6.05669               6.05669               467.66933 

Error                              5                       0.06475               0.01295 

Total                              6                       6.12144- 
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Linear Regression for [Mor1,g][N(CN)2]: 

Y = A + B * X 

 

Parameter              Value                  Error              t-Value             Prob>|t| 

------------------------------------------------------------------------------------------------- 

A                           14.89548             0.59823        24.89924             <0.0001 

B                           −4.97014             0.19211      −25.87076             <0.0001 

----------------------------------------------------------------------------------------------------- 

 

R                      R-Square(COD)               Adj. R-Square             Root-MSE(SD)                     N 

---------------------------------------------------------------------------------------------------------------------- 

−0.99629           0.99258                                0.9911                      0.09824                             7 

--------------------------------------------------------------------------------------------------------------------------- 

 

Parameter                             LCI                                   UCI 

--------------------------------------------------------------------------- 

A                                           13.35768                      16.43328 

B                                           −5.46399                       −4.4763 

--------------------------------------------------------------------------- 

 

ANOVA Table: 

--------------------------------------------------------------------------- 

                               Degrees of                    Sum of                          Mean 

Item                        Freedom                      Squares                         Square                                F Statistic 

------------------------------------------------------------------------------------------------------------------------------- 

Model                           1                               6.45945                       6.45945                               669.296 

Error                              5                              0.04826                        0.00965 

Total                              6                              6.5077 

------------------------------------------------------------------------------------------------------------------------------- 
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Linear Regression for Data1_T: 

Y = A + B * X 

 

Parameter                Value                 Error             t-Value                     Prob>|t| 

---------------------------------------------------------------------------------------------------- 

A                              16.2322               0.62194       26.09912                  <0.0001 

B                              −5.58889             0.19973    −27.98228                   <0.0001 

----------------------------------------------------------------------------------------------------- 

 

R                     R-Square(COD)               Adj. R-Square                Root-MSE(SD)               N 

----------------------------------------------------------------------------------------------------------------- 

−0.99682             0.99365                          0.99239                        0.10213                       7 

------------------------------------------------------------------------------------------------------------------ 

 

Parameter                        LCI                                   UCI 

--------------------------------------------------------------------------- 

A                                    14.63344                       17.83095 

B                                    −6.10231                      −5.07547 

--------------------------------------------------------------------------- 

 

ANOVA Table: 

--------------------------------------------------------------------------- 

                                 Degrees of                           Sum of                        Mean 

Item                          Freedom                             Squares                      Square                     F Statistic 

----------------------------------------------------------------------------------------------------------------------------- 

Model                             1                                    8.16788                      8.16788                     783.00799 

Error                                5                                    0.05216                      0.01043 

Total                                6                                    8.22004 
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Linear Regression for [Mor1,e][N(CN)2]: 

Y = A + B * X 

 

Parameter             Value                 Error            t-Value                  Prob>|t| 

-------------------------------------------------------------------------------------------------- 

A                             10.88576          0.38061      28.60097                  <0.0001 

B                             −3.16281          0.12223     −25.87636                 <0.0001 

-------------------------------------------------------------------------------------------------- 

 

R                          R-Square(COD)               Adj. R-Square                 Root-MSE(SD)            N 

------------------------------------------------------------------------------------------------------------------- 

−0.99629               0.99259                            0.99111                             0.0625                   7 

--------------------------------------------------------------------------------------------------------------------- 

 

Parameter                     LCI                                       UCI 

--------------------------------------------------------------------------- 

A                                  9.90738                              11.86415 

B                                −3.477                                  −2.84861 

--------------------------------------------------------------------------- 

 

ANOVA Table: 

--------------------------------------------------------------------------- 

                      Degrees of                             Sum of                       Mean 

Item                Freedom                               Squares                    Square                      F Statistic 

------------------------------------------------------------------------------------------------------------------------ 

Model                     1                                    2.61579                    2.61579                     669.58618 

Error                        5                                   0.01953                     0.00391 

Total                        6                                   2.63533 

--------------------------------------------------------------------------- 
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Linear Regression for [Pip1,e][N(CN)2]: 

Y = A + B * X 

 

Parameter                       Value                Error            t-Value                        Prob>|t| 

------------------------------------------------------------------------------------------------------------ 

A                                        9.96122         0.6402          15.55955                        <0.0001 

B                                      −2.78007        0.20559      −13.52226                        <0.0001 

------------------------------------------------------------------------------------------------------------- 

 

R                      R-Square(COD)                Adj. R-Square              Root-MSE(SD)              N 

--------------------------------------------------------------------------------------------------------------- 

−0.9866                 0.97338                        0.96806                          0.10513                    7 

------------------------------------------------------------------------------------------------------------------- 

 

Parameter                            LCI                        UCI 

--------------------------------------------------------------------------- 

A                                        8.31554                   11.60691 

B                                      −3.30856                  −2.25158 

--------------------------------------------------------------------------- 

 

ANOVA Table: 

--------------------------------------------------------------------------- 

                                Degrees of                           Sum of                  Mean 

Item                         Freedom                            Squares                 Square                        F Statistic 

-------------------------------------------------------------------------------------------------------------------------- 

Model                             1                                     2.02102              2.02102                        182.8514 

Error                                5                                     0.05526              0.01105 

Total                                6                                    2.07628 

----------------------------------------------------------------------------------------------------------------------------- 
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Linear Regression for [HME1,e][N(CN)2]: 

Y = A + B * X 

 

Parameter                  Value                   Error                 t-Value              Prob>|t| 

---------------------------------------------------------------------------------------------------------- 

A                               10.49174              0.55885              18.77388            <0.0001 

B                               −2.9916                 0.17947           −16.66933             <0.0001 

------------------------------------------------------------------------------------------------------------- 

 

R                         R-Square(COD)                       Adj. R-Square                 Root-MSE(SD)                N 

---------------------------------------------------------------------------------------------------------------------------- 

−0.99112                  0.98232                                0.97879                           0.09177                        7 

-------------------------------------------------------------------------------------------------------------------------------

- 

Parameter                                  LCI                         UCI 

--------------------------------------------------------------------------- 

A                                              9.05518                 11.92831 

B                                            −3.45293                −2.53026 

--------------------------------------------------------------------------- 

 

ANOVA Table: 

--------------------------------------------------------------------------- 

                          Degrees of                           Sum of                         Mean 

Item                    Freedom                            Squares                      Square                          F Statistic 

-------------------------------------------------------------------------------------------------------------------------------

Model                        1                                   2.34026                      2.34026                       277.86651 

Error                           5                                   0.04211                      0.00842 

Total                           6                                   2.38237 
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Linear Regression for [HME1,4][Tf2N]: 

Y = A + B * X 

 

Parameter                     Value                Error              t-Value                 Prob>|t| 

------------------------------------------------------------------------------------------------------ 

A                                   10.84726         0.35894         30.22046                  <0.0001 

B                                   −3.41148         0.11527        −29.596                      <0.0001 

-------------------------------------------------------------------------------------------------------- 

 

R                      R-Square(COD)                    Adj. R-Square                 Root-MSE(SD)              N 

--------------------------------------------------------------------------------------------------------------------- 

−0.99716               0.99432                              0.99319                           0.05894                      7 

---------------------------------------------------------------------------------------------------------------------- 

 

Parameter                     LCI                         UCI 

--------------------------------------------------------------------------- 

A                                  9.92458                 11.76994 

B                                −3.70779                 -3.11518 

--------------------------------------------------------------------------- 

 

ANOVA Table: 

--------------------------------------------------------------------------- 

                              Degrees of                           Sum of                      Mean 

Item                      Freedom                              Squares                    Square                      F Statistic 

--------------------------------------------------------------------------------------------------------------------------- 

Model                         1                                       3.0433                     3.0433                     875.92319 

Error                            5                                      0.01737                   0.00347 

Total                            6                                     3.06067- 



Chapter 4 

 

183 

 

2,8 2,9 3,0 3,1 3,2 3,3 3,4 3,5
-0,5

0,0

0,5

1,0

1,5

2,0
[Mor

2,e
][N(CN)

2
] 

ln
(c

on
du

ct
iv

ity
) 

in
 m

S
1000/T

 

 

Linear Regression for [Mor2,e][N(CN)2]: 

Y = A + B * X 

 

Parameter                 Value                     Error                t-Value                 Prob>|t| 

----------------------------------------------------------------------------------------------------------- 

A                               11.89358                0.39727            29.93812              <0.0001 

B                               −3.56345                0.12758         −27.93128                <0.0001 

----------------------------------------------------------------------------------------------------------- 

 

R                      R-Square(COD)                   Adj. R-Square                      Root-MSE(SD)               N 

------------------------------------------------------------------------------------------------------------------------ 

−0.99681             0.99363                              0.99236                                 0.06524                       7 

--------------------------------------------------------------------------------------------------------------------------- 

 

Parameter                       LCI                               UCI 

--------------------------------------------------------------------------- 

A                                   10.87236                       12.9148 

B                                   −3.8914                         −3.23549 

--------------------------------------------------------------------------- 

 

ANOVA Table: 

--------------------------------------------------------------------------- 

                             Degrees of                        Sum of                        Mean 

Item                      Freedom                         Squares                       Square                     F Statistic 

----------------------------------------------------------------------------------------------------------------------------- 

Model                          1                                 3.32046                     3.32046                       780.1565 

Error                             5                                0.02128                      0.00426 

Total                             6                                3.34174 

--------------------------------------------------------------------------- 
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Linear Regression for [Pip2,e][N(CN)2]: 

Y = A + B * X 

 

Parameter                      Value             Error             t-Value              Prob>|t| 

-------------------------------------------------------------------------------------------------- 

A                                    8.33791         0.22337        37.32842                <0.0001 

B                                  −2.38635         0.07173     −33.26782                 <0.0001 

---------------------------------------------------------------------------------------------------- 

 

R                          R-Square(COD)                  Adj. R-Square           Root-MSE(SD)              N 

------------------------------------------------------------------------------------------------------------------ 

−0.99775                   0.9955                              0.9946                       0.03668                     7 

---------------------------------------------------------------------------------------------------------------------- 

 

Parameter                     LCI                       UCI 

--------------------------------------------------------------------------- 

A                                  7.76373                8.91209 

B                                −2.57074              −2.20195 

--------------------------------------------------------------------------- 

 

ANOVA Table: 

--------------------------------------------------------------------------- 

                               Degrees of                      Sum of                         Mean 

Item                        Freedom                       Squares                        Square                   F Statistic 

--------------------------------------------------------------------------------------------------------------------------- 

Model                           1                                  1.4891                        1.4891                 1106.74818 

Error                              5                                 0.00673                      0.00135 

Total                              6                                1.49583 
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Equation: 
y =a*exp(b/(x+c))
Weighting: 
y No weighting
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Appendix 4:Appendix for Arrhenius values for viscosity: 

2,8 2,9 3,0 3,1 3,2 3,3 3,4 3,5
3,0

3,5

4,0

4,5

5,0

5,5

6,0

6,5

 [HME
1,4

][N(CN)
2
]

ln
(v

is
co

si
ty

) 
in

 m
P

as

1000/T

 

 

Parameter                       Value                    Error                      t-Value                Prob>|t| 

----------------------------------------------------------------------------------------------------------------------- 

A                                    −11.67187            0.67374                −17.32396               <0.0001 

B                                         5.26504            0.21636                   24.33419               <0.0001 

-------------------------------------------------------------------------------------------------------------------------- 

 

R                                         R-Square(COD)                   Adj. R-Square         Root-MSE(SD)            N 

------------------------------------------------------------------------------------------------------------------------ 

0.9958                                  0.99163                                 0.98995                  0.11064                   7 

--------------------------------------------------------------------------- 

 

 

Parameter                               LCI                            UCI 

--------------------------------------------------------------------------- 

A                                          −13.40378               −9.93997 

B                                              4.70886                  5.82122 

--------------------------------------------------------------------------- 

 

ANOVA Table: 

--------------------------------------------------------------------------- 

                                        Degrees of                            Sum of                        Mean 

Item                                 Freedom                             Squares                      Square                 F Statistic 

---------------------------------------------------------------------------------------------------------------------------- 

Model                                   1                                      7.24871                      7.24871             592.15262 

Error                                      5                                     0.06121                      0.01224 

Total                                      6                                     7.30992 
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Linear Regression for [Mor1,4][N(CN)2]: 

Y = A + B * X 

 

Parameter                        Value                       Error            t-Value           Prob>|t| 

------------------------------------------------------------------------------------------------------- 

A                                     −11.6754                  0.60696       −19.2358           <0.0001 

B                                         5.25449                 0.19492         26.95737          <0.0001 

-------------------------------------------------------------------------------------------------------- 

 

R                                   R-Square(COD)                Adj. R-Square              Root-MSE(SD)                N 

--------------------------------------------------------------------------------------------------------------------------- 

0.99658                          0.99317                            0.9918                            0.09967                       7 

---------------------------------------------------------------------------------------------------------------------------- 

Parameter                                LCI                               UCI 

--------------------------------------------------------------------------- 

A                                           −13.23564                    −10.11516 

B                                               4.75343                         5.75554 

--------------------------------------------------------------------------- 

 

ANOVA Table: 

--------------------------------------------------------------------------- 

                                               Degrees of                        Sum of                     Mean 

Item                                        Freedom                          Squares                   Square                F Statistic 

------------------------------------------------------------------------------------------------------------------------------- 

Model                                         1                                    7.21969                   7.21969              726.70006 

Error                                           5                                     0.04967                  0.00993 

Total                                           6                                     7.26937 

--------------------------------------------------------------------------- 
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Linear Regression for [Pip1,4][N(CN)2]: 

Y = A + B * X 

 

Parameter                       Value                       Error           t-Value                 Prob>|t| 

------------------------------------------------------------------------------------------------------------ 

A                                  −13.10266                  0.91477       −14.32342             <0.0001 

B                                      5.60888                   0.29377         19.09291              <0.0001 

------------------------------------------------------------------------------------------------------------ 

R                                   R-Square(COD)                 Adj. R-Square             Root-MSE(SD)                N 

--------------------------------------------------------------------------------------------------------------------------- 

0.99321                           0.98647                             0.98376                       0.15022                        7 

--------------------------------------------------------------------------- 

Parameter                              LCI                             UCI 

--------------------------------------------------------------------------- 

A                                       −15.45416                 −10.75117 

B                                           4.85373                      6.36403 

--------------------------------------------------------------------------- 

 

ANOVA Table: 

--------------------------------------------------------------------------- 

                                     Degrees of                      Sum of                          Mean 

Item                              Freedom                        Squares                         Square                      F Statistic 

---------------------------------------------------------------------------------------------------------------------------- 

Model                                     1                             8.22641                       8.22641                   364.53926 

Error                                        5                             0.11283                       0.02257 

Total                                        6                            8.33924 

------------------------------------------------------------------------------------------------------------------------------- 
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Linear Regression for Data1_R: 

Y = A + B * X 

 

Parameter                            Value                  Error                     t-Value                     Prob>|t| 

----------------------------------------------------------------------------------------------------------------------------- 

A                                         −14.23234             0.72635             −19.59446                  <0.0001 

B                                             6.40765              0.23326                27.47035                 <0.0001 

---------------------------------------------------------------------------------------------------------------------------- 

R                          R-Square(COD)                   Adj. R-Square               Root-MSE(SD)                 N 

------------------------------------------------------------------------------------------------------------------------- 

0.9967                     0.99342                                0.9921                             0.11928                     7 

------------------------------------------------------------------------------------------------------------------------------ 

 

 

Parameter                          LCI                                UCI 

--------------------------------------------------------------------------- 

A                                       −16.09947              −12.36521 

B                                            5.80804                  7.00725 

--------------------------------------------------------------------------- 

 

ANOVA Table: 

--------------------------------------------------------------------------- 

                                           Degrees of              Sum of                      Mean 

Item                                    Freedom                Squares                    Square                       F Statistic 

--------------------------------------------------------------------------------------------------------------------------- 

Model                                      1                         10.73631                   10.73631                 754.62013 

Error                                         5                           0.07114                     0.01423 

Total                                         6                         10.80745 

------------------------------------------------------------------------------------------------------------------------------ 
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Linear Regression for [HME1,g][N(CN)2]: 

Y = A + B * X 

 

Parameter                               Value                       Error                 t-Value                           Prob>|t| 

--------------------------------------------------------------------------------------------------------------------------- 

A                                           −11.29169                 1.20666             −9.35781                     2.34807E-4 

B                                                5.63895                 0.3875                14.552                            <0.0001 

--------------------------------------------------------------------------- 

 

R                               R-Square(COD)                        Adj. R-Square            Root-MSE(SD)            N 

----------------------------------------------------------------------------------------------------------------------- 

0.9884                       0.97693                                        0.97232                     0.19815                   7 

----------------------------------------------------------------------------------------------------------------------- 

 

 

Parameter                              LCI                               UCI 

--------------------------------------------------------------------------- 

A                                          −14.3935                  −8.18988 

B                                              4.64284                   6.63506 

--------------------------------------------------------------------------- 

 

ANOVA Table: 

--------------------------------------------------------------------------- 

                                          Degrees of                              Sum of                    Mean 

Item                                    Freedom                                Squares                  Square          F Statistic 

------------------------------------------------------------------------------------------------------------------------------ 

Model                                        1                                 8.31486                   8.31486      211.76077 

Error                                           5                                 0.19633                   0.03927 

Total                                           6                                 8.51119 
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Linear Regression for [Mor1,e][N(CN)2]: 

Y = A + B * X 

 

Parameter                       Value                Error               t-Value                  Prob>|t| 

------------------------------------------------------------------------------------------------------ 

A                                 −17.89178            1.5282          −11.70775               3.04386E-4 

B                                     7.95154             0.49921          15.92832                 <0.0001 

--------------------------------------------------------------------------------------------------------------- 

 

R                         R-Square(COD)                      Adj. R-Square                Root-MSE(SD)           N 

----------------------------------------------------------------------------------------------------------------------- 

0.99221                    0.98448                               0.9806                             0.19522                   6 

------------------------------------------------------------------------------------------------------------------------ 

Parameter                            LCI                           UCI 

--------------------------------------------------------------------------- 

A                                         −22.13474              −13.64883 

B                                                         6.56552                    9.33756 

--------------------------------------------------------------------------- 

ANOVA Table: 

--------------------------------------------------------------------------- 

                                Degrees of                         Sum of                         Mean 

Item                         Freedom                           Squares                        Square                      F Statistic 

---------------------------------------------------------------------------------------------------------------------------- 

Model                           1                                    9.66939                       9.66939                      253.7113 

Error                              4                                    0.15245                       0.03811 

Total                              5                                    9.82183 
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Linear Regression for [Mor1,e][N(CN)2]: 

Y = A + B * X 

 

Parameter                              Value                   Error                  t-Value                    Prob>|t| 

------------------------------------------------------------------------------------------------------------------ 

A                                         −10.81502              0.83295           −12.98395                  <0.0001 

B                                              5.03518              0.26749             18.82363                   <0.0001 

------------------------------------------------------------------------------------------------------------------- 

 

R                        R-Square(COD)                 Adj. R-Square                 Root-MSE(SD)            N 

------------------------------------------------------------------------------------------------------------------- 

0.99302                0.98609                            0.9833                               0.13679                   7 

--------------------------------------------------------------------------------------------------------------------- 

 

Parameter                            LCI                     UCI 

--------------------------------------------------------------------------- 

A                                        −12.95619         −8.67385 

B                                            4.34757             5.72279 

--------------------------------------------------------------------------- 

ANOVA Table: 

------------------------------------------------------------------------------------------- 

                                        Degrees of                    Sum of                  Mean 

Item                                 Freedom                     Squares                 Square                     F Statistic 

---------------------------------------------------------------------------------------------------------------------------- 

Model                                    1                              6.62961               6.62961                   354.32907 

Error                                       5                              0.09355              0.01871 

Total 6 6.72316 

--------------------------------------------------------------------------- 
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Linear Regression for [Pip1,e][N(CN)2]: 

Y = A + B * X 

 

Parameter                        Value                         Error                 t-Value                  Prob>|t| 

--------------------------------------------------------------------------------------------------------------- 

A                                   −8.61399                       0.82178        −10.48209                1.36339E-4 

B                                     4.18387                       0.26391           15.8537                   <0.0001 

------------------------------------------------------------------------------------------------------------------------ 

 

R                          R-Square(COD)                           Adj. R-Square           Root-MSE(SD)              N 

-------------------------------------------------------------------------------------------------------------------------- 

0.9902                     0.98049                                       0.97659                      0.13495                    7 

------------------------------------------------------------------------------------------------------------------------------ 

 

Parameter                            LCI                       UCI 

--------------------------------------------------------------------------- 

A                                     −10.72644            −6.50153 

B                                                  3.50548                    4.86226 

--------------------------------------------------------------------------- 

 

ANOVA Table: 

--------------------------------------------------------------------------- 

                                         Degrees of                       Sum of                    Mean 

Item                                  Freedom                        Squares                   Square                 F Statistic 

-------------------------------------------------------------------------------------------------------------------------- 

Model                                        1                             4.57735                   4.57735               251.33969 

Error                                           5                             0.09106                   0.01821 

Total                                           6                             4.66841 
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Linear Regression for [HME1,e][N(CN)2]: 

Y = A + B * X 

 

Parameter                       Value                      Error              t-Value                  Prob>|t| 

--------------------------------------------------------------------------------------------------------------- 

A                                   −10.42817                0.66329         −15.7219                 <0.0001 

B                                       4.83531                 0.21301            22.70023               <0.0001 

--------------------------------------------------------------------------- 

 

R                                 R-Square(COD)                   Adj. R-Square                Root-MSE(SD)               N 

--------------------------------------------------------------------------------------------------------------------------- 

0.99518                             0.99039                               0.98847                      0.10892                       7 

----------------------------------------------------------------------------------------------------------------------------- 

 

Parameter                         LCI                      UCI 

--------------------------------------------------------------------------- 

A                                   −12.1332            −8.72313 

B                                                4.28776              5.38286 

--------------------------------------------------------------------------- 

 

ANOVA Table: 

--------------------------------------------------------------------------- 

                                     Degrees of                          Sum of                  Mean 

Item                               Freedom                           Squares                Square               F Statistic 

--------------------------------------------------------------------------------------------------------------------- 

Model                                    1                                6.11374                6.11374               515.30064 

Error                                       5                                0.05932                0.01186 

Total                                       6                                6.17306 

------------------------------------------------------------------------------------------------------------------------ 
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Linear Regression for [HME1,4][Tf2N]: 

Y = A + B * X 

 

Parameter                 Value                    Error                t-Value                     Prob>|t| 

------------------------------------------------------------------------------------------------------ 

A                              −11.65207            0.73978         −15.75081                   <0.0001 

B                                  5.22645             0.23757            21.99964                  <0.0001 

---------------------------------------------------------------------------------------------------------- 

 

R                             R-Square(COD)                Adj. R-Square            Root-MSE(SD)            N 

----------------------------------------------------------------------------------------------------------------- 

0.99487                      0.98977                           0.98773                        0.12148                  7 

---------------------------------------------------------------------------------------------------------------------- 

 

Parameter                           LCI                            UCI 

--------------------------------------------------------------------------- 

A                                       −13.55372             −9.75042 

B                                                   4.61576                   5.83715 

--------------------------------------------------------------------------- 

 

ANOVA Table: 

--------------------------------------------------------------------------- 

                                            Degrees of                      Sum of                        Mean 

Item                                     Freedom                       Squares                       Square                  F Statistic 

---------------------------------------------------------------------------------------------------------------------------- 

Model                                         1                             7.14286                       7.14286              483.98435 

Error                                            5                            0.07379                       0.01476 

Total                                            6                            7.21665 

----------------------------------------------------------------------------------------------------------------------------- 



Chapter 4 

 

199 

 

2,8 2,9 3,0 3,1 3,2 3,3 3,4 3,5
3,5

4,0

4,5

5,0

5,5

6,0

6,5

7,0

7,5
[Mor

2,e
][N(CN)

2
]

ln
(v

is
co

si
ty

) 
in

 m
P

as

1000/T

 

Linear Regression for Data1_Y: 

Y = A + B * X 

 

Parameter                                Value                  Error                t-Value                 Prob>|t| 

--------------------------------------------------------------------------------------------------------------------- 

A                                            −12.36863             0.61735        −20.03498              <0.0001 

B                                                 5.66129             0.19825          28.55558              <0.0001 

----------------------------------------------------------------------------------------------------------------------- 

 

R                      R-Square(COD)                     Adj. R-Square                Root-MSE(SD)              N 

-------------------------------------------------------------------------------------------------------------------- 

0.99695               0.99391                                0.99269                          0.10138                      7 

------------------------------------------------------------------------------------------------------------------------ 

 

Parameter                           LCI                             UCI 

--------------------------------------------------------------------------- 

A                                      −13.95558                −10.78168 

B                                                 5.15166                  6.17092 

--------------------------------------------------------------------------- 

 

ANOVA Table: 

--------------------------------------------------------------------------- 

                                 Degrees of                        Sum of                          Mean 

Item                           Freedom                         Squares                        Square               F Statistic 

--------------------------------------------------------------------------------------------------------------------- 

Model                              1                                  8.38085                     8.38085              815.42099 

Error                                5                                  0.05139                      0.01028 

Total                                6                                  8.43224 

-------------------------------------------------------------------------------------------------------------------------- 
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Linear Regression for Data1_Z: 

Y = A + B * X 

 

Parameter                         Value                    Error                     t-Value                  Prob>|t| 

------------------------------------------------------------------------------------------------------------ 

A                                     −8.68894                 0.39275             -22.12322                   <0.0001 

B                                       4.11541                  0.12613              32.62898                    <0.0001 

---------------------------------------------------------------------------------------------------------------------- 

 

R                                   R-Square(COD)               Adj. R-Square                 Root-MSE(SD)           N 

----------------------------------------------------------------------------------------------------------------------- 

0.99766                          0.99533                            0.99439                            0.0645                    7 

--------------------------------------------------------------------------------------------------------------------------- 

 

 

Parameter                              LCI                         UCI 

--------------------------------------------------------------------------- 

A                                          −9.69854            −7.67934 

B                                             3.79119             4.43963 

--------------------------------------------------------------------------- 

 

ANOVA Table: 

--------------------------------------------------------------------------- 

                                    Degrees of                              Sum of                             Mean 

Item                             Freedom                                Squares                         Square              F Statistic 

------------------------------------------------------------------------------------------------------------------------------- 

Model                                1                                        4.42878                        4.42878         1064.65008 

Error                                  5                                        0.0208                           0.00416 

Total                                  6                                        4.44958 
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VTF plots for viscosity 
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Model: Exp3P1
Equation: 
y =a*exp(b/(x+c))
Weighting: 
y No weighting
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Equation: 
y =a*exp(b/(x+c))
Weighting: 
y No weighting
  
Chi^2/DoF = 108.75935
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Model: Exp3P1
Equation: 
y =a*exp(b/(x+c))
Weighting: 
y No weighting
  
Chî 2/DoF = 8.74707
R^2 =  0.99999
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Model: Exp3P1
Equation: 
y =a*exp(b/(x+c))
Weighting: 
y No weighting
  
Chi^2/DoF = 33460.92366
R^2 =  0.97759
  
a 24.83939 ±56.73896
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c -244.83041 ±34.53301
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Data: Data1_G
Model: Exp3P1
Equation: 
y =a*exp(b/(x+c))
Weighting: 
y No weighting
  
Chi^2/DoF = 60.18952
R^2 =  0.99999
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Data: Data1_H
Model: Exp3P1
Equation: 
y =a*exp(b/(x+c))
Weighting: 
y No weighting
  
Chi^2/DoF = 134.26609
R^2 =  0.99837
  
a 0.49511 ±0.75968
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Model: Exp3P1
Equation: 
y =a*exp(b/(x+c))
Weighting: 
y No weighting
  
Chi^2/DoF = 200.76694
R^2 =  0.98591
  
a 0.00306 ±0.04059
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Equation: 
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Weighting: 
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Chi^2/DoF = 151.3122
R^2 =  0.99607
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Model: Exp3P1
Equation: 
y =a*exp(b/(x+c))
Weighting: 
y No weighting
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Chapter 5  

 Applications of Brønsted acidic ILs in esterifications and transesterifications 

 

Abstract 

 This chapter shows that Brønsted acidic ionic liquids (ILs) can be used as solvents and catalysts 

in esterification reactions as well as in transesterification reactions. In both the cases, ILs bearing 

Brønsted acidic cations associated with the “acidic” [HSO4]
− anion gave the best yields. In the 

case of esterification of acetic acid with octanol a high conversion was also obtained using a 

functionalized acidic IL bearing a -COOH group attached on the alkyl chain, Bet.HCl. Finally, 

acetylation of β-methyl-D-glucopyranoside in Brønsted acidic ILs occurred with a complete 

regioselectivity toward the primary hydroxyl group on C(6); after 4 h at 60°C in [HMIM][HSO4] 

a conversion around 70% was obtained.  

5.1 Introduction 

Esterification of carboxylic acids with alcohols is a reaction of industrial importance.1 Several 

bulk and fine chemicals are produced in this manner in chemical, petrochemical and 

pharmaceutical industries. The Fischer esterification is a reversible reaction which requires an 

acid catalyst. The equilibrium is pushed to the product side by taking excess of a reactant and/or 

by continuously removing the water formed in the reaction. Sometimes it is necessary to employ 

an additional solvent to carry over the water in the form of azeotrope. Such operations require 

large energy input to recycle the solvents and the excess reactants. The loss of volatile organic 

solvents to the atmosphere results into increase in the cost of production and also damage to the 

environment.2 

The majority of the ILs reported for esterification are imidazole3,4,5,6,7,8,9,10,11 and pyridine7,8,12 

derivatives although  

Pralhad et al.2 used simple triethylammonium salts ([(C2H5)3NH][HSO4], [(C2H5)3NH][H2PO4] 

and [(C2H5)3NH][BF4]) as Brønsted acidic catalysts and media for esterification of carboxylic 

acids with primary alcohols. These ILs were conveniently prepared in one step using inexpensive 

and easily available materials. Also in this case hydrogen sulfate as the anionic part gave the best 

yield.  

Several transesterifications reactions, including enzyme-catalyzed reactions, are already reported 

using ILs. Laszlo and Compton in the year 200213 reported chymotrypsin-catalyzed 

transesterification in ILs and IL/supercritical carbon dioxide. They used the ILs 1-butyl-3-

methylimidazolium hexafluorophosphate ([Bmim][PF6]) and 1-octyl-3-methylimidazolium 

hexafluorophosphate ([Omim][PF6]). The yields obtained in these cases were found to be 
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consistent with those observed in conventional organic solvents. Nara et al.14 reported lipase-

catalyzed transesterifications of 2-hydroxymethyl-1,4-benzodioxane in two different ILs, 

[Bmim][PF6] and [Bmim][BF4]. The hydrophobic and hydrophilic properties of ILs and organic 

solvents did influence the lipase activity of this reaction. Himmer et al.15 reported 

transesterification of methylsulfate and ethylsulfate ILs. This was an environmentally benign 

way to synthesize long-chain and functionalized alkylsulfate ILs. Similarly, many other 

transesterifications were carried out in various Brønsted acidic ILs.  

In this chapter, we report a series of acidic ILs which were prepared using various N-bases like 

morpholine, imidazole, pyrrolidine, piperidine and betaine. These N-bases were treated with 

equimolar quantities of strong inorganic acids, like HCl, H2SO4, HNO3, CF3COOH and H3PO4. 

All the synthesized acidic ILs were applied in esterification of acetic acid with octanol, 1,2-

propanediol and methyl-β-D-glucopyranoside. In all the investigated reactions, [HPyrr][HSO4] 

and [HMIM][HSO4] was found to be the best acid catalyst. The same acidic ILs were also tested 

in the transesterification of ethyl-trans cinnamate with methanol and octanol. Transesterification 

of ethyl trans-cinnamate with methanol in presence of [HPyrr][HSO4] gave the best results 

among all.  

5.2 Materials and Methods 

5.2.1 Synthesis of N-methylimidazolium hydrogen sulphate ([HMIM][HSO 4]) 

25.63 g (0.251 moles) of sulfuric acid (96%) was added dropwise to 20.6 g (0.251 moles) of N-

methylimidazole. The dropwise addition was made slowly to avoid the exothermic fuming 

reaction. The contents were finally stirred for 4 to 5 h at 60°C to ensure that all of the N-

methylimidazole are reacted. Then, the mixture was kept in the rotary for     1 h at 65°C to ensure 

all the water contents were lost to obtain a colorless viscous liquid.  

 

5.2.2 Synthesis of N-methylimidazolium sulfate ([HMIM] 2[SO4]
2−−−−) 

 
12.82 g (0.1255 moles) of sulfuric acid (96%) was added dropwise to 20.6 g (0.251 moles) of                                    

N-methylimidazole. The dropwise addition was made slower to avoid the exothermic fuming 

reaction. The contents were finally stirred for 4 to 5 h at 60°C to ensure that all of the N-

methylimidazole are reacted. Then, the mixture was kept in the rotary for 1 h at 65°C to ensure 

all the water contents were lost to obtain a colourless white solid with melting point of 66±2°C. It 

was highly hygroscopic and hence highly soluble in water.  
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5.2.3 Synthesis of N-methylimidazolium dihydrogen phosphate ([HMIM][H 2PO4]) 
 
28.94 g (0.251 moles) of phosphoric acid (85%) was added dropwise to 20.6 g (0.251 moles) of 

N-methylimidazole. The dropwise addition was made slower to avoid the exothermic fuming 

reaction. The contents were finally stirred for 4 to 5 h at 60°C to ensure that all of the N-

methylimidazole are reacted. Then, the mixture was kept in the rotary for 1 h at 65°C to ensure 

all the water contents were lost to obtain a colorless solid. Its melting point was 90°C, 

comparatively higher than other imidazolium Brønsted acidic ILs. This ILs was less hygroscopic 

than the imidazolium sulphate and hydrogen sulfate ILs reported above. 

 

5.2.4 Synthesis of N-methylimidazolium trifluoroacetate ([HMIM][CF 3COO]) 

 

29.21 g (0.251 moles) of trifluoroacetic acid (98%) was added dropwise to 20.6 g (0.251 moles) 

of N-methylimidazole. The dropwise addition was made slower to avoid the exothermic fuming 

reaction. The contents were finally stirred for 4 to 5 h at 60°C to ensure that all of the N-

methylimidazole are reacted. Then, the mixture  was kept in the rotary for 1 h at 65°C to ensure 

all the water contents were lost to obtain a very hygroscopic solid. Its melting point was equal to 

55±2°C. 

 

5.2.5 Synthesis of N-methylimidazolium nitrate ([HMIM][NO 3]) 
 
24.33 g (0.251 moles) of nitric acid (65%) was added dropwise to 20.6 g (0.251 moles) of N-

methylimidazole. The dropwise addition was made slower to avoid the exothermic fuming 

reaction. The contents were finally stirred for 4 to 5 h at 60°C to ensure that all of the N-

methylimidazole are reacted. Then the mixture was kept in the rotary for 1 h at 65°C to ensure all 

the water contents were lost to obtain a very hygroscopic solid. Its melting point was equal to 

45±2°C.  

 

5.2.6 Synthesis of N-methylimidazolium chloride ([HMIM][Cl]) 
 
24.73 g (0.251 moles) of hydrochloric acid (37%) was added dropwise to 20.6 g (0.251 moles) of                             

N-methylimidazole. The dropwise addition was made slower to avoid the exothermic fuming 

reaction. The contents were finally stirred for 4 to 5 h at 60°C to ensure that all of the N-

methylimidazole are reacted. Then, the mixture was kept in the rotary for 1 h at 65°C to ensure 

all the water contents were lost to obtain a colorless solid.  
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5.2.7 Synthesis of N-methylmorpholinium hydrogen sulphate ([HMor][HSO 4]) 
 
18.4 g (0.1819 moles) of sulfuric acid (96%) was added dropwise to 18.58 g (0.1819 moles) of 

N-methylmorpholine. The dropwise addition was made slower to avoid the exothermic fuming 

reaction. The contents were finally stirred for 4 to 5 h at 60°C to ensure that all of the N-

methylmorpholine are reacted. Then, the mixture was kept in the rotary for 1 h at 65°C to ensure 

all the water contents were lost to obtain a brown-colored viscous liquid.  

 

5.2.8 Synthesis of N-methylmorpholinium sulfate ([HMor] 2[SO4]
2−) 

 
18.4 g (0.1819 moles) of sulfuric acid (96%) was added dropwise to 9.29 g (0.09095 moles) of                                  

N-methylmorpholine. The dropwise addition was made slower to avoid the exothermic fuming 

reaction. The contents were finally stirred for 4 to 5 h at 60°C to ensure that all of the N-

methylmorpholine are reacted. Then, the mixture was kept in the rotary for 1 h at 65°C to ensure 

all the water contents were lost to obtain a brown-colored semi-liquid compound.  

 
5.2.9 Synthesis of N-methylmorpholinium chloride ([HMor][Cl]) 
 
18.4 g (0.1819 moles) of hydrochloric acid (37%) was added dropwise to 17.93 g (0.1819 moles) 

of N-methylmorpholine. The dropwise addition was made slower to avoid the exothermic fuming 

reaction. The contents were finally stirred for 4 to 5 h at 60°C to ensure that all of the N-

methylmorpholine are reacted. Then, the mixture was kept in the rotary for 1 h at 65°C to ensure 

all the water contents were lost to obtain a solid.  

 
5.2.10 Synthesis of N-methylmorpholinium nitrate ([HMor][NO 3]) 
 
18.4 g (0.1819 moles) of nitric acid (65%) was added dropwise to 17.63 g (0.1819 moles) of N-

methylmorpholine. The dropwise addition was made slower to avoid the exothermic fuming 

reaction. The contents were finally stirred for 4 to 5 h at 60°C to ensure that all of the N-

methylmorpholine are reacted. Then, the mixture was kept in the rotary for 1 h at 65°C to ensure 

all the water contents were lost to obtain a solid.  

 

5.2.11 Synthesis of N-methylpiperidinium hydrogen sulfate ([HPip][HSO4]) 
 
16.32 g (0.1646 moles) of sulfuric acid (96%) was added dropwise to 16.81 g (0.1646 moles) of 

N-methylpiperidine. The dropwise addition was made slower to avoid the exothermic fuming 

reaction. The contents were finally stirred for 4 to 5 h at 60°C to ensure that all of the N-



Chapter 5 

 

213 

 

methylpiperidine are reacted. Then, the mixture was kept in the rotary for 1 h at 65°C to ensure 

all the water contents were lost to obtain a viscous liquid.  

 

5.2.12 Synthesis of N-methylpiperidinium sulfate ([HPip] 2[SO4]
2−−−−) 

 
16.32 g (0.1646 moles) of sulfuric acid (96%) was added dropwise to 8.405 g (0.0823 moles) of 

N-methylpiperidine. The dropwise addition was made slower to avoid the exothermic fuming 

reaction. The contents were finally stirred for 4 to 5 h at 60°C to ensure that all of the N-

methylpiperidine are reacted. Then, the mixture was kept in the rotary for 1 h at 65°C to ensure 

all the water contents were lost to obtain a brown-colored viscous liquid.  

 
5.2.13 Synthesis of N-methylpiperidinium nitrate ([HPip][NO 3]) 
 
16.32 g (0.1646 moles) of nitric acid (65%) was added dropwise to 15.96 g (0.1646 moles) of N-

methylpiperidine. The dropwise addition was made slower to avoid the exothermic fuming 

reaction. The contents were finally stirred for 4 to 5 h at 60°C to ensure that all of the N-

methylpiperidine are reacted. Then, the mixture was kept in the rotary for 1 h at 65°C to ensure 

all the water contents were lost to obtain a yellow-colored solid.  

 
5.2.14 Synthesis of N-methylpyrrolidinium hydrogen sulfate ([HPyrr][HSO 4]) 
 
16.38 g (0.1924 moles) of sulfuric acid (96%) was added dropwise to 19.65 g (0.1924 moles) of                                           

N-methylpyrrolidine. The dropwise addition was made slower to avoid the exothermic fuming 

reaction. The contents were finally stirred for 4 to 5 h at 60°C to ensure that all of the N-

methylpyrrolidine are reacted. Then, the mixture was kept in the rotary for 1 h at 65°C to ensure 

all the water contents were lost to obtain a brown-colored viscous liquid.  

 

5.2.15 Synthesis of N-methylpyrrolidinium chloride ([HPyrr][Cl]) 
 
16.38 g (0.1924 moles) of hydrochloric acid (37%) was added dropwise to 18.96 g (0.1924 

moles) of N-methylpyrrolidine. The dropwise addition was made slower to avoid the exothermic 

fuming reaction. The contents were finally stirred for 4 to 5 h at 60°C to ensure that all of the N-

methylpyrrolidine are reacted. Then, the mixture was kept in the rotary for 1 h at 65°C to ensure 

all the water contents were lost to obtain a colorless viscous liquid.  

 
 

5.2.16 Synthesis of betaine hydrogen chloride (Bet.HCl) 
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4.21 g (0.0427 moles) of hydrochloric acid (37%) was added dropwise to 5 g (0.0427 moles) of 

betaine. The dropwise addition was made slower to avoid the exothermic fuming reaction. The 

contents were finally stirred for 4 to 5 h at 60°C to ensure that all of the betaine are reacted. 

Then, the mixture was kept in the rotary for 1 h at 65°C to ensure all the water contents were lost 

to obtain a solid. The mpt was 252°C. 

 

5.3 Experimental Section 

5.3.1 Procedure for esterification of acetic acid with octanol 

To 1 ml of the selected Brønsted acidic IL, 2 ml (0.0127 moles) of octanol and 1 equivalent mole 

of acetic acid (Carlo Erba, 99.9%) were added. The reaction was heated for 4 h at 110°C. Then, 

products were separated, as reported below. The crude reaction mixtures were analyzed by NMR. 

All the conversions and yields are reported in Table 5.1. 

5.3.2 Procedure for esterification of acetic acid with 1,2-propanediol 

To 1 ml of the selected Brønsted acidic IL ([HMIM][Cl] or [HMIM][NO 3] or [HMIM][HSO4] or 

[HMIM][H 2PO4]) 0.518 g (0.0068 moles) of 1,2-propanediol (Fluka, 99.5%) and 1.1 equivalent 

mole of acetic acid (Carlo Erba, 99.9%) were added. The reaction was heated for 4 h at 60°C. 

Then, products were extracted with ethyl ether and, after solvent evaporation at reduced pressure, 

the crude reaction mixtures were analyzed by NMR and GC-MS. Results are reported in Table 

5.3. 

5.3.3 Procedure for esterification of acetic acid with β-methyl-D-glucopyranoside 

To 1.5 ml of the selected Brønsted acidic ILs ([HMIM][Cl] or [HMIM][NO 3] or [HMIM][HSO4] 

or [HMIM][H 2PO4]) 0.5 g (0.00258 moles) of β-methyl-D-glucopyranoside and 1.1 equivalent 

mole of acetic acid (Carlo Erba, 99.9%) were added. The reaction was heated for 4 h at 60°C. 

Then, products were extracted with ethyl ether and, after solvent evaporation at reduced pressure, 

the crude reaction mixtures were analyzed by NMR. Results are reported in Tables 5.4 and 5.5. 

 

 

5.3.4 Procedure for transesterification of trans-ethyl cinnamate 
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5.3.4.1 Transesterification using methanol 

To 1 g (0.00567 moles) of trans-ethyl cinnamate 3 equivalents of methanol and an equimolar 

amount of the selected  Brønsted acidic IL ([HPyrr][HSO4], [HMIM][HSO 4](1:1), 

[HMIM][HSO 4](1:1.1), [Bet][H2SO4], [HMor][Cl] and [HPip][HSO 4]) were added and the 

reaction mixture was heated at 90°C for 30 h into a reactor fitted with a reflux condenser. After 

stopping, the products were extracted with ethyl ether and, after solvent evaporation at reduced 

pressure, the crude reaction mixtures were analyzed by NMR. Results are reported in Tables 5.6 

and 5.7. 

5.3.4.2 Transesterification using octanol 

To 1 g (0.00567 moles) of trans-ethyl cinnamate equimolar amounts of octanol as well as 

equimolar amounts of the selected Brønsted acidic ILs ([HMIM][HSO4](1:1) and 

[HMIM][HSO 4](1:1.1)) were added. After stopping the reaction, products were extracted with 

ethyl ether and, after solvent evaporation at reduced pressure, the crude reaction mixtures were 

analyzed by NMR. Results are reported in Table 5.8. 

 

5.4 Results and Discussions 
 
These Brønsted acidic ILs (not all of them were used in every reactions) were used as solvents 

and acid catalysts in three esterification reactions and one transesterification reaction. The 

preparations and few properties were already mentioned in the Materials and Methods section 

and the structures are shown below in Figure 5.1. 
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Figure 5.1: Brønsted acidic ILs used in this chapter 

 

The Brønsted acidic IL giving the higher conversions was subjected to recycling experiments.  

 

5.4.1. Eesterification between octanol and acetic acid 

 

Various ILs prepared in this section were used as solvents and acid catalysts for the esterification 

of acetic acid with octanol. The reactions were carried out at 110°C, by working with a 1:1 molar 

ratio of octanol w.r.t. acetic acid (Scheme 5.1) (reagent concentration around 12 M). To evaluate 

the catalytic ability of the different ILs, reactions were stopped after 4 h and the conversions 

were evaluated by NMR. Data are reported in Table 5.1.  

 

 

Scheme 5.1: Esterification of octanol with acetic acid using Bronsted acidic ILs 
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It is noteworthy that for all ILs having HSO4
−, SO4

2−, NO3
− and H2PO4

- as counteranion, after 

the stopping the reactions, when the temperature was brought to room conditions, two phases 

were formed; the lower phase constituted by the IL and water and an upper layer due to the 

formed ester and unreacted alcohol. This latter could be easily separated from the IL by simply 

decanting into another flask. The decanted liquid was dried under reduced pressure to remove 

unreacted acetic acid and any water, if present. The recovered organic phase ranged from 30 to 

82%. The IL (lower layer), when recycled, was dried under reduced pressure to remove water 

formed during the esterification process. The picture of two different layers is shown below. In 

the case of [HDabco][Cl] and [HPyrr][Cl], since at room temperature the reaction mixture was 

practically an unique solid phase, ethyl ether was used to recover the product. [HMor][Cl] gave 

another situation, at room temperature the IL solidified and formed the lower layer whereas the 

ester constituted the upper layer. Hence, the separation was also solvent-free in this case. 

 

Figures 5.2(a) and (b) 

Figure 5.2 Figures showing stage after the reaction. (a): Two different layers are formed. Top 
layer (ester + unreacted alcohol) lower layer (IL + water formed during the reaction). The same 
situation was for all ILs having HSO4

−, SO4
2−, NO3

− and H2PO4
- as counteranion. Figure 5.2 (b): 

case of [HDabco]Cl in which just one solid layer was formed and ether was used for extraction 
of the product. 

 
Table 5.1: Esterification of acetic acid with octanol (T=110 °C), time =4 h 

Entry IL Ester : 
alcohola 

Yield% 

1 [HMIM][HSO4]
b 76 : 24 75 

2 [HMIM][HSO4]
c 82 : 18 46 

3 [HMor][HSO4] 80 : 20 67 
4 [HPyrr][HSO4] 92 : 8 80 
5 [HPip][HSO4] 88 : 12 77 
6 [HPip]2[SO4]

2− 55 : 45 53 
7 [HMor] 2[SO4]

−2 41 : 59 50 
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aThis ratio refers to the ratio between the yield of product (ester) to the yield of the 
 unreacted alcohol, determined on the basis of the NMR spectra.bThis refers that the 
 reaction was carried out at a low temperature i.e. 75−80°C. cThis refers that the reaction was  
carried out in a long closed test-tube. 

 
 

All the above reactions were in which the molar ratio of the reactants were 1:1. The decreasing 

catalytic activity for the various above-mentioned Brønsted acidic ILs is as follows:- 

[HPyrr][HSO4]  > [HPip][HSO4] > [Bet][HCl] > [HMIM][HSO 4] (temp=110°C) > 

[HMor][HSO4] > [HMIM][HSO 4] (temp=75−80°C) > [HMIM][NO 3] > [HPip]2[SO4]
2− > 

[HMIM][CF 3COO] > [HMor]2[SO4]
2− > [HMor][Cl] > [HPyrr]Cl > [HMIM][H 2PO4] > 

[HMIM] 2[SO4]
2− = [HDabco]Cl. Thus, we can conclude that the Brønsted acidic ILs with 

hydrogen sulfate as the counter anion gave the best results: in particular, [HPyrr][HSO4] gave up 

to 92% of conversion. On the other hand, Brønsted acidic ILs having the unprotonated sulfate as 

anion gave significantly lower conversions. Though the cationic order was same, i.e. 

[HPip][HSO4] > [HMIM][HSO 4] > [HPip]2[SO4]
2− > [HMIM] 2[SO4]

2−. Therefore, the presence 

of a sufficient acidic proton in the anionic part appears to play an important role in the activation 

of the reaction. About this, it is noteworthy that when [HMIM][H2PO4] was used as catalyst and 

solvent only very low conversions were obtained (21%) showing that the acidity of the protons 

present on this anion is not sufficient to play a catalytic role. In the case of nitrate-based ILs 

(entries 10 and 11), [HMIM][NO3] gave a conversion yield of 61% whereas [HPip][NO3] 

degraded at the reaction temperature and the reaction failed.  

Finally, Brønsted acids having Cl− as counteranion did not give high conversion yields like the 

hydrogen sulfates; conversions ranged from 20 to 34%, depending on IL cation. Analogously, a 

moderate conversion characterized also when the reaction was carried out in 

[HMIM][CF 3COO]; the conversion yield was 43%. 

In Table 5.1, a data related to the use of a task-specific ammonium-based IL, Bet.HCl, bearing 

an acidic group on the alkyl chain is also reported. Although, as previously discussed, chloride-

8 [HMIM] 2[SO4]
2− 20 : 80 48 

9 [HMIM][H 2PO4] 21 : 79 73 
10 [HMIM][NO 3] 61 : 38 52 
11 [HPip][NO3] 0 : 100 0 
12 [HPyrr][Cl] 24 : 76 71 
13 [HDabco][Cl] 20 : 80 50 
14 [HMor][Cl] 34 : 66 30 
15 [HMIM][CF3COO] 43 : 57 72 
16 [Bet][HCl] 85 : 15 76 
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based ILs gave yields significantly lower than [HSO4]
− based ILs, in case of Bet.HCl, the 

presence of an acidic functional group (–COOH) on the alkyl chain allows to obtain conversions 

comparable to the best ILs. Nevertheless, since this IL is solid at room temperature and the 

product is not soluble in this medium it was possible to recover the formed ester by simple 

decanting procedure. Below, are reported the C-NMR spectra for various entries mentioned  

Above. 
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 Figure 5.3: C-NMR showing comparison between various acidic ILs used 
 

 
    Since the best results/yields were obtained using [HPyrr][HSO4], this IL has been selected for 

recycling experiments. Data reported in Table 2 show that at least three recycles can be 

performed without significant decrase in reactivity although the recovery of the product by 

simple decantation of the upper phase becomes less efficient. 
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Table 5.2: Recycling of [HPyrr][HSO4] 

No. of recycle Conversion % Yield% 

Fresh 92 80 

1 92 78 

2 85 60 

3 82 56 

 
       The C-NMR for the 3 cycles are compared with the fresh one and are shown below in Figure 
5.4. 

 
 

Figure 5.4: C-NMR comparing between fresh, 1st, 2nd and 3rd recycle of [HPyrr][HSO4] 
 
5.4.2 Esterification between 1,2-propanediol and acetic acid 

 
In order to evaluate the selectivity of the esterification process in Brønsted acidic ILs, the 

reaction of acetic acid with 1,2-propanediol was investigated in different Brønsted acidic ILs 

having the same cation and four different anions ([HMIM]Cl, [HMIM][NO 3], [HMIM][HSO 4] 

and [HMIM][H2PO4]). Reactions were carried at 60°C, using 1.1:1 molar ratio of acetic acid 

w.r.t. 1,2-propanediol, reagent concentration around 7 M. After 4 h products were extracted 

using dichloromethane as solvent. The reaction mixtures were analyzed by GC-MS and NMR.  
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Scheme 5.2: Esterification of 1,2-propanediol using acetic acid in Brønsted acidic ILs 

   The presence of two different hydroxyl groups in the employed alcohol increases the number 

of possible products: in particular, it is possible the formation of two monoacetyl derivatives 

(arising from the esterification of the primary or secondary hydroxyl group, respectively) and one 

diacetyl derivative. GC-MS analysis evidenced the formation of all three products, the main 

product being the expected monoacetyl derivative arising from esterification of the primary 

alcohol. Product recovery depended on the time of IL used and the data are reported in Table 5.3. 

CH3-CH(OH)-CH2-O-C(O)-CH3       A (main product; mol. wt. =118.1322) 

CH3-CH(OCOCH3)-CH2-OH            B (low yield product;  mol. wt. =118.11) 

CH3-CH(OCOCH3)-CH2-O-COCH3  C (low yield product; mol. wt. =160.15) 

Table 5.3: Product recovered using four Brønsted acidic ILs 

                       

 

 

 

 

                        From the above Table 5.3, we can see that, in analogy with the behavior observed in 

esterification of acetic acid with octanol, [HMIM][HSO4] gave the highest recovery of the 

reaction product. Unfortunately, the reaction occurs with a low regioselectivity; NMR analysis 

ILs Product recovered  

[HMIM][Cl] 20% 

[HMIM][NO 3] NR  

[HMIM][HSO 4] 67% 

[HMIM][H 2PO4] 45% 
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indicated the formation of all three products in a ratio ranging around 1:1:1; a product 

distribution which was confirmed also by the GC-MS analysis. The H-NMR and C-NMR for the 

best results of the above reaction is shown below in Figure 5.5. 

 

Figure 5.5: H-NMR and C-NMR for esterification of glycerol with acetic acid using 

[HMIM][HSO 4] 

 
5.4.3 Esterification between β-methyl-D-glucopyranoside with acetic acid 

 
 
 
 
 
 
 
 

        Scheme 5.3: Esterification between β-methyl-D-glucopyranoside with acetic acid 
 

The selectivity of the esterification reaction was also checked using β-methyl-D-glucopyranoside 

as substrate. Reactions were conducted at a lower reagent concentration (around 1.5 M) to 

facilitate the sugar dissolution. The behavior of the reaction was checked stopping the 

esterification after 1, 2 and 4 h and longer; if needed. The reaction mixtures were extracted with 

ethyl ether and product distribution was checked by NMR. In this case, the reaction occurred 

with a high regioselectivity: only the acetyl derivative arising from esterification of primary 
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hydroxyl group on C(6) was detected besides the unreacted product, conversions at different 

reaction times are reported in Table 5.4. 

Table 5.4: Product conversion using four Bronsted acidic ILs 

ILs 1 h 2 h 4 h 

[HMIM][Cl] NR NR NR 

[HMIM][NO 3] 36% 50% 30% 

[HMIM][HSO 4] ----- 60% 70% 

[HMIM][H 2PO4] ------ 40% 50% 

 

Table 5.5: Showing yields of the recovered products  

ILs Yield 

[HMIM][Cl] 0% 

[HMIM][NO 3] 40% 

[HMIM][HSO 4] 70% 

[HMIM][H 2PO4] 50% 

 

Figure 5.6:C-NMR evidencing the acetylation at C6-position of sugar 

Below, we can see the changes in the reactants and products ratio after 1, 2 and 4 h of reaction 

using [HMIM][NO3]. It is to note the decreased conversion on increasing the reaction time from 
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2 to 4 h. Probably, this peculiar behavior has to be attributed to the nature of [HMIM][NO3] 

which, less than [HMIM][HSO4], is able to “capture” the produced water. The presence of 

increasing amounts of free-water, after that limit value of the coordinating ability typical of the 

nitrate anion,  may favor the hydrolysis process shifting the equilibrium position towards 

reagents.  

 

Figure 5.7: C-NMR at 1st, 2nd and 4th hour showing reversibility reactions in case of 

[HMIM][NO 3] 

Also in this reaction, therefore, the higher conversion was obtained in the IL having 

hydrogensulfate as counteranion, [HMIM][HSO4]. Attempts to increase the conversion 

prolonging the reaction beyond 4 h failed; i.e., multi acetates started forming. Hence, it was 

advisable to stop the reaction at 4 h. 

5.4.4 Transesterification of trans-ethyl cinnamate using alcohols 
 
The possibility to use Brønsted acidic ILs in transesterification processes was checked 

investigating the reaction of ethyl trans-cinnamate with a small alkyl-chained alcohol, such as 

methanol, and with a longer alkyl-chained alcohol such as octanol. Initially, the reaction with 

methanol was investigated in [Hpip][HSO4] and temperature and reaction time were varied to 

find the best conditions. The results are shown in Table 5.6.The scheme is shown in the next 

page. (Scheme 5.4). 
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Scheme 5.4: Esterification of ethyl-trans cinnamate 

Table 5.6: Transesterification of ethyl trans-cinnamate in [HPip][HSO4] using CH3OH 

Entries Time 
(h) 

Temp 
(°C) 

Conversion % Yield%a 

1 5 Rt NR 0 
2 24 Rt NR 0 
3 5 40 NR 0 
4 5 50 NR 0 
5 5 60 NR 0 
6 12 60 NR 0 
7 17 60 NR 0 
8 24 60 NR 0 
9 28 60 NR 0 
10 28 70 NR 0 
11 28 80 NR 0 
12 28 90 52 48% 

13b 28 90 73 66% 
aYields were determined after product extraction with ethyl ether. 

                                    bThe molar ratio of the ester and alcohol is 1:3 in this case.                    
                          Rt=Room temperature; NR=no reaction. 

 

From data reported in Table 5.6, we can state that in entry 13 are reported the conditions giving 

the best result. In particular, practically no conversion was observed until the temperature was 

raised to 90°C (a reactor fitted with a reflux condenser was used to avoid methanol evaporation); 

at this temperature, using an equimolar amount of CH3OH, a conversion around 50% was 

obtained (see entry 12) whereas in the presence of an excess of alcohol (3 equivalents) 

conversion increased at 73%. These latter conditions were used to test the efficiency of other ILs. 

Results are reported in Table 5.7. 
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Table 5.7: Transesterification of ethyl trans cinnamate using CH3OH in various ILs 

 

Entries IL Conversion % Yield% 

14a [HMor][Cl] NR 0 

15b [HMor][Cl] NR 0 
18a Bet.H2SO4 NR 0 

19b [HPyrr][HSO4] 95 95% 

20a [HMIM][HSO 4] 37 87% 

21a [HMIM][HSO 4]
c 75 92% 

aThis symbol denotes the molar ratio between the ester and the alcohol is 1:1. 
bThis symbol denotes the molar ratio between the ester and the alcohol is 1:3. 
 cThis symbol refers that acid is 1.1 equivalent with respect to the nitrogen base. 
All the reactions are carried out at 90°C for 28 h. 

 

It is to note that whereas no conversion was obtained in chloride based ILs also working with an 

excess of alcohol, conversions ranging from 40 to 95 % characterized reactions performed in 

hydrogensulfate-based ILs. The best results were obtained in the case of In particular, in 

[HMIM][HSO 4] a significant increase in conversion was obtained working in the presence of an 

excess of acid H2SO4, probably as a consequence of the superacidic behavior of species of the 

type, A---H-A−., which should be present in the reaction mixture.    

 

 
Figure 5.8: H-NMR showing methyl-trans cinnamate product using [HMIM][HSO 4] 



Chapter 5 

 

228 

 

When the transesterification process of ethyl trans-cinnamate in [HMIM][HSO4] was carried out 

using octanol lower conversions were obtained under comparable conditions, however, also in 

this case, the presence of a small excess of inorganic acid (H2SO4) significantly increased 

conversions (Table 5.7). In this case, all reactions were performed maintaining the ratio between 

ester and the alcohol equal to 1; the high boiling point of octanol assured that the reagent was not 

lost during the reaction. The scheme is shown below. 

 

Scheme 5.5: Esterification of octanol and ethyl-trans cinnamate 

Table 5.8: Transesterification of trans-ethyl cinnamate and octanol in various Brønsted acidic 
ILs 

Entries Time 
(h) 

Temp. 
(°C) 

IL used Conversion 
% 

Yield%  

1 5  80−90 [HMIM][HSO 4] NR 0 
2 38 75 [HMIM][HSO4] 35 70% 
3 30 90 [HMIM][HSO4] 25 25% 
4 30 90 [HMIM][HSO4]

a 52 78% 
 aThis symbol refers that acid is 1.1 equivalent more than the nitrogen base. 
The molar ratio between the alcohol and the ester in all the cases were 1:1. 
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Figure 5.9: HNMR showing transesterification of ethyl trans cinnamate using octanol 

5.5 Conclusion 

These data show that Brønsted acidic ILs can be used as solvents and catalysts in esterification 

and  transesterification reactions. In both cases, ILs bearing Brønsted acidic onium (pyrrolidium) 

or imidazolium cations, associated with the “acidic” [HSO4]
− anion, gave the best yields. In the 

case of esterification of acetic acid with octanol a high conversion was also obtained using a 

task-specific ammonium-based IL, Bet.HCl, bearing an acidic group (–COOH) on the alkyl 

chain. Finally, acetylation of β-methyl-D-glucopyranoside in Brønsted acidic ILs occurred with 

high regioselectivity: only the acetyl derivative arising from esterification of the primary 

hydroxyl group on C(6) was detected, beside the unreacted product (30%), when the reaction was 

performed in [HMIM][HSO4]. 
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Chapter 6 
 

Preparation and Characterization of Glycerol Carbonate using Basic ILs 
 

 
Abstract 

 

In this chapter, glycerol carbonate is prepared using glycerol and dimethyl carbonate (DMC) i.e., 

two cheap compounds are used to prepare an important compound (glycerol carbonate) which is 

used as a solvent, additive and as a chemical intermediate. The basic ILs specially the ones 

possessing the N(CN)2
− as the counter anion, gave the best results: in [Mor1,4][N(CN)2] at 120°C 

it is possible to obtain  the complete conversion of glycerol into the corresponding glycerol 

carbonate in 13 h. 

 
6.1 Introduction 
 
The Biodiesel, whose production keeps on going day by day, is conveniently manufactured from 

vegetable oils by transesterification of triglycerides with methanol. This process gives glycerol 

(1,2,3-trihydroxypropane, central compound in Scheme 6.1)  as a byproduct; glycerol production 

in the United States already averages more than 350,000 tons per year while in Europe the 

production has tripled within the last 10 years. Glycerol is therefore the byproduct with the 

largest economic impact in the modern oleochemical industry,1 being formed in different 

processes such as glycerides transesterification, alcoholysis, hydrolytic cleavage under pressure 

and saponification with  alkalies.2,3 It is also produced by dedicated processes such as the 

synthesis from propene4 or the fermentation of simple sugars.5 The production of biofuels and 

biolubricants from biomass is much expanding (and will continue to grow) so that the production 

of bio-glycerol, in the past considered of great value for a successful closing of the economic 

balance of the lipid-utilization process, is now exceeding the request. The risk that large amounts 

of glycerol are produced and will accumulate as a waste has speed-up the industry and academia 

research towards the identification of new opportunities for using such byproduct either directly 

(as fuel even in the same biodiesel production plants6), or by converting it into useful derivatives. 

A lot of interesting products are obtainable from glycerol. Some of these are shown in Scheme 

6.1.  
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Scheme 6.1: Various products obtainable from glycerol 

 

From glycerol it is possible to obtain new intermediates to use in the production of fine 

chemicals (e.g. dihydroxyacetone, glyceric acid, pyruvic acid and 1,3-propanediol) either by 

fermentation7,8,9or using chemical routes10 (Scheme 6.1).  

Glycerol carbonate, a stable colorless liquid, represents an important derivative of glycerol that 

shows low toxicity, good biodegradability and high boiling point. For its properties it finds 

several applications in different industrial sectors, especially as a polar high boiling solvent or 

intermediate in organic syntheses (i.e., monomer in the synthesis of polycarbonates and other 

polymeric materials in the plastic field11 as well as in the synthesis of very valuable intermediates 

such as glycidol,12 which is employed in textile, plastics, pharmaceutical and cosmetics 

industries), as a precursor in biomedical applications and as a protection group in the 

carbohydrates chemistry. It is also used as a component in membranes for gas separation instead 

of ethylene and propylene carbonates,13 in the synthesis of polyurethanes14 and in the production 

of surfactants.15 As a chemical intermediate it reacts readily with alcohols, phenols and 

carboxylic acids with loss of CO2 as well as with aliphatic amine with carbon dioxide recovery. 

Finally, glycerol carbonate and its derivatives can be used as electrolytes and solvents in lithium 

ion batteries and it is considered a green substitute for important petro-derivative compounds as 

ethylene carbonate or propylene carbonate.16  
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Development of successful routes to produce glycerol carbonate from renewable raw materials 

will be an important issue for different industrial sectors, since a valuable product could be 

obtained at high volumes and low prices, competitive to compounds derived from petroleum. 

The new economical and environmental tendencies support this approach and promote the 

interest in the development of new innovative processes for the manufacture of chemical 

products that will efficiently cover market needs under a sustainable conception of industrial 

production.17  

The main methods for the preparation of glycerol carbonate are based on the reaction of glycerol 

with (a) a carbonate source (phosgene, a dialkyl carbonate or an alkylene carbonate), (b) urea, 

and (c) carbon monoxide and oxygen. Traditionally, cyclic carbonates have been prepared by 

reaction of glycols with phosgene,18,19  but due to the high toxicity and corrosive nature of 

phosgene alternative routes such as transesterification reaction20 of dialkyl or alkylene carbonates 

to obtain cyclic carbonates have been explored (Scheme 2). 

 

Scheme 6.2: Synthesis of glycerol carbonate by phosgenation (upper part). Direct carboxylation 

(middle part) or transesterification of glycerol (lower part) 

For instance, ethylene carbonate, a commercial product with interesting physical properties (low 

toxicity, low evaporation rate, biodegradability, high solvency, etc.) has been widely used as 

carbonate source for preparing glycerol carbonate.21  The transesterification between glycerol 

and ethylene carbonate is  generally performed with an alkaline base.22 For instance, using 

sodium bicarbonate, at 130°C, the yield of glycerol carbonate reached 81% after 30 mins. 

However, the main problem associated with these catalysts is the requirement of a final 
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neutralization step. For doing this, at the end of the reaction, a mineral acid (phosphoric acid, 

sulphuric acid, benzenesulphonic acid, etc.) is added to the system to neutralize the catalysts, 

followed by distillation under reduced pressure for the recovery of glycerol carbonate from the 

reaction mixture, which contains reactants, salts and products. Despite the fact that 

heterogeneous base catalysts should allow easy separation and recycling of the catalyst by 

filtration avoiding the neutralization step and reducing waste formation, there are few examples 

for the synthesis of glycerol carbonate by transesterification of ethylene carbonate and glycerol 

in the presence of solid catalysts. Thus, Sugita et al. have performed23 the transesterification 

reaction in the presence of aluminium oxide as catalyst. When the reaction was carried out at 

135–140 °C under reduced pressure with progressive removal of ethylene glycol, glycerol 

carbonate was obtained with 99% yield. 

One alternative approach that avoid the formation of the highly boiling ethylene glycol is the use 

of dimethyl carbonate (DMC) as a carbonate source. DMC can be manufactured by 

environmental safe industrial methods and potentially from CO2 and renewable sources.24   

Likewise, glycerol carbonate has been also obtained from glycerol and DMC by a 

transesterification catalyzed by lipases. Kim et al.25 in the year 2007 demonstrated Candida 

Antarctica (CALB, Novozym 435)  lipase as the first enzymatic example for the synthesis of 

glycerol carbonate. He suggested addition of molecular sieves to scavenge the methanol which is 

generated during the reaction to promote the reaction towards the product side, i.e., in other 

words the reaction was accelerated. There were drawbacks with this kind of reaction using lipase 

as it was cost-effective and by high temperature the lipase was deactivated and it was not 

environmentally friendly since it involved usage of THF. However, one can know from this 

literature that the molar ratio between glycerol and DMC taken into account plays an important 

role in the product formation. Also variation of reaction temperature had a considerable affect on 

the synthesis of the product.  

Recently, Kyung Hwa Lee et al.26 suggested a solvent-free reaction in which DMC was used as 

the substrate as well as the solvent. But glycerol is not miscible in DMC; hence, silica-gel was 

used as solid support to glycerol. When glycerol-coated silica gel was supplied, the 

transesterification rate by immobilized lipase was more than tenfold increased than that of free 

glycerol. The optimum conditions were determined as follows: molar ratio of DMC to glycerol 

was 10 and the reaction temperature was 70°C in the presence of glycerol-coated silica gel with a 

1:1 ratio. The Novozyme 435 biocatalyst and silica gel could be reused by the repeated batch 

operation. Glycerol carbonate was successfully synthesized with the conversion of more than 

90% for 48 h in the solvent-free transesterification system. 
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But, also other catalysts, like CaO, K2CO3 and imidazolium-2-carboxylate, have been used under 

different reaction conditions to produce glycerol carbonate. Rokicki et al.27 used K2CO3 as an 

efficient catalyst to produce glycerol carbonate from glycerol and DMC at 75°C obtaining a 

quantitative amount of the expected product. Analogously, Ochoa-Gòmez et al. in 2009 reported 

the preparation of glycerol carbonate using CaO as the catalyst. The calcination of CaO increased 

dramatically its activity due to the removal of hydroxide from its surface. But at high 

temperatures the recycled CaO was deactivated from time to time. In 2003, Holbrey et al. 

reported28 the synthesis of a compound named, imidazolium-2-carboxylate, which has been 

used29 recently by Prashant et al. as a catalyst to produce glycerol carbonate. It is noteworthy that 

high conversions and yields have obtained only under basic conditions and, generally, catalytic 

activity increases with catalyst basic strength.  

Nevertheless, among the alternative pathways to produce glycerol carbonate have to be 

mentioned also the direct reaction of glycerol with CO2 or carbon monoxide and oxygen, in the 

presence of Cu(I) as catalyst,30 the reaction of glycerol and ethylene carbonate in supercritical 

CO2, in the presence of zeolites31 and use of urea as source of the carbonate group, a process this 

latter patented32,33 in 2002. More recently, the glycerolysis of urea (Scheme 6.3) has been 

performed34 by Aresta et al. under catalytic conditions. In particular, c-zirconium phosphate has 

shown a good activity as catalyst affording 80% of conversion of glycerol under mild reaction 

conditions; 3 h at 418 K, using equimolar amounts of the two reagents (glycerol and urea) with a 

catalyst load of 0.6–1.5% w/w with respect to glycerol. The catalyst could easily recovered and 

reused in subsequent cycles of reaction.  
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Scheme 6.3: Synthesis of glycerol carbonate by glycerolysis of urea 

Since, despite the intense activity in IL chemistry no data have been reported related to the use of 

ILs as solvents and /or catalysts in synthesis of glycerol carbonate by reaction of glycerol with 

DMC, during the course of this thesis attempts have been carried out to use ILs as catalysts in 

this process. To this aim, several neutral or basic ILs, synthesized in this thesis, have been tested 

([Mor1,4][N(CN)2], [Mor1,g][N(CN)2], [HME1,4][N(CN)2], [HME1,4][Tf 2N], [Mor1,2][Tf 2N], 

[MIM 1,e][N(CN)2]) and their activity has been compared with that of tradition ILs 

([BMIM][Tf 2N], [BMIM][PF 6]).  

 

 

6.2 Results and Discussions 

To test the ability of ILs to act as catalysts in the transesterification of DMC with glycerol, 

preliminary experiments were carried out at 120°C using [Mor1,4][N(CN)2] as solvent and 

performing the reactions under different conditions, Table 6.1. On the basis of the data reported 

in Table 6.1., it was possible to establish that the reaction performed using 0.5 of IL and 3 eq mol 

of DMC gave the highest conversion. Since, we cannot exclude that similar results could be 

obtained at lower temperatures the same reaction was carried out at 40, 60, 80, 120 and 140°C  

(Table 6.2). At 140°C (bath temperature), the rapid darkening of the reaction mixture evidenced 

a degradation process, therefore subsequent investigations were performed at temperatures not 

higher than 120°C. Nevertheless, considering that DMC has a boiling point of 90°C to avoid the 
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progressive depletion of this reagent, the reactions performed at temperatures above 80°C were 

carried out in double-reflux holding flasks.  

 

 

Table 6.1: Different conditions using [Mor1,4][N(CN)2] at 120°C for 13h 

Amt of IL (g) Some additional 
conditions 

Conversion % 

0.5 Glycerol-coated 
with silica gela 

NR 

5 mol% of 
[Mor1,4][N(CN)2] 

3.2 equivalents of 
DMC 

NR 

0.5 1 equivalent of 
DMC 

20% 

0.5 3 equivalents of 
DMCb 

92% 

aSilica-gel was used because DMC as well as glycerol are not miscible. 
b3.2 equivalents of DMC is preferred because bpt. of DMC is 90°C and the 
 reaction temperature is 120°C.  
 

Table 6.2: Different reaction temperature 

 

Time (h) 

 

40°C 

 

60°C 

 

80°C 

 
120°C 

 
140°C 

3 NR NR NR 60% Degraded 

6 NR NR 10% 75% Degraded 

9 NR NR ∼20%  90% Degraded 

13 NR NR 60% 99% Degraded 

 NR=no reaction. The numbers denoted in % ages are product conversion percentages. 
  

 

      Finally, the progress of the reaction performed at 120°C (bath temperature) was evaluated 

stopping the process at different times (Table 6.3 and Figure 6.2.).  
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Figure 6.1: A plot showing conversion yields at various temperatures 

 

Table 6.3: Different time of reaction with the same IL: [Mor1,4][N(CN)2] at 120°C 

Time of the 

reaction (h) 

Amount of IL 

(g) 

Conversion 

ratio 

Conversion  % 

7.5 0.5 4.5 : 4.3  60 

10 0.5 12.1 : 7.5  75 

13 0.5 12 : 0.8 92 

24 0.5 12 : 0.6  99 

 

 

In Figure 6.3 are reported the 13C NMR spectra registered after 7.5, 10, 13 and 24 h.  
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Figure 6.2: C-NMR of glycerol carbonate at 7.5, 10, 13 and 24 h when [Mor1,4][N(CN)2] is catalyst.  
(a) reaction between glycerol and DMC for 7.5 h at 120°C; (b) reaction between glycerol and DMC for 10 h 
at 120°C; (c) reaction between glycerol and DMC for 13 h at 120°C and (d) reaction between glycerol and 
DMC for 24 h at 120°C. 
 
 

The peak 77.43 is related to the CH carbon of the product, whereas that 72.79 corresponds to the 

reagent CH carbon.  With the increase in time interval from 7.5 to 13 h we can observe a drastic 

increase in the product signals (77, 66.4 and 61.6 ppm) and a simultaneous decrease in the 

reactant peaks (72 and 62.5). It is to note that the increase in time interval from 13 to 24 h does 

not give any significant increase in the product level. Hence, we decided to carry out all the 

remaining reactions for 13 h only. 

 

Scheme 6.4: Formation of glycerol carbonate using ILs 

 

Subsequently, the catalytic ability of this IL was  compared with that of other ILs performing a 

series of reactions under identical conditions (reagent concentrations, temperature, time) using a 

parallel reactor system. Data are reported in Table 6.4.  

 

 



Chapter 6 

 

240 

 

Table 6.4: Various catalysts showing their respective conversions at 120°C 

ILs Ratio  
Product: Reagent 

yield % 

[Mor1,4][N(CN)2] 9.5 : 0.5 92 
[Mor1,g][N(CN)2] 4.7 : 0.5 90 
[Mor1,2][Tf 2N] NR NR 

[HME1,4][N(CN)2] 0.5 : 0.6 Less than 50% 
[HME1,4][Tf 2N] NR NR 

[mim1,e][N(CN)2] 8.5 : 0.4 95% 
[bmim][Tf2N] NR NR 
[bmim][PF6] NR NR 

NR= no reaction. All the reactions were carried out for 13h. 
 

[Mor1,4][N(CN)2] and [mim1,e][N(CN)2] appeared to be the best ILs. The decreasing catalytic 

activity order is as follows: [mim1,e][N(CN)2] > [Mor1,4][N(CN)2] > [Mor1,g][ N(CN)2] > 

[HME1,4][ N(CN)2. 

 To the basic nature of the dicyanamide-based ILs we attribute the catalytic effect of these ILs. 

However, we cannot exclude that the no reactivity observed in bistriflimide- and 

hexafluorophosphate-based ILs can contribute the no-solubility of glycerol in these media.  

In Figure  6.3, are reported the NMR spectra of the reactions performed in [Mor1,4][N(CN)2], 

[Mor1,g][ N(CN)2] and [mim1,e][N(CN)2]. 

 
Figure 6.3: Comparison of various ILs in the product formation. (*) is byproduct at 74 and (#) is 
unreacted glycerol 
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By comparison in Figure 6.5 is reported the  NMR spectrum of glycerol carbonate recently 

published by Aresta et al.  

 

Figure 6.4: CNMR suggested by Arresta et al. 13C NMR (100 MHz, in CD3OD) spectrum of the 
reaction solution after the 5th cycle and extraction of the formed carbonate: the mixture is 
essentially formed by three species, i.e. glycerol (*), residual glycerol carbonate (#) and the 
byproduct (ç). 

 

Considering the conversions obtained in the investigated dicyanamide-based ILs and the specific 

properties of these media (including toxicity data), [Mor1,4][N(CN)2] was used to test the 

recyclability of the systems; product was extracted with ethyl ether (or distilled under reduced 

pressure) and the IL was reused. At least 4 recycles could be performed without significant 

reduction of the conversion (Table 6.5 and Figure 6.6). 

 

Table 6.5: Recycle of IL [Mor1,4][N(CN)2] at 120°C for 13h 

No. of the cycle Ratio of the 
reactant to the 
product formed 

Conversion % 

1st Cycle 9.5 : 0.5 More than 90 % 
2nd Cycle 9.4 : 0.6 More than 90 % 
3rd Cycle 5.9 : 0.2 More than 90 % 
4th Cycle 9.4 : 1 More than 90 % 
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Figure 6.5: C-NMR is shown for various recycles of [Mor1,4][N(CN)2] in the glycerol carbonate 
formation. One can observe that there is no drastic change from 1st cycle to 4th cycle. Hence, one 
can say [Mor1,4][N(CN)2] is a suitable solvent/catalyst for such reactions. 
 
 
6.3 Experimental Section 
6.3.1 Materials and Methods 

Glycerol was obtained from Sigma-Aldrich. DMC was also obtained from Sigma-Aldrich and 

were used as present. The ILs like [Mor1,4][N(CN)2], [bmim][Tf2N], [bmim][PF6] [Mor1,2][Tf 2N], 

[Mor1,g][N(CN)2], [HME1,4][N(CN)2],[HME1,4][Tf 2N] and [mim1,e][N(CN)2] were used. The 

synthesis of [Mor1,4][N(CN)2] is explained in chapter 2, whereas the synthesis of 

[Mor1,g][N(CN)2] is explained in chapter 3 and the synthesis of [HME1,4][N(CN)2] and 

[HME1,4][Tf 2N] are explained in chapter 2,3 and 4. 

 

6.3.2 Synthesis of glycerol carbonate 

In a 100 cm3 flask equipped with a magnetic stirrer, condenser and thermometer, glycerol  (12.61 

g, 0.1369 mol), DMC (12.33 g, 0.4107 mol) and the selected IL (1 g or 0.5 g, depending on the 

conditions of the reactions) were placed. The transesterification reaction progress was monitored 

by collecting samples of the reaction mixture and observing the changes of the signal derived 

from the cyclic carbonate carbonyl group (1796 cm−1) by means of NMR. At the start of the 
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reaction there were two separate layers but at the end of the reaction we can see just layer. The 

formation of a sole phase can be taken as the end point of reaction. In cases of [Tf2N]− and [PF6]
− 

based ILs there were two separate layers at the start as well as at the end of the reaction. The 

product was extracted using diethyl ether though through this procedure we could extract less 

than 50% of the formed product. A significant amount of product remained in the IL. Better 

recovery could be obtained by distillation of the product at 137°C (0.5 mm of Hg). 

H NMR (400 MHz, DMSO-d6): δ (ppm) 5 5.29 (t, 1H, OH), 4.81–4.76 (m, 1H, CH), 4.48 (dd, 

1H, OCH2), 4.28 (dd, 1H, OCH2CH), 3.65 (ddd, 1H, CH2OH), 3.50 (ddd, 1H, CH2OH). 

13C NMR (CDCl3, 75 MHz): 156.7, 77.8, 66.6, 61.6 (for glycerol carbonate). 
 

Below we can see the FTIR spectrum for glycerol carbonate in [Mor1,4][N(CN)2]. 
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Figure 6.6: FT-IR spectrum of glycerol carbonate 

FT-IR (film): 3401 (s. OH), 2931 (n. CH2), 1796 (n. OC(O)O), 1403 (s. CH2), 1181 (s. CH), 

1054 cm−1 (s. OH). 

 

6.4 Conclusions 

From the above results, one can state that the basic dicyanamide-based ILs are able to act as 

solvent−catalyst in glycerol carbonate synthesis by reaction of glycerol with DMC. In 

[Mor1,4][N(CN)2], it is possible to obtain a practically complete conversion in 13 h. Under 

comparable conditions no reaction was observed in [bmim][Tf2N] and [bmim][PF6]. Moreover, 

[Mor1,4][N(CN)2]  was recycled 4 times without any change in its catalytic conversion activity.  
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