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Scope and Outline of the Work

lonic liquids (ILs) are promising new media (alstled as green solvents) which can be helpful
in a variety of applications. They have high pdiavialues, many have good conductivity values
and low viscosity values as well. But, it is alwaggortant to choose the best combination of
cation and anion in order to meet the requiremehtat particular application. Nevertheless,
these ILs cannot be easily named as green solwgtiieut testing their toxicity values. The

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

particular IL. Literature data present a varietywafrk which suggest that the aromatic cations
(such as pyridinium and imidazolium, this lattepnesenting the most investigated and applied

class of ILs) are more toxic than aliphatic ones.

The main challenge in the chemistry world is, tduee the process wastes, but the possibility of
separation of the catalyst or solvent recoveryptiner words recyclability, is difficult. The
formation of large amounts of wastes on the otterdhincreases the cost of the reaction and
overall production. To overcome these problems weehworked out few steps in this PhD
work. Thus, this PhD work comprises of nontoxic lased on aliphatic amines, and we have
studied their temperature-dependent physico-chémiogerties such as density, conductivity,
viscosity and solvent properties. The solvent pridg® helped us to decide the polarity values of
various tested ILs. Both acidic ILs as well as bdkik were prepared during this thesis. The
acidic ILs were Brgnsted acids and the anionic p&re more responsible for their behavior.
These acidic ILs were used in four reactions, thesterification reactions and one
transesterification reaction. Few of these reastiware solvent-free and the solvent/catalyst (IL)

was easily separable just by decantation.

An actual approach to achieve a high polarity afiotss ILs was by incorporating functional
groups which were able to give high polarity valumsainly when single or double hydroxyl
groups were attached to the alkyl chain which waratonated to the nitrogen atom of the

nitrogen base.

Overall this thesis is a combination of synthedisieutral, acidic and basic ILs; temperature-
dependent properties like density, conductivityscesity and solvent properties; toxicity and
biodegradability; and applications of acidic ILsdrder to replace Brgnsted acidic ILs in various
esterifications and transesterification reacti@mal applications of basic ILs in transesterificatio

of dimethyl carbonate.
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The synthesis, temperature-dependent propertiesifiksity, conductivity, viscosity and solvent
properties of morpholinium dicyanamides were regayrtand toxicity and biodegradability

values of morpholinium bromides were also repoie@hapter 2.

Then ILs were functionalized using “renewable” campds, such as 1,3-chloropropanediol,
which arises from glycerol (a natural product, whis obtained as byproduct during the
production of glycerol). To prepare these functiaal ILs, we have used several nitrogen
bases;N-methylimidazole,N-methylpyrrolidine, N-methylmorpholine, dimethyl imidazole, 4-
hydroxyN-methyl piperidine andN-methylpiperidine. The synthesis of these ILs weaeried
out. Then their temperature-dependent propertied ss density, conductivity, viscosity and
solvent properties were studied, data are repanté&hapter 3. Also in this chapter, the analysis
of the behavior of some properties (viscosity andductivity) in terms of the Arrhenius and
VTF equations have been reported for all the switled ILs. Finally, for four ILs also the

thermosolvatochromism was investigated.

An introduction to a new series of ILs startingnfra seven-membered ring amine, namely
azepane (hexamethylenimine), has been reported apt&h4. The structural effect on the

physico-chemical properties of this class of ILsihg dicyanamide as counteranion was studied
by changing the alkyl chains to butyl, ethanol gihgteryl groups. The properties of this new
class of ILs were compared with those of analogomsirpholinium (a functionalized ring) and

piperidinium (a non-functionalized ring) salts. Tteenperature-dependent behavior of viscosity
and conductivity of these ILs were compared. Thianty values were also compared and the

seven-membered ring having a non-functionalizeyl @lkain gave high polarity values.

Acidic ILs were prepared starting from nitrogernsés and inorganic acids. These acidic ILs
were tried to replace few Bregnsted acids in thre¢erifisation reactions and one
transesterification reaction. These Brgnsted adldiovere used both as solvent and catalyst in
the esterification of octanol and acetic acid inialhthe product recovery was very simple, by
just decanting the product, as the product andltifermed two separate phases. The IL was
also recycled easily by just drying in rotary tonmve the water formed during the esterification
process. Few of these Brgnsted acidic ILs were ursaabterification of 1,2-propanediol and
acetic acid in which multiple product formation walsserved and also yields were not so very
high. Some Brgnsted acidic ILs were also used @ydte selectivity of primary hydroxyl group
on the C6 position gf-methyl-b-glucopyranoside. Lastly, these Bronsted acidicvlese used
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to study the transesterification of ethyl-transneimate using methanol as well as octanol. All

these studies are explained in Chapter 5.

Some of the ILs studied in this PhD thesis can lassified also as basic ILs by taking into
consideration their anionic part. In particulare ticyanamide-based IL can be included in this
category. These basic ILs were used as solventedlsas catalyst to prepare an important
compound, namely glycerol carbonate, starting fiovo cheap compounds i.e. glycerol and
dimethyl carbonate. The conversion yields were Vvegh though the product separation was not

possible without distillation at reduced pressuféss application is explained in Chapter 6.
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Chapter 1

Introduction

Green chemistry represents a trend in chemicaléte@ research, aiming at waste minimization
and cost effectivenessRecently, there has been a gradual but steadéasbfigeneral interest in
environmental science, technology and practiceckviaims at improving health, aesthetics and
in many cases, the economics of individual chemip@lration§. In the chemical world, this can
be achieved via designing new reactions or modifgristing chemical processes. To reduce the
environmental impact of chemical processes, differstrategies can be followed: i) it is
important to select raw materials and chemical treaco avoid or reduce the handling and
storage of hazardous and toxic chemicals; ii) itdsessary (when possible) to use raw materials
arising from renewable feedstocks, for competinagctiens; iii) it is necessary to adjust the
temperature, pressure and catalyst to obtain higtsyof desired products; iv) it is necessary to
avoid solvent having an high environmental imp&ny of these strategies are resumed in the
12 principles of green chemistrihat can be conceptually summarized as the foligwi

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 shouldsed u

8) Shorter synthesis (reducing protection—deptiotlesteps)

9) Biocatalytic or catalytic rather than thermabgesses

10) Design the products for degradation withoutytaht problems

11) Efficient analytical methodologies for pollutidetection and prevention

12) Inherently safer processes

As we can deduce from principle 5, chemical proegsshould be performed in innocuous
solvents. Most problems with conventional orgarotvents are concerned with their toxicity,

flammability, and volatility; conventional organgolvents, like dichloromethane, methanol or
acetonitrile, tend to evaporate easily, makingréaetions difficult to work with. Moreover, they

have an important environmental impact. They hasenbimplicated as one of the sources of
ozone depletion, global climatic change and smamé#bion. Nevertheless, they are applied in
large amounts in a wide range of industrial apfilices (synthesis, extractions and purification

processes). Today, in the fine-chemical or pharmaceutical stdes the solvent/product ratio
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varies between 100 and 1000 and, consequentlyersshare considered as the major cause of
the environmental damage attributed to an indugir@cess.

Although in many green chemistry books and mondggame can find that “the greenest solvent
is no solvent at all” there are definitely cleavadtages in using solvents as part of chemical
processes. We can highlight the fact that reactmoseed faster and more smoothly when the
reactants are dissolved, because mass transfectiests are reduced. In addition, solvents may
have a positive effect on the rate and/or seldgtiof the reaction, due to the differential
solvation of reagents, intermediates or transititaies. Solvents act as heat transfer media,
removing heat liberated in an exothermic reactieducing thermal gradients in a reaction vessel
and allowing a smooth and safe reaction. Finalblvents often facilitate separation and
purification of reaction products

The qualitative and quantitative importance of ealkg in chemical processes, together with the
increasing legal restrictions concerning the userganic solvents derived from petrol (recent
environmental legislation is aimed at strict cohtod volatile organic compounds (VOCs)
emissions and the eventual phasing out of greehgases and ozone-depleting compounds)
has resulted in a remarkable growth in interestgi@en solvents for industry. Traditionally,
green solvents are classified in five main categmrialthough there is still controversy
concerning the labeling of some of these categagetruly “green”: 1) water, 2) ionic liquids
(ILs), 3) fluorous solvents, 4) supercritical flsigSCFs) and 5) organic solvents from renewable
sources.

ILs constitute probably the largest group of thesévents, often defined as neoteric solvents,
that include all chemical compounds constituteduwesieely by ions which are liquid at/or near
room temperature, by definition below 100°C. Althbube use of ILs shows several advantages,
we must also mention that they show some inconmepi®e such as high cost, difficulties in
purification and toxicity issues. There is alreahpugh evidence to conclude that some ILs are
potentially as harmful as the conventional orgasitvents, therefore, careful design in the
synthesis of ILs is required to reduce their tayi@nd improve physico-chemical properties.
Anyway, the main feature of ILs is the fact thak thle properties (physical, chemical and
biological) can be modified or modulated selectihg opportune anicitation combination, or
introducing on cation or anion specific functiomgbups; therefore, the possibility to design a
nontoxic IL having the ability to act as suitablelvent and eventually as catalyst is not so
fantastic®”8.91011

It is noteworthy that functionalization of IL carebused not only to improve the solvent

properties of these media but also to confer nexeifip functions. Functionalized ILs can act as
2
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catalysts offering the advantage to have a homagenbquid system in which the catalyst is
anchored to the solvent and leaching problemseaheced or by-passed.

Many organic reactions are performed in the presarica catalyst and catalytic processes are
involved in the manufacture of the majority of cheafs. Among the most frequently used
catalysts are the acidic ones, which are geneagplied in a homogeneous phase. The use of
homogeneous acidic catalysts may have the followitrinsic drawbacksi) a neutralization or
washing step is usually required and, dependingheramount of homogeneous catalyst to be
used, this can determine the formation of largewamwof waste salts. Disposal of these salts is
usually expensive or entirely prohibited) separation of homogeneous catalysts from the
reaction mixture is generally a difficult stép) the use of Brgnsted acids is often accompanied
by corrosion of the process equipmenmi;some of the applied catalysts are toxic or otherwis
difficult to handle (air or water sensitive). Théom@mentioned problems together with the
increasing environmental concerns and restricggeslation have prompted research to find new
effective catalysts, which avoid these drawbacksasquently, during the last decades solid
acids are receiving increasing attention as catalysorganic synthesis on laboratory and fine
chemicals manufacturing scale. Though the solidisa@re nonvolatile and can represent a
solution to some of the above-mentioned intringiawdack of homogeneous acidic catalysts
(they can readily be separated from the reactioturg, they are easier to handielid acids are
less corrosivemany solid acids can be regenerated and reusethapdnay be adapted for use
in a continuous flow reactors) they present othe&sadlantages including the restricted
accessibility of the matrix-bound acidic sites rfsport of reactants is generally not difficult in
homogeneous catalysis), the high molecular weigthksite ratios, and the rapid
deactivationt®* Nevertheless, the desire to improve or alter #hecsivity of a chemical process
may be a further reason for selecting a solid gstalThe structural and electronic properties of
the solid catalyst can put constraints on the diffn of molecules to and from active sites and on
the geometric configuration of the transition statkese constraints may lead to kinetic control
over reaction pathways, resulting in non-thermodyicaproduct compositions. However, the
products formed from the primary reaction may aésact in a secondary reaction, depending on
the contact time and the strength of the interactiith the active site. It is therefore desirable
that the products of the primary reaction de-abseddily into the bulk of the surrounding
medium. The contact time between catalysts andtamtscand products may have a strong
influence on the product selectivity.

Hence, taking into account both the advantagesiaadivantages of solid acids, it is evident that

a new field of research may be represented by iniimet liquid acidic catalysts which covered

3
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both the nonvolatility as well greater effectivefage area and continued potential activity of a
liquid phase. Acidic ILs, combining all the aboweetiors, in an ionic structure can be considered

as one of the most promising new reaction mé&bia.

1.1 Definition of lonic Liquids

‘lonic liquids' (ILs), a term which is now very #hown to the chemists, was less than 20 years
ago very remote in the chemical literature. Thibdésause their existence and consequently their
potential as solvents was not recognized before,. tBatlLs are not very new as it seems, some
of them have been known for a century. For instagtbglammonium nitrate ([EtNSJ{NO3]),
which has a melting point of 12°C, was first desetitin the year 191%.However, one of the
important development recorded in the chemicatditge about these ILs and their existence
was in 1940. The two US scientists, Tom Weir anahkrHurley working in the Rice Institute
were looking for a cheaper and easier way to elptite aluminium when they mixed and gently
warmed powdered pyridinium halides with A{Clthe powders reacted, obtaining a clear,
colorless liquidt® Hence, they accidentally prepared liquid electesy namely chloroaluminate
ILs, which belongs to a class of ILs now known ke first generation ILs. However, the
chemists of those times hardly noticed the potenfighese astonishingly important liquids. In
the late 1980s, the scientists working in the U$ Porce Academy were instrumental in
initiating the preliminary research in the realmliof. The eminent scientists such as King and
Wilkes and associates can be regarded as the leegiohseminal activity on ILs which involved
the synthesis of structurally diverse ILs, theiraitterization, investigation of physical
properties and so di.The pioneering work of Seddon and his associatesduced the ILs to
the modern day’s chemistStarting from these works, ILs have been consitlarealternative
environmentally friendly solvents, recyclable metha synthetic organic chemistry, separation
sciences and other chemical sciences and engigedriwas evidenced that in contrast to the
conventional organic solvents that are composethagcular entities, such as DMSO, DMF,
CH,C1,, CHCX and THF, ILs have no significant vapor pressurastallow chemical processes
to be carried out with essentially zero emissiorioafc species into the environment. In some
cases, products can be obtained through distiflaffom these nonvolatile reaction media
whereas in the other cases the products and theiirstwo separate phases and hence they can
be separated easily without any use of energy (aadistillation) and without any toxic solvents
such as ether, ethylacetate etc. (products maylols). ILs possess high ionic conductivity,
high ion concentration and good electrochemicabilita Applications benefiting from these
materials may include electrical energy storageadsv(such as electrolytic capacitors, batteries
4
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and fuel cells), as well as supporting media falalgats. They have also been found to be
efficient in standard separating processes, elitingahe need of noxious organic solvetits.
Therefore, such systems are becoming increasieglynblogically important. More recently, it
has been shown that the beauty of ILs is the faat tombining different cations and anions
produces wholly new ILs with their own unique stires and properties. Several million
possible combinations of cations and anions abigivte salts liquid at room temperature have
been hypothesized, presenting an immense opporttmitengineer solvents or media with
specific properties for different applications. Bifit also presents an unusual problem
synthesizing, characterizing and testing the seglmiimitless possibilities, is a near impossible

task?®

1.2 Acidic lonic liquids

Research on IL is growing at a very fast rate, Hesvand new applications in different
sectors, not necessarily directly related to chegmisippear daily. Although many investigated
ILs can be defined as practically neutral saltsingportant subset of ILs is represented by acidic
ILs. The acidic nature can be related to the apioto the cation or both. Moreover, they can be
defined as Lewis acidic ILs due to their ability aot as electron pair acceptors, the anion is
generally responsible for this kind of acidity, Bransted acidic ILs whose ability to act as
proton donor may be due to the cation or anionurféidl..1 shows the subsets of acidic ILs. ILs

having dual properties (Lewis and Brgnsted acidiggje been also prepared.
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Figure 1.1: Subsets of acidic ILs

The cations most commonly used in Brgnsted acidicalle represented in Figure 1.2a, including
primary, secondary and tertiary ammonium ions, amalium and pyridinium salts, protonated

lactams and guanidinium ions.
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Figure 1.2a: Cations most commonly used in Brgnsted acidic ILs
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Imidazolium and other cations bearing a properlycfionalized alkyl chain with a S8 or
COOH group can also be included in this class (Eidugb).

Figure 1.2b: Imidazolium cations bearing functionalized alkiam
On the other hand, Brgnsted acidic ILs can alsolteireed by introducing proton donor anions
such as HS®, H,PO, and conjugate bases of dicarboxylic acids. Atararé, with few
exceptions Lewis acidic ILs contain an acidic anibhese 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 haveebehe most widely explored class of ILs.
Hurley and Wief! first disclosed the room temperature melts, corapasfN-alkylpyridinium
halides and AIG| in a series of US patentShe room temperature ILs composed of varying
portions of AICk and I-ethyl-3-methylimidazolium chloride ([emim]Ciere discovered in the
year 19822 Chloroaluminate ILs, or the first generation ILsg gprepared by mixing the
appropriate quaternary ammonium salt, such as yH3umethylimidazolium chloride
(lomim]Cl), with A1C1;.%2

/ 5 N— R4 / s N— R4
- AICI cr
@ a — IS ) [(AICLy)nICT
| |
lz R, Lewis acid

Scheme 1.1Preparation of a mono-functionalized Lewis acidlis |

Preparation of [bmim]Cl:- Equimolar amounts of chlorobutane and 1-methylimiada were
added to a round-bottomed flask fitted with a refforndenser for 24—72 h at 70°C with stirring
until two phases were formed. The top phase, com@ininreacted starting material, was

decanted and ethyl acetate (a volume approxima&gihal to half that of the bottom phase) was
7
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added with thorough mixing. The ethyl acetate wasuked followed by the addition of fresh
ethyl acetate and this step was repeated twice. Wagshith ethyl acetate should suffice to
remove any unreacted material from the bottom phafer the third decanting of ethyl acetate,
any remaining ethyl acetate was removed by healiadpbttom phase to 70°C and stirring while
on a vacuum line. The product, [bmim]Cl, is slighflgllow and may be crystalline at room
temperature, depending on the amount of water ptésghat phase. This method was given by
Jonathan G. Huddleston et &f.jn the year 2001.
Preparation of [omim]CI/AIC] :- Commercial AIG} was mixed with Al turnings and 1 wt%
NaCl and sublimed under 50 mmHg nitrogen, at leagtetwuntil no ash-like residue was left.
[bmim]CI/AICI; was prepared by slowly mixing weighed amounts ofrfi@i with re-sublimed
AICl3 in a glove bag under nitrogen using dry ice foplbog. In Scheme 1.1, we can sa¢R
C,Hg and R=CHa.
Equations (1) and (2$how the acigbase reactions that occur when organic chloridés sal
([Cat]Cl) and AIC} are mixed. The Lewis acid, Al¢lforms AICL ™, a Lewis neutral species and
Al.Cl; , a Lewis acid, when mixed with the organic ctdersalt, as shown below in Equations
(1) and (2).

[Cat]" CI" +AICI;— [Cat][AICI,] 1)

(Lewis neutral)

[AICI4]” +AICI; — [AlLCI]” 2
(Lewis acid)

The molar fraction of the Lewis acid determineg¢fiere the acidic, basic or neutral properties
of the resulting salfé as well as their physico-chemical and thermal eries.
The liquid range (the range of temperatures in e compound exists in the liquid state) of
these salts depends on the structure of the camainthe mole fraction of A1Glthis latter
determining the anion structure. The anion composiaffects also viscosity; in the case of
[emim]CI + AICl; it has been shovhthat when [emim]Cl is below 50 mol% the viscosisy i
practically constant (changing from 14 cP to 18af303 K). However, when [emim]Cl exceeds
50 mol%, the absolute viscosity begins to increéseg to over 190 cP at 67 mol% [emim]CI.
This dramatic increases is correlated to the cparding growth in chloride ion concentration
and it has been attributed to the ability of thisoa to give hydrogen bonding to the hydrogen
atoms of imidazolium cation. Contemporaneously,anabnductivity decreases on going from
ILs having as counteranion [&l;]~ (for 34-66 mol% [emim]C+AICI3 A = 4.46 S crhimol ™, at
298 K) or [AICl,]~ (for 50-50 mol% [emim]C+AICI; A = 4.98 S crimol?, at 298 K) to system
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containing an excess of chloride ions (for-86 mol% [emim]CHAICI; A = 1.22 S crimol™?, at
298 K).

It is to note that cations and anions diffusionueal correlate well with ionic conductivity in the
case of acidic imidazolium chloroaluminates; aseex@d, both cation and anion diffusion
coefficients increases with increase in the coridigt Nevertheless, the decline in cation
diffusion coefficients under “basic” compositiong(j, in the presence of an excess of [emim]Cl)
is consistent with the presence of an hydrogen ingndbetween chloride anion and the
imidazolium cation.

But, one of the most important property of thesdesys is surely the fact that they may provide
a distinctly homogenous Lewis acidic medium in casitto the conventional Lewis acid, A1C1
when used in molecular solvents. Unfortunately piactical applications, these chloroaluminate
ILs suffer from their poor stability to moisture igh can lead to undesired side reactions and
causing considerable potential for corrosion (duthé release of HCI).

More recently, however, water stable chlorometallas have been prepared and characterized.
The appropriate molar combination of an organicmdtde salt (e.g., [bmim]Cl) with indium
trichloride, or niobiopentachloride affords the remponding ILs. For example, [bmim][InLI
(mp —6°C) is a air stable IL characteriZBdy physico-chemical properties (density, viscgsity
electrical conductivity and electrochemical windowjomplementary to the classical
tetrafluoroborate or hexafluorophosphate analogossessing, at the same time, a Lewis acidity
similar to organoaluminate melts. Zinc or iron-a@ning ILs are other moisture-stable
alternatives to chloroaluminate ’svhose acidic property can be easily modified bjystihg

the composition of cations and metal halide, inl@gato chloroaluminates. In this sub-class of
moisture-stable Lewis acidic ILs, we have to ineéud series of inexpensive and more
sustainable Lewis acidic ILs prepared from chobhioride and ZnGl? both these reagents are
indeed accessible, easy to handle, relatively chadmmoisture stable, hence these match several
of the principles of green chemistry.

But, surely a peculiar class of chlorometallate i ¢hat arising by combination of  chloride-
based ILs and Fegliron-containing ILs, such as [bmim][Feflare not only catalytically active
and moisture-stable Lewis acids but they are alagnetic?® they play an important role for the
formation of ionogef€ and their mixtures with water show a peculiar th@morphism (i.e., a
thermally induced demixing). Related to the magnetic properties, although based ILs are
simply paramagnetic, they still respond to an amblinagnetic field. It has been shdfvthat
droplets of the [gmim][FeClj] and [PR][FeCl,] salts can be added to water, with which they

are initially immiscible and they can then be qutsily manipulated with the application of an

9
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external strong magnetic field. Nevertheless, altfothe droplets of [gmim][FeCl,] dissolve
themselves in the aqueous phase after several, HeWg[FeCl,] droplets remain intact almost
indefinitely (over several months) showing the paitd of this latter ILs for magnetic transport
through aqueous systems.

Finally, it is to mention that although a signifitd_ewis acidity is generally a property related to
the anion, and to the presence of halometallates2009 an example of an IL bearing a
functionalized imidazolium cation with an efficieritewis acid, boronic acid, has been

reported™

Figure 1.3: Imidazolium cation functionalized with boronic d¢lewis acid)

The boronic acid is a weak Brgnsted acid but a \eficient Lewis acid. The activity
coefficients of various solutes determined in 1pytdoronic acid-3-alkylimidazolium bromide
showed that this IL can play an important roletfar separation of aromatics, chloroalkanes, and
alcohols from alkanes. Recently, 1-propyl boroni@-&:alkylimidazolium bromide has been
used* as dispersant of petroleum asphaltenes: the presefithe boronic moiety enhances
interactions between asphaltenes and ILs and lonitsiderable asphaltenes aggregation.

1.2.1.1. Lewis Acid ILs
As reported above, the most common Lewis acidic dts composed of metal halides and
quaternary nitrogen or phosphorus-containing hadides, with the apparent mole fraction of
metal halides (MG), X, greater than the stoichiometric neutral point. €&amuently, the Lewis
acidity of these melts is referred (at least, ia finst papers published on these systems) not to
Lewis acidity as it is frequently assumed, buttte &cidity of an anionotropic solvent system, in
which a base is a substance that liberates a ¢bestic anion (e.g., chloride), whereas an acid
consumes 2637 Consequently, it has been determined in the casehlofoaluminates by
chloride activity, according to the equation (3):

2[AICl,]” = [AICl]” +CI (3)
and has been defined in terms-tdg,[Cl]. For example, an equilibrium constant of 254dor

equation (3) was determined from potenziometrigatibn data for [emim]GIAICI ;.2

10



Chapter 1

Nevertheless, nuclear magnetic resonance (NMR) specpy {’Al, 3P and'H) has been used
to determine the form and the fraction of the aii@pecies’*®whereas other techniques, e.g.,
UV and IR spectroscopy and electrochemical methoalge been used to monitor the interaction
between donors and anionic specfes:**4°Unfortunately, all of these techniques suffer from
disadvantages such as strong medium-specificitye lavailable reference information and/or
difficulties in manipulation.

More recently, Ya-li Yang and Yuan Kou have deteed* the Lewis acidity (as electron pair
acceptor ability) of several chloroaluminate ILssé@ on the 1-butyl-3-methylimidazolium
([lomim]*) cation by means of an IR spectroscopic methodgugiridine and ethanenitrile, a
weaker base than pyridine, as molecular probes. Buothe probes present band shifts as a
consequence of the coordination at the Lewis aités$,smoreover, pyridine giving a band near
1540 cm® as a consequence of the formation of pyridinium @n be used also a probe
molecule for Brgnsted acidic sites. After pyridimy:(L =1:5 by volume) was added to ILs of
the type [bmim]CI/MCJ under acidic conditions the wavenumber of the besrdesponding to
the coordination at Lewis acid sites increases fi@r4 cm’ for [bmim]Cl/CuCl to 1446 crt

for [bmim]Cl/FeCk, 1450 cm' for [bmim]Cl/ZnClL and 1454 cht for [bmim]CI/AICIs,
indicating that the Lewis acidity increases in fokkowing order CuCl < FeGl< ZnCl, < AICl;

at the point at which ILs have strong Lewis acaditiAt variance, under neutral conditions (when
X = 0.5 for [omim]CI/MC| (M # Zn) andX = 0.33 for [bmim]Cl/ZnC} ) only free pyridine band

at 1437 cit was observed for each sample.
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Figure 1.4: FT-IR spectra of [bmim]Cl with various metal halidés) FT-IR spectra ofd) pure
pyridine; @) pyridine + [bmim][BR] (1:5 by vol.); €) pyridine + [bmim]Cl/ZnC} (x = 0.67)
(1:5 by vol.); @) pyridine + [bmim]CI/AICE (x = 0.67) (1:5 by vol.);d) pyridine + HCI solution
(36 wt%). Bands at 1437 ¢hin (a) and the neutral ILk) arise from free pyridine whereas
bands near 1450 ¢tin (c) and ¢l) result from pyridine coordinated at Lewis acitesi Bands
near 1540 cft in (d) and €) indicate the presence of pyridinium cations fodrbg protonation
at Brgnsted acid siteBY FT-IR spectra of mixtures (1:5 by vol.) of pyridindbmim]CI/MCly.

(f) [bmim]CI/AICI5, 1 X = 0.67,2 X = 0.5; @) [bmim]Cl/ZnCl, 1 X = 0.67,2 X = 0.33; f)
[omim]Cl/FeCk, 1 X = 0.67,2 X = 0.5; {) [omim]Cl/CuCl,1 X = 0.67,2 X = 0.5.

An analogous trend (CuCl < FeB! ZnC}, < AICl3) was observed using ethanenitrile that shows
two characteristic bands at 2292 and 2252 coriginating from its CN stretching vibrations, as
pure compound and when added to either HCI or [bf@8fy), which have no Lewis acidity.
However, the addition of ethanenitrile to [bmim]CIIN (X =0.67) (Figures 1.4 A (d)—(g))
results in the appearance of a new band at higheemumber (at 2292 ¢ifor [bmim]Cl/CuCl,
2310 cm' for [bmim]Cl/FeCh, 2318 cmi for [bmim]Cl/ZnCh, and 2338 cit for
[bmim]CI/AICI;) showing that the Lewis acidity increases in theleo. The behavior of

ethanenitrile with various Lewis acidic ILs are gmoin Figures 1.5 (a)(g), below.
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Figure 1.5 FT-IR spectra of ILs using ethanenitrile as a profag.pure ethanenitrile;bj
ethanenitrile + HCI solution (36 wt%)c)( ethanenitrile + [bmim][BE (1:5 by vol.); €)
ethanenitrile + [bmim]CI/CuCIX = 0.67) (1:5 by vol.); ) ethanenitrile + [bmim]Cl/FeGI(X =
0.67) (1:5 by vol.); f) ethanenitrile + [bmim]Cl/ZnGI(X = 0.67) (1:5 by vol.);d) ethanenitrile

+ [bmim]CI/AICI; (X = 0.67) (1:5 by vol.).

The same approach has been apffiedore recently using acetonitrile as the basic @rob
molecule to determine the acidity of the ILs whimtain metal halide ZnglFeCk or FeC}.
Also in this case modifications in the CN stretchfrgguencies were observed on going from
neutral ILs to acidic media. Only two charactecistiy stretching vibration bands of acetonitrile,
at 2250 and 2287 ch were observed when acetonitrile was mixed with th with a
ZnCly/[bmim]Cl molar ratio of 0.9X), indicating that there is no interaction betwées IL and
acetonitrile. However, wheK was higher than 1.0, an additional band appearedoand 2312
cmi* and a monotonic blue shift of all these bands vetrgerved with an increase of the molar
ratio of ZnC} to [bmim]Cl (X). The band around 2312 chwas considered indicative of Lewis
acid—base interaction between the IL and acettmitvioreover, the intensity of IR band around
2312 cm® become stronger with the increase of the fractiériznCl, implying that the
increased amount of ZnCleads to a stronger Lewis acid—base interactidawdsn the IL and
acetonitrile. Using acetonitrile as a probe molecilewis acidity of the ILs containing FeQir

FeCl, showed the similar results.
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Figure 1.6: FT-IR spectra of mixtures of acetonitrile and [brf@w2ZnCl, IL: (a) molar ratio of
ZnCl, to [bmim]Cl = 0.9; b) molar ratio of ZnGl to [bmim]Cl = 1.0; €) molar ratio of ZnGl to
[bmim]CI = 1.5; @) molar ratio of ZnGlto [bmim]CI = 2.0.

Finally, pyridine was used by Duan et tal.determine the acidity of choline chlorie#nCl, and
benzyltrimethylammonium chlorid&nCl,. A similar Lewis acid strength of the four ILs, izh
caused practically the same band shift of pyridmelecule, was evaluated from these
experiments showing that cation structure pradjicdbes not affect chlorometallate Lewis
acidity.

Recently, the Gutmann Acceptor Number (AN) has hessd to evaluate the acceptor ability of
some chlorometallate(lll) ILs. This parameter hasrbestimatéd using the*’P-NMR chemical
shift of a probe molecule, triethylphosphine oxifte, a range of chlorometallate(lll) ILs, based
aluminium(lll), gallium(lll) and indium(lll) and th 1l-octyl-3-methylimidazolium cation, at

different compositions. The results are shown @rtaxt page.
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Figurel.7: Gutmann Acceptor Number of several chlorometallaseand molecular
solvents

1.2.1.2. Applications of Lewis acids in synthesis
A. Friedel Crafts reactions using imidazolium chloriddeng with metal halides

Acidic chloroaluminate(lll) ILs,X (AICI;) = 0.67, have been widely applied in reactions
conventionally catalyzed by Lewis acids. Severagamant compounds have been prepared with
high yields and selectivities through Friedel-Craftylation?* sulfonylatiod® or alkylation
processe&® However, the very high sensitivity of these ILsrmisture, that determines the
necessity to work during synthesis and use undat @tmosphere, has contributed to promote
research towards other more stable catalytic system

In 2006, D. Yin et af’ reported synthesis of diphenylmethane and itsvevies via Friedel-
Crafts benzylation reaction of benzylchloride wittnkene and the corresponding derivatives
using Lewis acidic ILs for the first time as solt®mnd catalysts. The used ILs were moisture
stable [bmim]Cl-zZnGJ, [bomim]Cl-FeC} and [bmim]CIl-FeGl systems. Easy separation of the
reaction products, increased reaction rates wipaet to conventional molecular solvents and
high selectivity towards mono-alkylated productgevebtained, showing that these ILs were not
only more moisture stable, and therefore less prohtic to use, but their acidic property could
be easily modified by adjusting the compositiorcations and metal halides in order to increase

reactivity or selectivity; hence, they might betahle candidates for Friedel-Crafts reactions.
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Nevertheless, all these ILs could be reused, ealbeftbmim]Cl-ZnCl, which could be recycled
for eight times without any noticeable drop inatgivity.

R1OR2 ' Ph_CHZCI %» R14®7R2
H

CH,—Ph

R,=R,=H; R,=H, R,=CHj IL=[Bmim][CI]-ZnCl,
R,=H, R,=C,Hj; R;=CHs, R,=CHj yield=97.7%
R;=H, R,=Cl; R;=H, R,=Br selectivity=99.8%

Scheme 1.2Friedel-Crafts reactions of benzene and its dévieatwith benzyl chloride

Subsequently, Li et 4F tested the efficiency of the same moisture stableis acidic ILs (i.e.
[bmim]CI/FeCk and [bmim]Cl/ZnC)), with respect to conventional molecular solvesmsl the
classical Lewis acidic [bmim]CI/AlG] in the synthesis of benzophenone and its deviestvia
Friedel-Crafts reaction. Among the investigated lsewacidic IL, [bmim]Cl/Fed showed the
higher catalytic activity; good to excellent yiel@sp to 97%) of acylation products were

obtained in short reaction time.

(6]
(6] R =
)k + / I [Bmim](C}FeCly I ——l R.
4 R, I 5
| 2 6 hrs/80 °C
Ry cl AN AN
97 %vyield

mole fraction -0.67

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

On the other hand, Fe@ased ILs have been used with success also iselleetive Friedel-
Crafts sulfonylation of aromatic compourfdsDeactivated arenes, such as chlorobenzene and
bromobenzene, underwent sulfonylation in excellgetds. Further, an improvement in the
regioselectivity was observed in the sulfonylat@fmaphthalene with benzenesulfonyl chloride
and 4-methylbenzenesulfonyl chloride. The eviderahehntages arising from the use of ReCl
based IL were; mild reaction conditions, excellgiglds, short reaction times, simple work-up

procedure, low cost and easy preparation and landfithe catalyst.
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0
Ph/\N</\/\>§‘eCI4‘ [
Aar—H+ R $S0,CI R Is_Ar
60°C

0
Scheme 1.4Friedel-Crafts sulfonylation of aromatic compounds

However, not all data from literature are in agreamwith the fact that moisture-stable
chlorometallates can always substitute chloroalateibased ILs; their lower Lewis acidity can
be an important detrimental factor in some reastidgtudies performed on the preparation of
3,6-dibenzoylacenaphthene by acylation of acenaptlie Lewis acidic ILs ([emim]CI/AIG]
[emim]CIl/FeCk and[emim]Cl/ZnCL) showed that [emim]CI/AlIGlgave the best yield, whereas
practically no product was obtained in [emim]Cl/Zae| Experiments performed on methyl
imidazolium salts bearing longer alkyl chains omagen (butyl and octyl) were also carried out;
however, [emim]CI/AICy was found to be the best IL for this kind of reawtiThus, taking this
into consideration the mole fractions of [emim]CICA was varied from 0.33 to 0.75 and the
best mole fraction was found to be 0.67; underettoesmditions the yield increased to 89.6% with

a selectivity of 92.2%.

[e]
‘ [Emim]CI/AIC];
.
(2 - e

Yield=89.6%
selectivity=92.2%
mole fraction=0.67

Scheme 1.5Friedel-Crafts acylation of acenapthene to 3,6+ibglacenaphthene

Finally, also recycling experiments were perforntedconfirm the high efficiency of this
catalytic system. After five recycles, only a smatluction in yield (4% approximately, from
89.6% in the cycle to 85.5% in the fifth cycle) asalectivity (2% approximately, from 92.2% in
the first cycle to 90.6% in the fifth cycle) wasselved.

The higher catalytic activity of [emim]Cl/AlGlwas also confirmed by the same authors in
another work related to the alkylation of anthraceiith 2-chloropropane where the same Lewis
acidic ILs were used. In agreement with the presfipdiscussed results, Chen etalound that
[emim]CI/AICI; gave best results in terms of yield (74.5%) antbcti®ity (82.9%). On

increasing the alkyl chain length on the imidazwolitng to butyl and octyl the percentage of
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yield decreased just as same as in the previouk ammd again zero performance was obtained
when ZnC}was used as metal halide.

+ (CHj),CH-Cl [Emim]CI/AICI;
o 4k, 30°C —

Yield=74.5%
selectivity=82.9%

Scheme 1.6Friedel-Crafts alkylation of anthracene with 2-cbjmmopane

On the other hand, when the alkylation of benzeae performed in several 1-alkyl-3methyl-
imidazolium halide-AlC} ILs comprising various alkyl group (butyl, octyhé dodecyl) and
various halogens (ClI, Br and [) the best catalyticfggmance was found in the case of
[bmim]Al,Cl¢Br and this ability was attributed to the Lewis dgictrength and polarizability of
this salt; the presence of a bromide instead dfl@ride increases the Lewis acidity of the anion,

as determined in the same work by FT-IR measurements

B. Lewis acidic ILs as catalysts for carbonyl proima reactions

Despite their extensive investigation in Friedelf@raeactions, Lewis acidic ILs have also been
applied in many other processes. 1-Ethyl-3-methgi@molium iodide-AICI; (AICk :
[emim]l ratio > 1:1) has been used with succesaciylative cleavage of ethetSwhereas other
imidazolium or pyridinium chloraluminates has beapplied in coumarine synthesis via
Pechmann condensation of phenols with ethyl acetas®* Knoevenagel condensatich,
oligomerizatior® or dimerization’ of olefins, or as alternative media for the systheof 4-
chloropyrans via Prins reactiorfs.

Nevertheless, also moisture stable Lewis acidichage been employed as alternative media in
other Lewis-catalyzed reactions. For example, onliusnbased on cholineznCl, (x = 1-3) or
benzyltrimethylammonium chloride.2ZnClhave been applied as efficient and recyclable
catalysts for the protection of carbonyls to 1,8xdianes and 1,3-dioxanes at room temperature
under solvent-free conditions. The catalytic systdmline-2ZnCl, could be reused upto five

times without any appreciable loss of activity.
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[e)
IL/room temp, :><
CHO —_———
©7 4 OH \></OH ©/<O

10 hrs
yield=83%

Scheme 1.7Formation of acetals
The same IL (choline2ZnCh) has been us&Ywith success also in the synthesis of long chain
wax esters. The reported reaction system has thwantabes of both homogeneous and
heterogeneous catalysis with high product yield8¢8®%) and the ease of product as well as
catalyst separation, without the use of an organleent (Scheme 1.8). The authors evidenced
that the applied system, which can be recycledoupix times without any significant loss of
activity, present the following advantages overséng methods for wax ester synthesis: (a)
choline chloride.2ZnGlshows superior catalytic activity than all repdrgystems; (b) this IL is
cheap and easy to prepare compared to imidazolasaéb ILs; (c) as the IL is moisture
insensitive, there is no need to remove water predwduring the reactions and the IL can be
reused for at least six cycles without any pretmeait or significant loss of activity; and (d)
liquid esters (as a separate phase) can be comtgniecanted above their melting point
avoiding the use of volatile organic solvents.

HO-(CH,),N* (CH,); CI.2ZnCl, I

R-COOH + R'-OH R—C—OR'
110°C, 4-24 h

R, R'=«(CH,), -CHj, n=6- 20 88 -99%
Scheme 1.8Synthesis of long chain wax esters
Relevant results have been reported recently alatedeto the use of the water-tolerant Lewis
acidic [bmim][FeClJ], which has been found to be an efficient and ckxbhle catalyst in the
synthesis of 4-aryl-dihydropyrimidinones through iBigli condensatiott and in the synthesis

of coumarin derivatives via Pechmann reacffon.

1.2.2. Brgnsted acidic ILs

The term Brgnsted acidic ILs defines a large cladsomic compounds having as common
property the ability to donate a proton. This clgsserally includes ILs bearing an acidic group
on the cation (such asSO;H and—-CO,H), ILs arising from the reaction of a Brgnsted awith

a Bransted base (generally defined also as prosicPLLs) and ILs having an available proton
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on anion (HS@, H,PQy). In this latter class, we can include also ILisiag by the addition of

a protic acid to an aprotic IL, eg., [omim]CI/HCI.

1.2.2.1. ILs containing COOH or S8 on the cation
In 2002, J.H. Davis and cowork&tseported for the first time the synthesis andahplication
of two ILs designed to be strong Bragnsted acids;

/7 \ _(CHyn /7 \ _(CHyn
/N\/N/ \soa- /%'\/N/ \so3-
R R
R=n-Bu, n=4 R=n-Bu, n=4; anion=CF;S05"
P: " P:h\eli (CHy)
—P—(CH,)h—S05" —P—(CHp)n—SO,H
ph” Ph””
n=3 n=3; anion=p-CH3(C¢H,)SO5

Figure 1.8: Brgnsted acidic ILs and the precursor zwitterions

Really, the synthetic approach used to assemblewtigerionic precursors was already reported
by H. Ohn8* by reaction of neutral nucleophiles, such &sbutyl imidazole or
triphenylphosphine with 1,4-butane or 1,3-propaméose, respectively, it is possible to isolate
in excellent yields the corresponding zwitteriodswever, it is the second step that through the
addition of an equivalent of acid allows the sirankous realization of the latent acidity of the
zwitterions and their conversion into acidic ILsheTchemical yields for both the zwitterion
formation and acidification step are essentiallyamfitative. Moreover, since neither reaction
produces byproducts, the IL syntheses are 100% afficient. To realize the quantitative
conversion of the zwitterion into an IL cation kegran appended sulfonic acid group is
however necessary the addition of an equimolar amofian acid possessing Ka sufficiently
low to convert the pendant sulfonate group intoallane sulfonic acid, thek@a of the latter
being expected to be2. The donor acids used by J.H. Davis and coworkeese
trifluoromethanesulfonic acid ar@toluenesulfonic acid hydrate, pTSA®. These acids were
chosen because of the resistance of their aniomardohydrolytic decomposition, a common
problem with some strong acid anions (e.g.s PEach acidification was performed by stirring
together the neat reagents and warming gentlylfoost 24 h. The new imidazolium-based IL
was somewhat a viscous liquid at room temperatuhhereas the IL with phosphonium core was

a stiff glass that liquefied around 80°C. Similavifth the behavior of other ILs, neither any
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fumes of new species or any observable degree mirvaressure was observed. Furthermore,
treatment of imidazole-based new uihder vacuum (10 Torr) at 150°C resulted in no oleser
loss of triflic acid (CE-SO;H; bp=162°C at 760 Torr) from the IL. Conversely, hiag of the
phosphonium IL with toluene or diethyl ether resdlin no extraction of free pTSA (soluble in
either liquid). All of these behaviors were cons@tkas an evidence of the fact that these acidic
ILs are not simply mixtures of added strong acidih wlissolved zwitterions, a possibility this
latter which cannot be excludedti priori, but the used donor acids are fully incorporated the
ILs.

Recently, the Hammett acidity functions of a sedeBrgnsted acidic ILs (including two protic
acidic ILs) has been determirf@dspectrophotometrically determining the protonatifnan
uncharged indicator (various aniline) in acetoldfrin terms of the measurable ratio of

[I/IIH *]. Although determined in a molecular solvent, theseasurements show that the
relative acidity of the Sgi-functionalized ILs is stronger than that of peotls, bearing an
available proton both on cation and anion (methigarolium hydrogen sulfate, [mim][HSD
and methylimidazolium dihydrogenphosphate, [mim[Ey]. Moreover, the acidity depends on
the nature of the anion, with the triflate aniomnigethe most acidic.

Brgnsted acidic ILs, with a S8 group covalently linked through an alkyl chainthe cation
have been widely applied as solvents and/or casafgs several classical acid-promoted organic
reactions. In his pioneeristic work, Davis and cdvweosemphasize¥ in particular showed the
use of phosphonium ILs, which were screened in Heisc esterification, alcohol
dehydrodimerization and the pinacole/benzopinagel@rangement. Phosphonium ILs with
counter anion as p-GKC¢H,)SO;™ are indeed solids at room temperature and melt0&t.8
Therefore, they provide a direct access to a caemérmode of separation, by decantation,
which parallels the manner in which solid acidsr@moved from reaction media. Related to the
Fisher esterification, the formation of an impottaommodity ester, ethyl acetate, from ethanol
and acetic acid using the phosphoniumal. the solvent/catalyst in a batch-type process was
examined. In this reaction, the IL was recyclecke fiimes; the yield of ester increased from
cycles 1 to 3, only to drop off again in cycle 4uridg these cycles, the mass of the
solvent/catalyst medium also increased, consistéhtthe entrapment of materials by the cooled
catalyst phase. Post-cycling analysis of the 1lA8y and NMR showed appreciable quantities of
water and acetic acid. When heated under vacuumernmve these volatile materials, the
catalytic activity of this phosphonium IL was foutalincrease, in line with the degree to which
water was removed from the system. For an equilibrieaction in which water is a product, the

initial increase in ester yield accompanying thtemgon of water in cycles-B was unexpected.
21



Chapter 1

Phosphonium IL.anion

CH;CO,H  + CHyCH,0H PO
22°C— 175 CH3;COOCH,CHj3
45 mins )
Yields:- 1st cycle=82%
Ph ® 2nd cycle=91%
Phosphonium IL= Ph—pP—(CH,)n—S03H 3rd cycle=96%
Ph” 4th cycle=81%

Sth cycle=87%

n=3; anion=p-CH;3(C¢H4)SO;3" h
Sche

me 1.9:Fischer esterification of acetic acid and ethangiresence of phosphonium ILs
But these ILs have been used also in other impopantesses. In particular, it has been
observed that depending upon the substrate orhibgpponium IL stoichiometry, 1-octanol was
selectively converted to octyl ether in-B%% isolated yield with minimal byproduct formation
In a control experiment, pTSA-B gave a better yield of octyl ether; however, moyproducts
were formed, and the separation of the pTSA froenrdaction mixture was considerably more
difficult whereas using Nafion-117 the catalystftwot separation was straightforward and

byproduct formation was minimized, but the yieldoafyl ether was quite poor (3%).

2 CH,(CH,)CH,0H "h"g’zh"]‘;‘;‘j‘é“-am"n» [CH;(CH,)CH, 1,0
2 hrs 50% isolated yield
Ph\@
Phosphonium IL= Ph;P_(CHZ)n_SO:3H

Ph

n=3; anion=p-CH;3(C4H,)SO5"

Scheme 1.10Alcohol dehydrodimerization using phosphonium ILs

Phosphonium ILs have been used also in the reamamgt of pinacol to pinacolone, a process of
considerable industrial importance, for which usiragious solid acid catalysts reported yields of
pinacolone ranging from 2 to 71%, but long reacti@niods are necessary, and the use of a VOC is
required, which complicates the isolatffnUsing phosphonium ILs as catalyst/solvent, an
unoptimized yield of pinacolone of 35% was obtaigleding a 1-h reaction period which increased
to 88% over a 2-h period. Moreover, the pinacolwas readily distilled as a pure compound straight
from the reaction mixture whereas the unreactedquhwas retained by the solvent/catalyst phase.

Ultimately, it is to note the ease with which thése were recycled.
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(CgHs),C(OH)OH)C(CgH), Ph"spl*;‘;‘fc‘“‘; IhL-a 2 (C4Hs)sCCO(CHs)

88% isolated yield

(CH,),C(OH)(OH)C(CHs), Phosphonium IL.anjon (CH,);CCO(CH,)

180°C, 1 h
35% isolated yield
Ph\@
Phosphonium IL= F:‘EP'—(CHz)n—‘SO H

n=3; anion=p-CH;(C¢H,)SO5"

Scheme 1.11Pinacole rearrangement using PILs

The utility of Brgnsted acidic imidazolium ILs, iragicular [omim(SQH)][OTf], as catalysts
has been recently tesféih synthesis of amides via the Ritter reactionlodlols with nitriles; a
wide variety amides in high yields were obtainedemmild conditions. The recovery of the IL
for reuse was not tried since in these reactiomsslits were used only in catalytic amounts;

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

R1 . R H
[bmim(SO;H)][OTf] N
Rs OH + Rm—/— ——
50-80 °C
Rs 3-18h o)

Scheme 1.12Ritter reaction of alcohols with nitriles in ILs
Although the potentiality of functionalized ILslargely related to the possibility to have a liquid
catalyst, acidic ILs bearing a € moiety has been investigated also by using supgor
systems. Kun Qiao et &l.in the year 2006 presented a work in which aniadidimmobilized
on silica gel was used as a novel solid catalyste&ierification and nitration reactions. The
catalytic systems characterized by covalently-bdnldes were prepared in 5 steps via radical
chain transfer reaction of 1-allylimidazolium-badesd.
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Scheme 1.131-Allylimidazolium containing acidic ILs. Showirj* four steps of Kun Qiao et

als®
o (l)Me
(CHy)n N\ PN
\/\N N7 TSS0,X.CFSO5 + ) SH
@ J
AIBN, MeCN
30h, reflux

0 OMe

I /\/\
/\/\H.N e \sozx CF4S05°

3a. n=3, X=OH, 3b. n= 4, X=OH
4a.n=3,X=Cl 4b. n=4,X=Cl

Scheme 1.14Immobilized ILs (step 5 according to Kun Qiao k%
These ILs have been applied in the nitration reaabf aromatic compounds.

Subsequently, Sugimura et®alreported the immobilization, practically of theteacidic ILs,

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

These ILs were used as catalyst for acetal formattowas noted that although polystyrene-IL
(PS-IL) could be readily prepared with the initieistyrene ratio (in mol) below 10%, it was a
little viscous when the initial IL/styrene ratio sveoo 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 regdi The immobilization of homogeneous
catalysts on polymeric supports could offer sonatical benefits including easy separation of
the catalyst from reagents and reaction produats,samplification of the methods of recycling
the catalysts. For example, conventionally the iwaion reaction is carried out in a
homogeneous system in the presence of corrosids acich as pTSA, triflic acid or dry HCI,
which inevitably leads to tedious work-up proceduPeMoreover, neutralization of the strong
acidic media will produce undesired wastes. Theegfthere had been great deals of efforts to

overcome these drawbacks by employing solid adialysts.

1.2.2.2. Protic lonic Liquids
Protic ionic liquids (PILs), formed by a stoichioime reaction of a Brgnsted acid with a
Brgnsted base are an important subclass of ILs bapigculiar properties and potential
applicationg>"2
Surely, there are many combinations of acids asgdahich can give a stable salt, however, to
obtain a true IL it is necessary to have a comptetesfer of the proton from the acid to the base
(conventionally, > 99.9%). The aqueoukapvalues for the precursors acids and bases are
considered as being predictive of the behaviohefformed protic ILs; more in particuldkpKa
greater than 810 (ApKa = Ka(base) — Ka(acid)), are reported to produce protic ILs ofaide
ionicity starting from this assumption, considerithgit pKa values of amine bases have little
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variations, at least in comparison with acids, ¢héstter surely are able to play the most
important role in protic ILs’ ionicity; inorganiccads such HN@ and HSO, have sufficiently
low pKa values to give ILs with practically all organimiaes. Related to the validity to use
aqueousApKa values of the Brgnsted acBrgnsted base pair to estimate the ionicity of the
formed IL, although it has been the object of désion, it is noteworthy that specifttspKa
values recently extractétdirectly from electrochemical experiments perfodnn ten protic
ILs show an excellent correlation with the aquegaisies, demonstrating that aqueota mlata
provide a good approximation to proton activityPil_s.

In the last 34 years, PILs containing primary, secondary antiatgrammonium cations have
been extensively investigated by Drummond et’“akpveral important papers have been
published showing the effect of increasing subistitu on ammonium cation, alkyl chains
structure, presence of oxygenated functionalit®@sl,(CH;O) and anionic structure. Although
the authors were particularly interested in thedvar of PILs as amphiphile self-assembly
solvents, fundamental physico-chemical data (dgnsiscosity and conductivity) have been
reported showing that the investigated class ofsRikesent ionic conductivities up to 51.7
mS/cm, viscosities down to 5.4 mPas, surface tertsétween 38.3 and 82.1 nN/m and densities
ranging from 0.99 to 1.558. The presence of hydraxpups on PILs led to higher surface
tensions and therefore higher Gordon values. Thed@oparameter is considered to give a
measure of the cohesiveness of the liquids andecuiesitly an indication of the driving force for
self-assembly of amphiphiles. It has been therefarggested that PILs posses a degree of
solventsolvent interaction that is stronger than the suh@ydrocarbons (amphiphile)
interaction and the entropy contribution to thesfemergy of association play a role analogous to
the hydrophobic effect of water.

Recently, also cyclic secondary amines (pyrrolidemed morpholine) have been used to
synthesize PIL&*"® In particular, the association of pyrrolidiniumtiom with anions such as
nitrate, hydrogensulfate, formate, acetate, trifwetate and octanoate give to a series of ionic
compounds liquid at room temperature charactetimebigh conductivities (up to 56 mS ¢rat
25°C). The nature of anion strongly affects thegitgrchemical properties of these compounds.
In particular, pyrrolidinium nitrate, [Pyrr][N§, and pyrrolidinium hydrogen sulfate,
[Pyrr][HSQ,], are superior conductors (superionic liquidsj:tfeese ILs it has been hypothesized
that the Grothus mechanism for proton transfer imesopredominant. At variance, formate and
acetate give “poor ionic liquids”. Nevertheless,taése ILs show extreme fragility. An extreme
fragility characterizes also morpholinium formates;luding the unsubstituted morpholinium,

N-methylmorpholinium andN-ethylmorpholinium catio® whose conductivies are however
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lower than those of pyrrolidinium-based PILs. Ti@or$ properties measurements show that
viscosity increases with the number of hydrogendsohetween ions and the size of cation;
consequently, conductivity decreases in relatiotht same parameters. At low temperatures,
these PILs form glasses (Tg ranging frorB4 to —86°C) which are able to give cold
crystallization when reheated to the ambient teatpee. Finally, these ILs present Newtonian
behavior and a temperature dependence which caledmibed by the Vogel-Tamman-Fulcher
(VTF) equation.

In good agreement with these results are alsoebently published data on electrochemical
and physico-chemical properties of cyclic amineedaqpyrrolidinium, piperidinium and
azepanium) Brgnsted acidic ILs containing format#lubroacetate or hydrogen sulfate as
anions. ILs having formate anion have lower visgodbwer density and higher conductivity
compared to those having trifluoroacetate and tgelnosulfate anions but they present also a
relatively low anodic potential (+ 0.7 V). It is wever noteworthy that pyrrolidinium-,
piperidinium- and azepanium-based ILs exhibit lagtgetrochemical windows (3.23.99 V) as

compared to other protic ILs.

:’3: ) ® ) ® )

N X N X N b'¢
/ N / N\, /N
R R H H
Pyrrolidinium Piperidinium Azepanium
R=CHj;orH X-=HCOO"” CF;CO0", HSO,

Figure 1.9: Various combinations of cations and anions repttasgprotic ILs

Cation-anion combination affects indeed the electrocheémmaperties of PILs. Anions
(formate, carboxylate, hydrogensulfate, etc.) ax&liped at relatively low potential whereas
reduction of cation proceeds through a two-stephaeism; deprotonation followed by proton
reduction. The proton availability of these salc@sidered as the main factor responsible for
their smaller potential windows (normally, loweath3 V) with respect to aprotic ILs and higher
sensitivity to the nature of electrode materf41&

During the last 5 years also other bases have bawioyed to prepare PILs and protonated
pyridinium- and imidazolium-based ILs have beemppred and applied in synthesis (see below).

It is noteworthy that another important featuret tilistinguishes PILs from aprotic ILs is their
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lower thermal stability. PILs present an intringapor pressure that results from the retro-proton
transfer between the constituting ions, generatirg parent Brgnsted acid and base species
which determine a marked vaporization at elevagedperatures lacking of strong Coulombic
interactions’® The vapor pressure is largely determined by thalisum concentrations of the
neutral acid and base forms from which the IL ispared and consequently it is strongly
correlated to the above discussagKa, ApKa = Ka(base) — Ka(acid). Since for some
applications high thermal stability is a fundamémeguirement, recently a novel family of
hydrophobic PILs derived from pairing between déeersuperbases (phosphazanes, bicyclic
guanidines and 1,1,3,3-tetramethylguanidine) ared sthper-acid derived anions, bistriflimide
([TfoN]") and bis(perfluoroethylsulfonyl)imide ([N(SOF,CF;),]” generally reported as [beli]

have been preparéd.

\N/ N Y
| .
Hn—Z—N</\N—E—N P4< :<
VN VAN
SONeS

CHs H

Figure 1.10: Superbases used to prepare hydrophobic PILs

These PILs exhibit the highest thermal stability gbserved for any PIL, suggesting potential
for application in PEM-type fuel cells working &8a°C and beyond.

But PILs have also been synthesized using relatiwelgker bases than amines and more or less
strong acids. Surely, high ionicity and elevatedriiial stability are not the main features of
these salts which, however, can have other impbptaperties. In this class, we have to mention
the lactam-based protic ILs that arise from neiziafibn reactions of a lactam, generatly
caprolactam oy- butyrolactam (i.e., 2-pyrrolidone), with a strorgda In 2005, Deng et al. have
preparefft twelve new PILs by reacting-caprolactam ory-butirolactam with six different

Bransted acids (Figure 1.11).
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o 0

Figure 1.11:e-caprolactam oy-butirolactam

Although the researchers proposed that the reguttitions are protonated on the amide nitrogen
atoms, it is more probable that the protonatiorucgon the more acidic carbonyl oxygen atom.
The density, viscosity, electrochemical window, i@oonductivity and thermal properties of

these PILs were measured and investigated in dgftailving that caprolactam trifluoroacetate
and pyrrolidonium trifluoroacetate ILs have verwlwiscosities, 28 and 11 cP, respectively,

although their conductivities remain less than0.144 S/m (25°C).

Acidity Measurements

Although acidity is the peculiarity of this clasElbs theacidity level was evaluated only for a
limited number of PILs. The Brgnsted acidity of jpredis mainly determined by their solvation
state, and consequently, v@perties of protons depend on both the natutkesolvent and the
nature and concentration of the acid. The Brgnsteperscidity of HCI in a liquid
chloroaluminate or the Brgnsted acidity of HNirf [omim][Tf,N] has been evaluated from the
determination of the Hammett acidity functions gsiV—vis spectroscopy (Hammett method),
wherein a basic indicator was used to trap theodiatve proton. Thél, value was calculated
using equation (4)

Ho - pKaya,+ log([1l/[1H]) 4

where [Ka o4 is the fKa value of the indicator referred to an aqueoustiswi, and [I] and [IH]

are the molar concentrations of the unprotonatedi @otonated forms of the indicator in a
solvent, respectively. Since this method suffeosnfrsome limitations, at first, the fact that the
solvent is assumed to be totally dissociating, endsequently the knownK@a values of the
indicators are also assumed as valid (indicatioisthg from literature induce some doubts about
this assumption), this problem is generally overedoy defining the Hammett function as an

“apparent” acidity function. Although the measuraddity level in a given solvent different
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from water might be lowered as a result of the @ssion process, the order of the relative
acidities is maintained if the solvent propertiéthe solvent are not too different from water.
Unfortunately, the acidity determination of a padic IL applying this method and using the
acidic IL as solvent is impossible because théainitbsorbance of the total unprotonated form of
the indicator (blank value) cannot be obtained.r&foge, the acidity of several PILs have been
determined in molecular solvents (&H,, ethanol and acetonitrile). In dichloromethanes th
acidity order of three pyridiniuff ([2-MPyH]OTf , [2-MPyH][CH;SOj] , [2-MPyH]Tfa) ILs:

&/ CF,CO0" ﬁ/ CF;S0; ﬂ/ CH,S05

[2-MPyH][Tfa] [2-MPyH][OTf] [2-MPyH][CH;S05]

Figure 1.12: Some protic pyridinium ILs

was the following; [2-MPyH][OTf] > [2-MPyH][CHSO;] > [2-MPyH][Tfa].
Whereas the acidity order of some protic imidazulisalts ([MIMPS][HSQ], [MIMPs][BF,],
[PyPs][TsO], [MIMPs][TsO], [1,2-DiMIMPs][TsO], [MIMPs][H,POy], [MIM][TsO]).

/ \  x© 100°
/N\@/N\/\/SO"H @\/\/SO‘”

[MIMPs][X] [PyPs][TsO]
X =HSO0,"; BF,; TsO™; HPO,™.

/ \ / A (C]
HN\G)/NQOG /Nﬁ@/N\TSO/\/SOsH
[MIM][TsO]

(1,2-DiMIMPs][TsO]
Figure 1.13:Some protic imidazolium ILs
determineff in ethanol was the following: [MIMPS][HS{> [MIMPs][BF ] > [PyPs][TsQ] >
[MIMPS][TsO] > [1,2-DiIMIMPs][TsO] > [MIMPS][H,PO,] > [MIM][TsO].
But, what are the other main structural featuregatharizing protic ILs and, in particular, the
widely investigated ammonium PILs?
With few exceptions, ammonium PILs present a “pooriic behavior: in the Walden plots,

reporting log {\) against log(1{), they exhibit conductivities significantly lowénan the ideal
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line obtained considering that: i) ions have maieti that are determined only by viscosity of the
medium, ii) the number of ions present in the egleint volume is that indicated by salt
composition. lonicity of PILs is a complex propediye to the peculiarity of these salts which are
practically always in equilibrium with the correspting molecular species (precursors acid and
base), consequently, it depends by the degreeotdmptransfer from acid to base. Moreover, in
analogy with the situation characterizing aprotis, lit depends by aggregation phenomena, i.e.,
by the presence of neutral complexes, or more sitensolvent structuring. Many ILs are
nanostructured, they possess populations of catindsanions that are ordered on specific length
scales; these nanostructures typically are duegtwegation of the ILs in polar and apolar
regions. The small-angle neuron scattering (SANSj)epns of ethylammonium nitrate (EAN)
and propylammonium nitrate (PAN), the most freqlyestiudied PILs, show that both these salts
present a structural organizatiGhthe solvophobic interaction between alkyl groupshie main
factor for the generation of nanostructures, battebstatic and hydrogen bonding attractions
between the amine nitrogen and the nitrate anidina¥gio play an important role. In particular,
using far-IR spectroscopy it has been sugg&%tedt EAN form a three-dimensional hydrogen-
bonded network similar to that of water, althougk tetrahedral structure is only present for
water; probably, the Coulombic forces present in Eiipose a very different type of solvent
ordering. Nevertheless, the investigation of alkyleonium, dialkylammonium,
trialkylammonium and cyclic ammonium cations, congdsl with organic and inorganic acids,
using small- and wide-angle X-ray scattering (SAa® WAXS) has confirméd that many of
the investigated PILs present a nanostructurerésatit from segregation of polar and nonpolar
components of the IL. This segregation is enhartgetbng alkyl chains, whereas the presence
of methoxyl or (much more) hydroxyl groups on alkigins led to much less ordered liquids. It
is to note that formate anion appears to disruptléimg range order. Nevertheless, aggregates
have been evidenced also through electrospray spaEsgrometry (ESI-MS) experiments. ESI-
MS gives information about the segregation abilityhe gas-phase, however, these data can be
considered a qualitative or semi-quantitative eatidun of the cluster ability in the net liquid
although it is highly probable that inherent diffieces between the aggregates observed in gas-
phase by ESI-MS and in the bulk-liquid-phase (SWAX&xist. However, the ESI-MS
measurements perfornf@don monoalkylammonium nitrates, showing aggregatéseight
cations and seven anionsgfG") as the dominant species in positive mode, arsistamt with

the strong peak present in the SWAXS, represeetatiintermediate range order. Analogously,
the presence of other aggregates having a lowes/o@sge (m/e) value in the ESI-MS spectra

of PILs bearing other alkyl chains (two or threkyhlchains on nitrogen) is in agreement with
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the structures observed for the same PILs by SA»E ghow a reduction of aggregate size. On
the other hand, the ESI-MS measurements show laéédhe formation and size of aggregates is
dependent on the nature of anion: the nitrate arsomall, tripodal, and highly charged, is
suitable of forming a network of hydrogen bondshwihe available protons of ammonium
cations, whereas the larger formate and lactatnanivith lower charge density, did not support
the formation of aggregates.

The formation of aggregates strongly affect ioniudion in the solid and liquid state and self
diffusion coefficients obtained from NMR measurensecdn be useful for detecting dimers and
ion pairs or nanoaggregates in the liquid statewéler, due to dynamic exchange between
dissociated ions and hypothetical ion pairs, firsctically impossible to distinguish between ion
states: the spectroscopically determined self siiffiu coefficients sum the contribution of both
the associated IL and the dissociated ions. Recenatty NMR relaxation and diffusion
characterization has been perforfienh several PILs at high (500 MHz) and low (18.3 HIH
magnetic fields. The dynamic of cations and anieese similar at both the frequencies, with
similar trends and magnitudes for each catamon couple. The diffusion of ions were strongly
correlated to the IL components and Arrhenius pbétdiffusions indicated that these liquids are
highly associated. Dynamics are restricted by titeractions with the surrounding ions; longer
range motions can involve ion pairs and ion aggesgaAt high magnetic field, diffusion was
dominated by mobile species that follow the Stokasstein behavior; whereas diffusion at low
field evidenced relatively immobile species thapiayed fractional Stokes-Einstein behavior. It
is noteworthy that no evidence was found to in@icdie influence of the magnetic field on
structural and dynamic of the investigated ILshailtgh variation between diffusion coefficients
at different magnetic fields indicates dynamic hegeneities (or temporal aggregates) within the
IL. Nevertheless, diffusion NMR studies performedsim ILs that incorporate thd-methyl-2-
hydroxyethylammonium cation with various carboxyiid anions (from formate to pentanoate)
suggest the presence of an ordered lamellar/micktiaid crystal phase for those ILs that
contain an alkyl chain in the anionic specié3he size and type of alkyl chain determine also
the effect of temperature on some physico-chenuiggberties; local structure models should be
applied to explain the macroscopic behavior in teafithe molecular arrangement.

It is to note that the three-dimensional structafePILs strongly affects also their solvation
ability.®* It is noteworthy that the mechanism of solvationilis is completely different from that
characterizing molecular polar solvents. In polalvents the solvation process is extremely
rapid; in a polar solvent, solvent molecules reentéd themselves around the solute molecules,
whereas in ILs, the motions of cations and anigosra the solute are responsible for solvation.
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The solvation times in molecular solvents fallstfie range of 410 ps, in ILs the range is
0.1-10 ns? and strongly depends on the dynamic propertielé.oThe solvent relaxation and
orientation dynamics of cumarin 153 with a variatiof temperature have been recently
investigated inN,N-dimethylethanolammonium formate. This PIL, whogsirized structure
has been obtained by quantum mechanical calcusatising density functional theory methods,
is characterized by a hydrogen bond between theobgd atom attached on nitrogen of the
cation and the oxygen atom of the anion. The hyehmogonding determines a high bulk
viscosity; solvent relaxation and orientation dymzsmf cumarin 153 are linearly well-correlated
with the bulk-viscosity of the medium and consedlyethey are dependent on the entity of

cation-anion interactions, i.e., on the IL three-dimenaiastructure.

1.2.2.3. Applications of Brgnsted acidic ILs

There aren-number of cited papers almost since the last l&rsyavhich imply the use of
Bragnsted acidic ILs as catalysts in many named imectsuch as Knoevenagel condensation,
Diels Alder reaction, Fisher esterification, Marmi@action, Pechmann reaction etc. Almost in
all laboratories to chemical manufacturing platts, use of strong Brgnsted acids is comifion.
Since many of these reactions have been recentlgwed* we will focus only on a few
examples.

EAN has been used with success in Knoevenagel osatien reaction of Muldrum’ acid with
aromatic aldehydes and of active methylene compowith aromatic aldehydé3.The yields
and reaction times (8@7% in 0.212h) show the excellent ability of EAN when usedsalvent
and catalyst in this kind of reactions. For comgami also aprotic ILs having BFand Pk as
anions have been used by obtaining the expectetligi®in lower yields (5477 %) with longer
reaction times (24 h).

In 1989, EAN was usétiwith success in Diels-Alder reaction of cyclopetieme with a series
of dienophiles obtaining a selectivity towards #rlo product of 6.4/7.4 that, although lower
than that characterizing the same process in W#tér9.3), represented practically one of the
best values reported in literature. More recerttljs reaction has been widely investigated in
several ILs, including protic imidazolium 11%.Kinetic measurements and product distribution
studies have shown that 1-butylimidazolium bidtriftle, [Hbim][Tf,N], gives the highest endo

selectivity and reaction rate, at least when agrale methyl acrylate are used as dienophile.
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o ovdy s

R = CHO, COOMe, CN
Scheme 1.16Diels-Alder reaction by using [Hbim][J] as catalyst

Nevertheless, both the multiparameter linear s@imatenergy relationships (LSER) and
theoretical calculation sugg&the primary role exerted by the cationic comporadrthe IL on
selectivity which is attributed, respectively, dilg to the hydrogen bond abilityal and
dipolarity/polarizability ¢#) of a single cation, or to a more coordinateckeffof the solvation
shell. The first solvation shell, which may be désed by three cations (one of which
coordinated with the carbonyl and two stacked rethpely above and below the
cyclopentadiene-dienophile in their transition stand three anions, enhancesz#hedispersion
interaction between the reactants, in particulathim endo approach, blocking dienophile and
consequently diene as a molecular “clamp”. On ttherohand, the effect of ILs on reactivity,
which is described in a less efficient way by th®HR approach, has been rationalized by
theoretical calculations on the basis of a “sohalpb” effect which arises from the fact that the
solvation free energy of a neutral solute in anidldominated by the unfavorable process of
creating a cavity of suitable size to accommodagesblute. This latter process is determined by
the interactions between the ILs components; asiqusly reported, these interactions are

particularly strong and important in PILs.

In 2004, G. Zhao et &f.synthesized several Bransted acidic ILs and suittlysssed them as
solvents and catalysts for the three-componentsniMhanreaction of aldehydes, amines and
ketones at 25°C. The used Brgnsted acidic ILs incldaleyl-3-methylimidazolium hydrogen
sulfate ([bmim][HSQ]), I-butyl-3-methylimidazolium dihydrogen phosphaibmim][H,POy]),
1-methylimidazolium p-toluenesulfonic acid ([Hmim][Tsa]) and 1-methyluhaizolium
trifluoroacetic acid ([Hmim][Tfa]). Higher yields83%) were obtained in the presence of
[Hmim][Tfa] in comparison with other Brgnsted acidlcs. The [Hmim][Tfa] was reused four

times without any considerable loss in activity.

) NH O

IL(25g)
PhCHO +  PhNH, + )L — > )\/“\
2 Ph 25°C Ph

Ph
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Scheme 1.17Mannich reaction

At variance, [bmim][HSQ reacted readily with amine due to its strong égidnd no Mannich
base was produced. The efficiency of the system degendent on the starting compounds;
several aliphatic amines and carbonyl compoundslinim][Tfa] at 25°C gave, unfortunately, a
mixture of products and MS analysis indicated thatmain products were not Mannich bases.
Subsequently, Tajik et a° used an IL bearing an acidic anion, [bmim][HEOn selective
nitration of phenols under mild conditions (acetale at room temperature). Selective nitration
of phenols with sodium nitrate was carried outha presence of the above Brgnsted IL at room
temperature, obtaining the expected product(spoddo high yields in short reaction times.

Table 1.1:Nitration of various substituted phenol derivasivesing [BHIM][HSQ}]

Entry Substrate Product Time (min) Yield (%)°
OH OH
NO,
1 5 91
Me
Me sa
OH oH
NOz
2 10 92
OCH, OCHy
5h
OH
OH OH
3 i OH 20 90
NO,
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OH
NO,
20 85
ol

6 30 5
cl
5f
OH OH
NG,
7 30 76
NO2
NO, 5g
OH OH
NGy o211 NOy
8 180 No Reac.
NGz NO;
5h
OH oH
NO,
9 O@ 60 92
OH NOy
"
10 10 80
= NG2
o s
11 N 5 90
o
OH N

“The ratio of the substrate, Nahl@nd the IL are 1:1:PIsolated yield.

From the data collected in Table 1.1, Tajik etcaincluded that the introduction of an electron
withdrawing group (e.g., nitro group) on the aromang (entries 7 and 8) decreases the rates of
the reactions and vyields of the products. On theerohand, the introduction of an electron
donating group (e.g., Gtor —OCH) enhances the rate and the yields of the prodeatsies 1
and 2). Napthols and hydroxyl quinolines reactedhart reaction times by this method (entries
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9-11). It is noteworthy that when the competitiveatean between phenol and anisole was
carried out under identical conditions, it was obed that the nitration of phenol proceeded

exclusively whereas anisole remained intact inréfaetion mixtures even after 24 h.

OCH;
HSO4
\/
NaNO3
rt/ CH3CN, 24 hrs
100% 0%

Scheme 1.18Nitration of phenol and anisole in ILs

On the other hand, the Brgnsted acidic [Hmim]jN®@as been used as a cosolvent and
“promoter” for oxidative halogenation of aromaticompounds with aqueous halohydric
acids'® [Hmim][NO4] is air stable, easy to prepare and handle amfilisto oxidize hydrohalic

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

starting from non-activated or sterically hindeezdnes.
cl

R R
[Hmim][NO;]

R ]
N O
R
Scheme 1.19Formation of aryl halides staring from stericdlindered aromatic compounds
using [HMimM][NG;]
It is noteworthy that under the reaction conditioaylmethylketones are-halogenated on the
methyl group whereas aromatic aldehydes are tremsfibinto the corresponding acids.
Although imidazolium- and ammonium-based Brgnsteddi@cILs represent the most
investigated classes of protic ILs, recently theproved catalytic effect of N-
methylpyrrolidonium dihydrogen phosphate with redp® the traditional neutral and acidic
imidazolium ILs has been evidenced in synthesisBaflkoxyketones by the oxa-Michael
addition reaction$®® The higher activity of this IL, when used as solvand catalyst, has been
attributed to the its dual ability to interact wihbstrate and transition state: it is able tovatei
the ketone or aldehyde by carbonyl protonatioralathe other protic ILs, but at the same time

the unprotonated form of the pyrrolidone is ablénteract with the hydroxyl group of alcohol,

via hydrogen bonding, increasing oxygen nucleopityli
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O\Hzm
OH*
0 T 0
R
R—OH + \)J\ /\)k
N . N o R

1

1

R;=CH;orH

Scheme 1.20Catalytic effect olN-methyl pyrrolidinium dihydrogen phosphate

Unfortunately, no mechanistic study has been pmdd to establish if the unprotonated
pyrrolidone exerting a catalytic effect is thatrfad after hydrogen transfer from IL to reagent or
is present in solution due to the relatively loveibdy of the lactam system.

One of the most widely investigated reaction in $ik however the esterification reaction.
Esterification of carboxylic acids with alcohols & reaction which has a lot of industrial
importance. Compounds are prepared in bulks inntlaisner in various industries like chemical,
petrochemical and pharmaceutical industries.

In the year 2003, Hua-Ping Zhu et'®.claimed that a “green method” for esterificatioh o
aliphatic and aromatic acids (acetic adiejecanoic acid, stearic acid, undecanoic acidiclact
acid, crotonic acid, oxalic acid, benzoic acid &bydroxybenzoic acid) with simple alcohols
(methanol, ethanol, butanol and octanol) may beesgmted by the use of 1-methylimidazole
tetrafluoroborate ([mim][BH). Over other ILs, such as 1-hexyl-3-methylimidéam hydrogen
sulphate and 1-[2-(2-hydroxyethoxy)ethyl]-3-methyillazolium hydrogen sulphat® whose
synthesis require a multistep process, [mim}BFs obtained by addition of HBFto
methylimidazole. Nevertheless, since all the oladiesters are insoluble in [mim][BFthey
could be easily separated. The low solubility meezchelped driving the equilibrium towards
the product side and very high yields were achiewsithg this IL. Finally, the IL could be
recycled and reused. On the other hand, in 2006 Rual*® suggested that not only acidic ILs
but also a neutral IL, like [bmim][Bf, promotes highly selective esterification of iy
alcohols by acetic anhydride; the role exertedheyaventual formation of HF, under the reaction
conditions, was not discussed being at the momensa 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 edhat in 2005, Joseph et'% reported some data
about the use of a series of ILs based on 1-méthiglazolium (Brgnsted acidic cation) and 1-

butyl-3-methylimidazolium (a neutral cation), afdee anions (BF, PR~ and PTSA) in the
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Fischer esterification. All these ILs afforded goattohol conversion and excellent ester
selectivity. In particular, [omim][PTSA] as a catsi showed 100% substrate conversion and
100% product selectivity over a period of 2 h. Arimnce with ILs bearing fluorinated anions,
this IL should be stable in the presence of wates;catalytic effect cannot be attributed to the
formation of strong acids under the reaction cdoé. Nevertheless, data reported in the same
paper related to the determination of acidity af thvestigated ILs using pyridine as a probe
molecule by monitoring the IR bands in the rangd3$0—1600 cfit, showed that only in the
case of [mim][BR] an additional band near 1540 €mindicating the presence of Brgnsted acid
sites due to the formation of pyridinium ions, waesent. However, all the investigated ILs

presented a band near 1450 trsuggesting the coordination of pyridine to theviseacid sites

(.

Table 1.2: Esterification of acetic acid with benzyl alcolgth various Brgnsted ILs

IL Ratic® Time (h) C% S%
[mim][BF ] 1:1 4 91 100
[mim][BF ] 1:0.4 4 70.2 100
[omim][PFg] 1:1 2 100 9b

[bmim][PTSA] 1:1 2 100 100
[bmim][BF,] 1:1 4 80 100

Reaction conditions: acetic acid : benzyl alcdal 1); IL = 1 g; Temperature = 110°C.
*Ratio of imidazole to anion source.

“IBmim][PFs] gave 90% ester selectivity and 10% dibenzy! ettees formed.

C% and S% represent conversion and selectivityepésiges, respectively.

But also other classes of PILs have been investigateesterification reaction. In 2007,
Pralhad and his group suggested that PILs candzkassan acid catalyst in Fischer esterification
reactions. Brgnsted acidic ILs used in this casesterification of carboxylic acids with primary
alcohols were: triethylammonium sulfate ([NH@EHNSO,]), triethylammonium dihydrogen
phosphate ([NH(E£)[H-PQy) and triethylammonium tetrafluoroborate ([NH(ERBF.]),
conveniently prepared using inexpensive and aVeilaiaterials. Since the esterification reaction
is a reversible process to push the equilibriumarols the product side it is necessary the
continuous removal of the excess water producenhgltine esterification process or addition of

an excess of the reactants. All the investigatedidie very water absorbing in nature, hence,
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they can help to make the reaction proceed furtdereover, the IL and the ester formed two
separate phases in all the experiments. The scleshmwn below and the results are shown in
Table 1.3.

1L

CH;CO,H + CHy(CH,),0H CH;CO5(CH2),CH; + H,0

Scheme 1.21Esterification of 1-octanol and acetic acid udingthylammonium ILs

Table 1.3: Esterification of acetic acid and 1-octanol usingthylammonium ILs

Entry® Aceticacid 1-Octanol  Ionic Liquid® Temp  Time Yield® of
(mmol) (mmol) °O) (h) n-octyl acetate (%)
1 20 20 1 90 4 77
2 20 24 1 90 4 81
3 20 24 1 90 6 80
4 20 24 1 110 4 84
5 20 24 1 90 4 84
6 24 20 1 90 4 85
7 10 20 1 90 4 98
8 20 24 2 90 4 26
9 20 24 3 90 4 18
10° 20 24 3 90 4 90

*Reactions were performed under nitrogen atmosphere. °1 g of jonic liquid was used. © Based on
acetic acid taken. 2 g of jonic liquid was used. * p-Toluenesulfonic acid (100 mg) was added.

[NH(Et)3][HSO,4] was used two times without much change in thevemion rates. Because of
possibility of reusability of [NH(Eg[HSO,4], this IL was used also for esterification of \ars
acids with primary alcohols. The results are shawhable 1.4 below.

Table 1.4:Esterification of various acids with primary alcdhasing [NH(E)][HSO,]

Entry” Acid Alcohol Yield® of ester (%)
1 CI;COH CH;(CH,);0H 97
2 CI;COH CH;(CH,),0H 98
3 CH;COH CH3(CH,),;0H 99
4 CH;CO-H PhCH,OH 96
5 CHy(CH.,COsH  CHi(CHs);0H 99
6 CH;(CHy);COH  CHi(CH,);0H 94
7 CH,=CH-CO;II  CHai(CH,);0H 91
8 CgH11COH CH3(CH3);0H 56
9 PhCO;H CH3(CH;);0H 56
10 p-HO-CéHi-COH  CHy(CH):OH 63

#Conditions: acid (10 mmol), alcohol (20 mmol), [NE)][HSO4]= 1 g, 90°C, 4 h, under
nitrogen.’Based on acid takefiAcrylic acid (20 mmol) and 1-butanol (24 mmol) were
taken. Hydroquinone (15 mg) was added as a polgatésh inhibitor.
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The various primary alcohols used were 1-butan@®{p 1-octanol (98%), 1-dodecanol (99%)
and benzyl alcohol (96%) (entries4). The percentages denoted within the brackettharester
yields, respectively. Then 1-butanol was taken asrestant, the acids were changed to butyric
acid (99%), nonanoic acid (94%), acrylic acid (91%yclohexane carboxylic acid (56%),
benzoic acid (56%) ang@-hydroxybenzoic acid (63%). The percentages denatfitdin the
brackets are the ester yields, respectively. Froenabove results of yields Pralhad etal.
concluded that aliphatic carboxylic acids showedcimbigher reactivity comparatively to the
aromatic ones. In case of aromatic substratesperate phases were formed.

Subsequently, Shuan-Hu Chen et®@lreported the preparation and characterization el
benzimidazolium Brgnsted acidic IL and its appligatin esterifications.

Thermal gravimetric analysis of the Brgnsted acibiisutylbenzimidazolium tetrafluoroborate
[Hbbim][BF,] indicated that although the new IL began to demose at slightly lower
temperature than that of imidazole series, it digpdl high thermal stability. The sample was
stable till the temperature reached 210°C and shaweeight loss of 90% between 220 and
270°C. When used as solvent and catalyst in theeFissterification of acetic acid with a series
of aliphatic alcohols (ethanol, 1-butanol, iso-bbutycohol, sec-butyl alcohol and tert-butyl
alcohol) products, whose yields ranged from 968%3vith primary alcohols and 58% with the
tertiary alcohol, were easily separated due ta theblubility in this medium.

But research in this field is a continuous. Receratlyapid and efficient acetylation of alcohols
and phenols with acetic anhydride has been perfbimé¢he presence of economical Brgnsted
acidic ILs bearing a propanesulfonic acid grouptlo® morpholinium cation as catalysts under
solvent-free condition¥?

[MMPPA][X
R—OH + A¢c,0 ————> R—OAc

rt
O
€]
[@j X
N

NN eom

Scheme 1.22Acetylation using propanesulfonic acid on morphialin as catalyst
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In particular,N-methylmorpholinium propanesulfonic acid hydrogefdfage [MMPPA][HSQ],
having two catalytic groups, was found to be thestefficient catalyst able to give when
employed in 0.1 mol% a complete acetylation of ariynand secondary alcohols in few minutes
working at room temperature under solvent-free @@rs. Tertiary alcohols such as tert-butyl
alcohols can also be acetylated in 64% vyield amdettwas no elimination. It is to note that
product recovery was performed by addition of waleit allowed the separation of the formed
product from the catalyst. The upper organic phaae washed with an aqueous solution of
sodium bicarbonate, dried and purified by colummrroofatography, whereas the IL was
recovered by concentrating the (bottom) water phasewas reused.

Although one of the main advantage offered byubke of acidic ILs is that to have an acid
catalyst in homogeneous phase, the possibilityppsrt acidic ILs to favor product separation
has been explored. In the year 2010, Kelkar eteplorted'® the dehydration of glycerol over
several silica-supported Brgnsted acidic ILs showimgg, although all the catalysts prepared
were active for the synthesis of acrolein (conwersf glycerol was observed in the range of
35-90% with selectivity to acrolein in the range-88%), triphenyl(3-sulfopropyl)phosphonium
tosilate gave the best results.

Considering the industrial role played by diphengtbonate (DPC) as intermediate, it is to
mention the recent use of Brgnstetl-methylpyrrolidonium hydrogen sulfate anh-
methylimidazolium hydrogen sulfate and tosilated drewis acidic (cholineZnCl,) ILs as
promoter of the transesterification of dimethyllmarate with phenol to methylphenyl carbonate
and DPC, using dibutyltin oxide as catalyst; a Biggnt increase in yield was observed in the
presence of acidic IL¥!

Finally, it is to mention the application of PILs cellulose field. The ability of some ILs to
dissolve cellulose have attracted in the lastl 3ears an increasing interest. Recently, an
exhaustive commentary having the objective to amaljiterature data to provide new
perspectives for the understanding of the dissmuprocess of cellulose has been publisfigd.
Although, generally non-functionalized ILs have taesed to solubilize cellulose, in the year
2009 Amarasekara and Owereth repdtthe possibility to use some Brgnsted acidic IL1-1-
propylsulfonic)-3-methylimidazolium chloride and (1-butylsulfonic)-3-methylimidazolium
chloride, for dissolution and hydrolysis of cellséounder mild reaction temperatures (70°C): the
hydrolysis of Sigmacell cellulose (DPa. 450) in 1-(1-propylsulfonic)-3-methylimidazolium
chloride produced the highest total reducing si§a#o) and glucose (14%) yields. In contrast,
poor yields were obtained iN-1-propylsulfonicN,N,N triethanolammonium chloride. The

inability of onium ILs to dissolve cellulose hasebeevidenced* also in a more recent
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investigation about protic ILs arising from comttina of four organic acids (formic acid, acetic
acid, malonic acid and citric acid) and five amin@thanolamine, diethanolamine and
triethanolamine, propan-1-olamine and diallylamjnepne of the resulting ILs was able to
dissolve crystalline cellulose even if the presen€enydroxyl groups on cation favored the
formation of a fine dispersion. All these data haamsidered a confirmation of the higher
performance of aromatic cations in cellulose preices

Last but not the least, one should mention theofiseidic ILs ([bmim][HSQ]** and a series of
acidic ILs containing COOH group on catiofiwhose catalytic properties have been found to
be closely related to behave, as extractants atalysts in the oxidative desulforization of

dibenzothiophenes in the presence gdkin model oil.

1.2.3Dual-functionalized acidic lonic Liquids

To increase the catalytic properties of acidic #lso dual- and multi-functionalized ILs have
been synthesized. Generally, dual-functionalizédi@d¢Ls are characterized by a cation bearing
a Bransted acidic group (—g@or —COOH on the alkyl chain), or having an acjgtioton on the
nitrogen atom associated with a Lewis acidic anibhe dual-functionalized ILs bearing a
Bragnsted acidic cation associated to a Brgnstedcaaiion ([HSQ]™ or [H.PQ,]") have been
described in the previous section being charaaerizy an unique kind of acidity.

In 2005, Wang et att’” synthesized and characterized one of the firshgi@of IL of this class.

R i
| O\\S//O N
N . \O . i\ 7 )
\ / u’N/\/\/SO3
N
R=C,Hops lHCI
R R
| \
CN AICI >
\ "//\/\/803]'] \ 01\{/\/\/803]_]
N .
CI/AIC; cl

Scheme 1.23[C,SG,im][CI]/AICI 5

The zwitterionic-type precursors of these ILs welgained, as previously reported, by direct
sulfonation reaction of the nitrogen base (1-metimyidazole in this case) and 1,4-butane
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sulfone. The subsequent acidification by mixingtted zwitterion with HCI (1:1 mol) converts
the pendant sulfonic group into an alkane sulfauid. Finally, reaction of 3-alkyl-1-(butyl-4-
sulfonyl) imidazolium chloride ([¢SGim][CI]) with AICI; gives the dual acidic ILs,
[C4SGim][CI)/AICI 5. It is however noteworthy that the production &,$C.im][CIJ/AICI 3
requires an initiator or promoter. In this casemiin]CI/AICI; (this is prepared as described
previously) was used as promoter. These ILs areractemized by high decomposition
temperatures, ranging around 320°C. Their aciditg weterminetf by FT-IR using pyridine
(Py) as probe (Figure 1.14); considering that,rasipusly reportedthe presence of a band near
1450 cm® can be assumed as an indication of the presenpgriofine coordinated to Lewis
acidic sites, whereas a band near 1540 @m indication of the formation of pyridinium ions
resulting from the presence of Brgnsted acidic sildsen pyridine was added to f&85im][CI]
(Figure 1.14C) a band at 1540 ¢mindicating Brgnsted acidity for [SCim][Cl], was
observed. On the other hand, in the mixture oS[Gim][CIJ/AICI ; and [Cmim][CIJ/AICI 5 (X
(AICI3)=0.60) (Figure 1.14E), both the band at 1540 'cand at 1450 ci, indicating
respectively Brgnsted and Lewis acidity, were preddoreover, taking into account the band at
1454 cm® of [C,mim][CI)/AICI; (X (AICI3)=0.67) (Figure 1.14D), it was observed that the
quantitative addition of [§5C,im][Cl] produce a band shift to 1450 cmthe ALCI;” anion in
[C4SCGIm][CI)/AICI 3 reacting with Cl form AICI,~ anion.

D:[C,mim] CVAICL(x(AICLY0.6

Absorbance

E:[C,5C,im]CIAICL+C mim]CVAICL(x(AICLY=0.60)+Py
1450
15

T T T T T T T T T T T 1
1700 1650 1600 1550 1500 1450 1400

ofem”
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Figure 1.14: Determination of acidity of [(SC,im]CI,/AICI;

Subsequently, Liu et &% proposed another dual-functionalized IL havinghb&ewis and
Bransted acidic character; [H$@CH,)>—NE]CI-ZnCl,. This IL was prepared according to the
procedure explained below in Scheme 1.24. The Lawidity of IL, as well as other important
properties (including viscosity) depended on th€Emass: on increasing the Zn@hass the

viscosity of the obtained IL increases.

CoH,
CoHs 725 z CoH CoHs GoHs
nCl 215 ZnCl 2Hs
N /SOSH cr i O CzHS\IlI SO3H ZnCly = =% \[L /SO3H ZnCls
| / N\
CoHs  (CHas CzHg NCHos CoHs ~ (CHas
ZnCl,
C,Hs G2Hs
N S0sH|[ZngCly
/ N\
CHs (CHa2)s

Scheme 21Ls based on trichlorozincinate anions

Related to the Lewis and Brgnsted acidic characteahiefdual-functionalized IL, also in this
case it was determined by FT-IR using acetonitd€N) and pyridine (Py) as a probe. As
shown in Figure 1.15A, after reacting with Py, [HS@@H,)>—NE]Cl-ZnCl, (X=0.64) had two
new characteristic absorption peaks of 1540 an@® b#d* in the FT-IR spectra indicating that
[HSO:—(CH,)s~NE]CI-ZnCl, (X =0.64) had both Brgnsted and Lewis acidic chariatiEs.
However, when ACN, a weaker base, was used as inebgositions of peaks of ACN/[HSO
(CH,)s—NE]Cl-ZnCl, (X=0.5) were entirely the same as those of ACN, mtitig that [HSQ-
(CH,):—NE{]Cl-ZnCl, (X=0.5) was not Lewis acidic. At variance, in the ape of
ACN/[HSOs—~(CH,)sNE]CI-ZnCl,  (X=0.6) and ACN/[HS@-(CHy)s+NE]Cl-ZnCl,
(X=0.64), a new absorption peak at 2318 and 2328, aespectively, appeared indicating that
both [HSQ—(CH,)s—NEg]CI-ZnCl, (X=0.6) and [HS@-(CH,)-—NE]CI-ZnCl, (X=0.64) were
Lewis acidic. Moreover, the wavenumber of [HS@CH,):—NE]CI-ZnCl, (X=0.64) was higher
than that of the IL [HS@-(CH,)s=—NEt]CI-ZnCl, (X=0.6), which indicated that the Lewis acidity
of [HSO;—(CH,)s—NE]Cl-ZnCl, (X=0.64) was stronger than that of [HSQCH,)s—NE]Cl-
ZnCl, (X=0.6).
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Figure 1.15: FT-IR spectra of [HS@-(CH,)s—NE]CI-ZnCl, IL by using acetonitrile and
pyridine as probe.A) FT-IR spectra of samples using pyridine as proageP(re pyridine, if)
IL[HSO3s—(CH,p)s—NEg]CI-ZnCl,  (X=0.64), €) Pyridine/[HSQ—(CH,)s—NE]CI-ZnCl,
(X=0.64), V(pyridine):V(IL) = 1:2. B) FT-IR spectra of ILs using acetonitrile as probe. (@)
Pure acetonitrile i) acetonitrile/[HSQ-(CH,)s—NEt]Cl-ZnCl, (X=0.5), o)(
acetonitrile/[HS@-(CH,)s—NE]CI-ZnCl, (X=0.6), @) acetonitrile/[HSQ-(CH,)s—NEt]Cl—
ZnCl, (X=0.64), V (acetonitrile):V(IL) = 1:2 in the samplesb—d.

Among the dual-functionalized acidic ILs one matass of Lewis acidic ILs, 3;&ionyl-bis-
1,2-alkylimidazolium chloroaluminate ([tbaim]&AICI3) can be mentioned, synthesized by He
et al’® characterized by doubly-charged thionyl catiors emoroaluminate anions.

I
R
SN GAN R

R PN R ”
A\
N 0 SNTNSSNGAN R AICI,

o T —1 B

acr 2CT/AICH

1a: [tbmim]C1/AICL;, R = CH; ; 1b: [tbeim]C1y/AICI;, R = C,Hs ; 1c: 1a: [tbbim]Cl,/AlICL;, R = C4Hy

Scheme 1.25Doubly-charged thionyl cations and chloroalumireténs
1.2.3.1 Applications of dual-functionalized Lewis aidic ILs

Friedel Crafts reactions using dual-functionalizecdic ILs

a.) The dual-functionalized 3;thionyl-bis-1,-alkylimidazolium chloroaluminate,
[tbaim]CL/AICI5, has been applied in the Friedel-Crafts alkylabbienzene with 1-dodecene.
The reaction almost instantaneously completed aftetodecene was dropped into the
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benzene/lLs mixture; the turnovers of 1-dodeceneevidgher than 99%. By varying reaction
time, no obvious promotion was observed. When tladerfraction of AICk (X (AICI3)) was
0.50, which means that there was ngQN™ in the ILs, the alkylation could not occur. The
effects of the molar ratio of benzene to 1-dodeceer also explored. On increasing the molar
ratio of benzene to 1-dodecene, the yield of thgetgoroduct was enhanced. Furthermore, use of
[tbaim]CL/AICI; led to a significant simplification in product lation. The maximum yield of
the monododecylbenzene was about 98%, whereasrddeqt selectivity was about 45%. The
molar ratios of IL was varied from 0.33 to 0.550t67; 0.67 gave the best results. Also the molar
ratio of benzene to 1-dodecene was increased frdno210:1. And 10:1 gave the best yield.

Increase in time did not play much important roléhe reaction.

(CHy)yy
[tbmim]Cl1,/AICIy
_—
= + 30 mins/ 45 °C

(45% product selectivity
98% yield)

Scheme 36Benzene and 1-dodecene

It is however noteworthy that the comparative stwdythe IL [tbaim]CL/AICI; as catalytic
system with the traditional Alglor [omim]CI/AICI; system (DeCastro et #Cin the year 2000,
used [bmim]CI/AIC} as catalyst and solvent in the Friedel-Crafts alkyh of benzene with 1-
dodecene) evidenced that similarly to [bmim]CI/AIGX (AICI3) = 0.67), [tbaim]CJ/AICI; (X
(AICI3) = 0.67) has better catalytic efficiency than AlGh both the IL systems moreover when
the mole fraction of AIG! (X (AICI3)) was 0.50 the alkylation did not occur due todbsence of
AlLCl;” : [omim][AICI ] had no Lewis acidity?

In 2008 Liu et al®® applied the dual acidic [HSS(CH,)s—NEL]Cl-ZnCl, for the dimerization of

rosin.
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Scheme 1.27Dimerization of rosin using [HSS(CH,);—NEt;]Cl-ZnCl,

The reaction was carried out using various moletias of IL Lewis acid; considering all the
ratios investigated, was concluded that [HS@H,)>—NE]Cl-ZnCl, (X = 0.64) was an
effective catalyst for this reaction, and with threrease of the Lewis acid, the catalytic
performance of IL was also increased for the dimaion. However, the softening point of
polymerized rosin was decreased when the moleidracif ZnChL was more than 0.64. This
behavior was attributed to the increased IL viggosh increasing the Zngmass. When the
mole fraction of ZnGl was more than 0.64, the IL dispersivity was veag lin the mixture of
reaction. Therefore, it was concluded that the Bmmhd ewis acidic IL had a good catalytic
performance in this process. Moreover, the recyelsts showed that softening point of
polymerized rosin was almost unchanged after [EH$0H,)s—NE]CI-ZnCl, (X = 0.64) was
used repeatedly for five times. This good reusghiksult was explained by the following two
points. Firstly, in the structure of [HEE(CH,)s-—NE]CI-ZnCl, (X = 0.64), the alkyl sulfonic
acid group is covalently tethered in the IL catitimerefore, it is not easily lost. Secondly, the

anion [ZnCls]™ of IL is inert and stable to water or Brgnsted acid
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Chapter 2

Physicochemical and Solvent Properties of M orpholinium Dicyanamide ILsand
their Toxicity and Biodegradability Studies

Abstract

The role of the length of the alkyl chain on sorhggico-chemical properties was evaluated for a
series ofN-alkyl-N-methylmorpholinium dicyanamide-based ionic liqu{tlss); the alkyl chain
ranging from 2 to 9 carbon atoms £ 2, 3, 4, 5, 6, 7, 8 and 9). The temperaturesddpnt
properties like viscosity, ionic conductivity andhgent properties have been determined. The
results allow us to classify these ILs accordin@ tclassical Walden diagram. In addition, their
ability to give clusters was determined by electspray ionization-mass spectrometry (ESI-MS)
measurements. The toxicity and biodegradabilitydists were reported foN-alkyl-N-
morpholinium bromide (where alkyl=C2 to C9). Thesexiditly and biodegradability
measurements were compared with other nitrogensbidse dabco and imidazolium. The IL
having lowest alkyl chain i.e. [Mgg][Br] showed the least toxicity and highest biodeigdaility.

2.1 Introduction

The most commonly studied ILs are based on imikl@&mmocations, combined with different
anions such as hexafluorophosphateg]RRetrafluoroborate [BE~ or bistriflimide [THN] ™.
Very recently, morpholinium-based ILs have receiwatention because of their structural
properties especially for the design of IL crystaldevertheless, they have been considered also
of interest as catalysts for organic synthésieat stabilizers, or antioxidants for lubricativits®
and for electrochemical applicatiohsToxicity tests recently perform&don morpholinium
bromides evidence a significant lower environmenmgbact with respect to other commonly
used ILs. However, the association of the morphatncations to common anions, such as
[BF4~, [Tf.N]7, [PR]™ or Br, gives ILs characterized by higher viscosities doder
conductivites than the analogous pyrrolidinium-pgreridinium-based ILs. Dicyanamide anion
is known to give highly conductive Il%.Therefore, with the aim of increasing the
understandings of the unusual characteristics sfaihd continuing part of our program aimed at
developing new ILs having low melting, low viscgsind high chemical stability associated
with a low toxicity, we conducted a systematic stweh the synthesis and characterization of a
series ofN-alkyl-N-methylmorpholinium dicyanamide-based ILs. Theiygibal properties such
as density, viscosity, conductivity and absorptpectra of selected solvatochromic dyes in the
liquids were measured to estimate quantitatively in association, polarity and hydrogen-

bonding interactions. lon association was evaluaed by examining the electrospray mass
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spectra of pure ILs dissolved in acetonitrile. Thelting points and DSC measurements were
compared with the corresponding anions,BFf,N, PF;. The toxicity and biodegradability
studies were reported fa¥-alkyl-N-morpholinium bromide (where alkyl=C2 to C9). The IL
having lowest alkyl chain i.e. [M@g][Br] showed the least toxicity and highest biodefgtaility.
These measurements of toxicity and biodegradabilitye compared with imidazolium and
DABCO respectively.

2.2 Experimental Section
2.2.1 Synthesis

Solvents were distilled before use. Morpholinibased bromides and chlorides were
synthesized by Menschutkin reaction dmethylmorpholine with respective alkyl bromides
(whose alkyl chain length varies from 2 to 9). Hemeral procedure is reported below. It was
observed that the higher alkyl chain compoundg¥er; g[Br] to [Mor ; ;d[Br] formed some

bubbles when dissolved in water.

2.21.1 Synthesis of N-alkyl-N-methylmorpholinium bromides ([Mor,,][Br]): The
respective bromoalkanen€1, 2, 3, 4, 5, 6, 7, 8, 9 and 3-chloropropanedie§js added
dropwise over 1 h to an equimolar solution of 4fmgkhorpholine in acetonitrile (ca. 0.5
mmol in 200ml) while stirring vigorously, and Nwas bubbled through the solution. In the
case of bromoethane, as the boiling point of brahaee is very low, 2% excess was taken in
the reflux. The mixture was refluxed for 8 h at C0The molten salt was decanted, washed
three times with 100 ml of Ci€l,, and dried for 1 h at 45°C under low pressuréhdfproduct
was found to have traces of brown or yellowish cotben it was washed with acetone and

recrystallized in acetone. They were charactenmdg H-NMR and C-NMR.

[Mor][Br]: Crystalline white solid (yield 95%)Tm=188+2 °C.*H NMR (250 MHz, BO)
& 1.34 (tt, 3HJ = 7.3, 1.80 Hz, 3HCH3CH,N*CHy); 3.12 (s, 3H, E3N*CHy); 3.38-3.56 (m,
6H, CHCH,N(CH,),); 4.01 (m,J=4.8 Hz, 4H, -&,0CH,). **C NMR (63 MHz, BO) &:
6.40 CH;CH,N'CHg), 45.93 CH3N'CH,CHs), 58.95 CH,N'CH,), 60.29 (€H,OCH,-),
60.81 (CHCH,N").

[Mor3][Br]: Crystalline white solid (yield 94%).,=178+2 °C.*H NMR (250 MHz, BO) &:
0.95 (t,J=7.3 Hz, 3H, G3CH,CH,N*-CH,); 1.78 (m, 2H, CHCH,CH,N*CHj); 3.15 (s, 3H,
CH3N*CH,CH,CHa); 3.35-3.54 (m, 6H, (&,),N*CH,); 4.01 (t,J=4.8, 4H, -&,0CH,-). **C
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NMR (63 MHz, DO) & 9.66 CHsCH,CHN'CHs), 14.57 (CHCH,CH,N'CH;), 46.74
(CH3N*CH,CH,CHy), 59.42 CH,N*CH,), 60.28 (€H,OCH,-), 66.41 (CHCH,CH,N*CHy).

[Mor,4][Br]: Crystalline white solid (yield 90%),=215+2 °C.!H NMR (250 MHz, QO) &:
0.93 (t, J=7.3 Hz, 3H, Gi3(CH,),CH,N'CHy); 1.31-1.45 (m, 2H, CHCH,CH,CH,N"CHj);
1.69-1.81 (M, 2H, CHCH,CH,CH,N"CHy); 3.16 (s, 3H, EIN*(CH,)sCHs); 3.40-3.55 (m, 6H,
(CHo),NCH,); 4.02 (t, J=4.85, 4H, -®&,0CH,-). *C NMR (63 MHz, RO) & 12.77
(CH3CH,CH,CH,NCH3), 19.06 (CHCH,CH,CH,N*CHz), 22.89 (CHCH,CH,CH;N*CHy),
46.82 CHsN'CH,CH,CH,CH;), 59.53 CH,N'CH,), 60.41 GH,OCH,-), 65.04
(CH3CH,CH,CH,N*CHb).

[Mor,g][Br]: Crystalline white solid (yield 90%),=150+2 °C.*H NMR (250 MHz, BO) &:
0.87 (t,J= 6.5 Hz, 3H, El3(CH,)3CH,-N"-CHg); 1.30-1.36 (m, 4H, CH(CH,),CH,CH,N"CHy);
1.77 (m, 2H, CHCH,CH,CH,CH,N*CHj); 3.15 (s, 3H, ElsN*CH2(CH,)sCHs); 3.38-3.55 (m,
6H, (CH,),N'CH,); 4.01 (t, J=5.4, 4H, -G,0CH,-). °C NMR (63 MHz, DO) & 13.01
(CH3(CHy)sCH,N'CHg), 20.52 (CHCH,CH, CH,CH,N*CH,), 21.44 (CHCH,CH,CH,CH,
N*'CHg), 27.67 (CHCH,CH,CH,CH,;N'CHg), 46.90 (CHsN'CH,(CH,)sCHs), 60.29
(CH,N*CH,), 63.76 (CH,OCH,-), 65.41 (CH(CH,)sCH,N"CH).

[Mor,¢][Br]: Crystalline white solid (yield 93%l),= 1552 °C.'H NMR (250 MHz, BO) &:
0.86 (t,J= 6.8 Hz, 3H, El3(CH,)4CH,N"CHz); 1.33 (m, 6H, CK(CH,);CH,CH,N"CHy); 1.78
(M, 2H, CH(CH,)sCH, CH,N*CHg); 3.16 (s, 3H, E3N*-CH,(CH,),CHs); 3.48 (m, 6H,
(CHo),N'CH,); 4.02 (t,J = 4.9, 4H, -G,0CH,). °C NMR (63 MHz, BO) & 13.01
(CH3(CHy),4 CH;N*CHsy), 21.07 (CHCHy(CHy)sCH,N*CHg), 21.80
(CH3CH,CH,(CH,),CH,N*CHz), 25.10 (CHCH ,CH,CH, CH,CH,N'CH),30.41 (CH
(CH,)3CH,CH, N*CH), 46.69 CH3N' CH,(CH,),CHs), 59.55 CH,NCH,), 60.65 (CH,OCH,-
), 64.92 (CHCH,CH,CH,CH,CH,NCHg).

[Mor,7][Br]: Crystalline white solid (yield 979%J,,, =102+2 °C.*H NMR (250 MHz, BO) &:
0.84 (t,J= 6.2 Hz, 3H, El3(CH,)sCH,N"CHs); 1.28 (m, 8H, CK(CH,),CH,CH,N"CHy); 1.77
(M, 2H, CH(CHy)sCH,CH,N'CHg); 3.15 (s, 3H, El-N'CH,(CH,)sCHs); 3.49 (m, 6H,
(CH.),N'CH,); 4.02 (t, J=4.9, 4H, -®,0CH,).*C NMR (63 MHz, DO) & 13.19
(CH3(CH,)sCH,N*CHy), 20.70 (CHCH(CH,)4CH,N*CH), 21.80
(CH3CH,CH(CH,)4N*CHg),25.65(CH,_CH,CH,CH,.(CH,)3.N"CHj),27.85(CH(CH,)sCH,CH,.
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CH,N*CHs), 30.78 (CH(CH,).,CH,CH,N'CH,), 46.72 CHsN'CHy(CH,)sCH,), 59.55
(CH2N+CH2), 60.46 (CHzoCHZ')u 65.23 (CH(CH2)5CH2'N+CH3)

[Mor,g][Br]: Crystalline white solid (yield 90%], =152+2°C."H NMR (250 MHz, BO) &:
0.83 (t,J=6.4 Hz, 3H, Gi3(CH,)¢CH,N"CHa); 1.24-1.34 (m, 10H, CH(CH,)sCH,CH,N*CHy);
1.76 (m, 2H, CH(CH,)sCH,CH,N"CHy); 3.14 (s, 3H, EI3N"CH,CH,(CH,)sCHz); 3.46 (m, 6H,
(CH»),N'CH,); 4.01 (t, J=4.50, 4H, -G,OCH,).**C NMR (63 MHz, BQO) & 13.31
(CH3(CH,)6CH,N'CHa), 20.75 (CHCH(CH,)sCH,NCHg), 21.90 (CHCH,CH,(CH,)sN*CHy),
25.41 (CHCH,CH,CH,(CH,)sN*CHs), 28.07 (CH(CH,)sCH,CH,(CH,),N*CHz), 30.91
(CH3(CH»)sCH,CH,N*CH3), 46.70 CHsN'CH, (CH,)sCHs), 59.41 CH,N*CH,), 60.31 (-
CH,OCH,-), 65.27 (CH(CH,)¢CH,N"CHs).

[Mor,o][Br]: Crystalline white solid (yield 95%Y., =122+2.'H NMR (250 MHz, BO) &: 0.83
(t, J=6.6 Hz, 3H, El5(CH,); CH,N*CHy); 1.33 (m, 12H, CKCH,)¢CH,CH,N*-CHy); 1.76 (m,
2H, CHy(CH,)¢CH,CH,N'CHy); 3.15 (s, 3H, €3 N'CH,CH,),CHy); 3.45 (m, 6H,
(CH,),N*CH,); 4.02 (t, J=4.8, 4H, -Gi,0CH,). ¥C NMR (63 MHz, BO) & 13.31
(CH3(CH,)7;CH,N*CH3),20.74(CH  CHy(CH,)s  CH,N'CHy), 21.93  (CHCH,CH,
(CH2)sCH,N'CH3), 25.32 (CHCH,CH,CH, (CH2)4CHoN'CHz),  28.21 (CHCH,CH,CH
o(CHZ)sCH,CH,N'CH;y), 31.07 (CH(CH,)¢CH,CH,N'CHs), 46.75 CH3N*CH,(CH,);CHs),
59.40 CH,N"CH,), 60.30 (€H,OCH,-), 65.15 (CH(CH,);CH,N"CH,).

2.2.1.2 Synthesis of N-alkyl-N-methyl mor pholinium dicyanamides ([M or ; ,[N(CN),])

To a colorless solution of [Mgf[Br] (70-100 mmol) in water (100 ml) an equimolar amount

of silver dicyanamide (white solid, freshly prephfeom AgNGQ; and NaN(CN)in water) was

added. The mixture was stirred for 3 h at 40°C. Aétmoling at room temperature the precipitate

was filtered off, washed with water (2x10 ml) artk tresulting colorless aqueous solution

(approximately 200 ml) was heated to 70°C under wactor 1 h to remove the water. The
colorless liquid was dissolved in anhydrous acetame the solution was cooled-&0°C for 48

h. After filtration on glass septa (porosity 4) taining two different powdered layers of 1 cm

each of celite (lower layer) and decolorizing carlfapper layer), the solvent was removed

under vacuum (2xI&mm Hg, 80°C, 6 h) to give the pure IL. All the la®re colorless.

[Mory,][N(CN);]: Yield 80%.*H NMR (250 MHz, DO) &:1.46 (tt, J=7.40, 2.16 Hz, 3H,
CH3CH,N*CH; ); 3.23 (s, 3H, B3N* CH,CHj); 3.47-3.66 (m, 6H, CHCH,N'(CH,),); 4.12 (t,
J= 5.2 Hz, 4H, -®,0CH,-). *C NMR (63 MHz, DO) & 6.59 CH;CH,N'CH,), 46.02
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(CHaN*CH,CH,), 59.12 CH.N'CH,), 60.43 (€H,OCH,), 60.89 (CHCH,N"), 119.91
(N(CN)).

[Mor3][N(CN),]: Yield 80%. 'H NMR (250 MHz, RO) &: 1.04 (t, J= 7.35 Hz, 3H,
CH5CH,CH,N*CHy); 1.86 (m, 2H, CHCH,CH,N'CHy); 3.2 (s, 3H, E3 N'CH,CH,CHa);
3.41-3.61 (M, 6H, (€l,),N*CH,); 4.08 (t,J=5.2, 4H, -G1,0CH,-). *C NMR (63 MHz, BO) &:
9.89 (CHLCH,CH,N'CH;,), 14.84 (CHCH,CH,N*CHs), 46.90 CHsN'CH,CH,CH;), 59.55
(CH,N*CH,), 60.65 (CH,0OCH,-), 66.51 (CHCH,CH,N*), 120.01 (NCN),).

[MorJIN(CN),]: Yield 75%. H NMR (250 MHz, DO) & (t J=7.30 Hz, 3H,
CH3(CH,)sN*CHa); 1.34-1.48 (m, 2H, CHCH,CH,CH,N*CHy); 1.72-1.84 (m, 2H, CHCH,
CH,CH,N*CHg); 3.18 (s, 3H, B3 N*CH,CH,CH,CHz); 3.42-3.52 (m, 6H, (&1,);N"CH,); 4.04
(t, J=5.10, 4H, -G1,0CH,). °C NMR (63 MHz, DO) &: 13.01 CH5(CH,)sN*CHz), 19.42
(CHsCH,CH,CH,N"CH,), 23.09 (CHCH,CH,CH,N*CHy), 46.90 CHyN*(CH,)sCHs), 59.55
(CH,N*CH,), 60.65 (CH,OCH,-), 65.04 (CHCH,CH,CH,N*), 120.19 (NCN),).

[Mor,¢][N(CN);]: Yield 85%. *H NMR (250 MHz, RO) & 0.99 (t, J= 6.8 Hz, 3H,
CH3(CH,),N'CHg); 1.42-1.48 (m, 4H, CHCH,CH,CH,CH,N'CH); 1.81 (m, 2H,
CHyCH,CH,CH,CH,N*CH,); 3.25 (s, 3H, @3 N'(CH,).CH,); 3.48-3.63 (m, 6H,
(CH,),N*CH,); 4.10 (t,J= 4.85 Hz , 4H, -E,0CH,-). *C NMR (63 MHz, BO) &: 13.24
(CH3(CH,),N*CHz), 20.69 (CHCH,CH,CH,CH,N*CHg), 21.68 (CHCH,CH,CH,CH,N*CHy),
27.74 (CH(CH,),CH,CH,N*CH), 46.80 CH3N*(CH,),CHs), 59.56 CH,N*CH,), 60.43 (CH,.
OCH,-), 65.30 (CH(CH,)sCH,.N"), 119.81 (NCN),).

[Mor g [N(CN),]: Yield 78%. 'H NMR (250 MHz, DRO) & 0.87 (t, J= 7.0 Hz, 3H,
CH3(CH,)sN*CHa); 1.34 (m, 6H, CH(CH,)sCH,CH,NCH,); 1.79 (M, 2H, Ch(CH,)3CH,CH,.
N*CH,); 3.16 (S, 3H, €3 N*(CH,)sCHy); 3.40-3.56 (m, 6H, (®1,),N*CH,); 4.03 (t,J= 4.8, 4H,
-CH,OCH,-). ®C NMR (63 MHz,30)5: 13.13 CH3(CH,)sN*CHy), 20.75 (CHCH,(CHy),.
N'CHs),21.65 (CHCH,CH,(CH,)sN'CHs), 25.07 (CH(CH,),CH,(CH,),N'CHs), 30.37
(CH4(CH,),CH,(CH,),N*CHy), 46.68 (CH3N*(CH»)sCHs), 59.42 CH,N'CH,), 60.32 (-
CH,OCH,-), 65.19 (CH(CH,),CH,N*CHj), 120.56 ( NCN),).

[Mor;-][N(CN),]: Yield 85%. *H NMR (250 MHz, BQO) & 0.97 (t, J= 6.0 Hz, 3H,
CHy(CH)eN'CHs); 1.40 (m, 8H, CHCH,),CH,CHN'CHy); 1.87 (m, 2H,
CHy(CH,),CH,CH,N* CHy); 3.24 (s, 3H, El3-N"(CH,)¢CHs); 3.48-3.63 (M, 6H, (&1,),N*CH,);
4.10 (t,J=4.8 Hz , 4H, -B1,0CH,). °C NMR (63 MHz, DO) &: 13.74 CH3(CH,)eN*CHy),
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21.07 (CHCHA(CH,)sN*CHy), 22.17 (CHCH,CH,(CH,),N"CH,), 25.83 (CH(CH,),CH5(CH,)s.
N'CH,), 28.22(CH(CH,)sCH,(CH,),N*CHz), 31.15 (CH(CH,),CH,CH,N'CHy), 46.90
(CH3N*(CH,)sCH,), 59.55 CH,N*CH,), 60.83 (€H,OCH,), 65.59 (CH(CH,)sCH,N"), 120.01
(N(CN)y).

[Mor;[N(CN),]: Yield 85%. *H NMR (250 MHz, BO) & 0.95 (t, J=6.5 Hz, 3H,
CH3(CH,);N*CHz); 1.36 (m,10H,CH(CH,)sCH,CH,.N*CH,); 1.83 (m, 2H, CH(CH,)sCH,CH,.
N*CH,); 3.22 (s, 3H, BIsN*(CH,);CHy); 3.44-3.54 (m, 6H, (&1,),N*CH,); 4.07 (t.J= 4.8, 4H, -
CH,OCHyr). C NMR (63 MHz, DBO) & 13.79 (CHs(CH,)N'CH;), 21.15
(CHsCH,(CH,)eN*CHy), 22.39 (CHCH,CH,(CH,)sN*CHy), 25.84 (CH(CH,),CHy(CHy),.
N'CHs), 28.63 (CH(CH,)sCH(CH,)sN*CHy), 28.68 (CH(CH,),CHA(CH,),N*CH,), 31.42
(CH4(CH,)sCH,CH,N"), 46.80 CH3N*(CH,);CHs), 59.57 CH,N*CH,), 60.39 (€H,OCH,-),
65.25 (CH(CH,)sCH,N"), 119.74 (NCN),).

[Mor ] [N(CN),]. Yield 75%. *H NMR (250 MHz, BO) & 0.96 (t, J=6.5 Hz, 3H,
CH4(CH)N'CHs);  1.38-1.46 (m, 12H, CHCH,)CH,CH,N'CH;); 1.86 (m, 2H,
CHy(CH,)¢CH,CH,N*CHs); 3.25 (s, 3H, ElN*(CH,)sCHa); 3.52-3.56 (m, 6H, (G1,),N*CH,);
4.09 (t,J=6.6, 4H, -G1,0CH,). 3C NMR (63 MHz, BO) &: 13.89 CH3(CH,)gN*CHj), 21.30
(CHsCH,(CH,);N*CHj), 22.60 (CHCH, CH,(CH,)eN* CHy), 26.02 (CH(CH,), CH,(CH,)sN*
CHy), 28.92 (CH(CH,); CHA(CH,)s. N'CHa), 29.10 (CH(CH,)s CHx(CH,)s. N*CHy), 29.26
(CH3(CH,)sCH,(CHy),. N*CHa), 31.78 (CH(CH,)sCH,CH, N*CHy), 46.81 CHz N*(CH,)sCH),
59.60 CH, N*CH,), 60.40 (CH,OCH,-), 65.26 (CH(CH,),CH,N"), 119.77 (NCN),).

2.3 Results and Discussions

The synthetic route to prepare morpholinium-basats ierein is shown in Scheme
2.1. In the first step, the corresponding alkylrhide andN-methylmorpholine were
reacted in acetonitrile at temperatures rangingf® to 70°C to produci-alkyl-N-
methylmorpholinium bromides, [MofBr, 1. Generally, an excess of the alkyl halide
was used to prevent problems arising from evapmrain particular, in the case of
short chain halides) due to the reaction tempegatBubsequent metathesisloWwith
silver dicyanamide (Ag[N(CN)) in water (Ag[N(CN)}] was freshly prepared by
reacting AgNQ and Na[N(CN})] in equimolar quantities) resulted in the corresgiag
dicyanamide saltg, i.e. [Mor, J[N(CN),].
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Scheme 2.1: Synthetic route to prepahalkyl-N-methylmorpholinium dicyanamide ILs

All the above salts werecharacterized using electrospragnization-mass spectroscopy
(ESFMS), 'H and **C NMR spectroscopy. All synthesized-alkyl-N-methylmorpholinium
bromides are colorless solid at room temperatutesreas the corresponding dicyanamides are

colorless liquids.

2.3.1 Physico-chemical Properties. Physico-chemical properties characterizing 2L.are shown
in Table 2.1.

Table 2.1: Physical Properties of Dicyanamide ILs

d PM C
Salt gem® mol S (I:(m‘l /S\ (:,I73
[C2] 1.17 196 0.006Q 4.42 x 10° | 0.736 96
[C3] 1.16 210 0.0059 1.94 x 10® | 0.353 588.5
[C4] 1.12 224 0.005Q0 1.41 x10° | 0.282 598
[C5] 1.12 238 0.0047 0.84 x 10® | 0.179 758.5
[CH] 1.07 252 0.0042 0.72x 10° | 0.171 759.5
[C7] 1.06 266 0.004Q 0.26 x 10° | 0.065 874
[C8] 1.03 280 0.0037 0.11 x 10° | 0.030 986
[C9] 1.03 294 0.0035 0.09 x 10° | 0.026 1076
[emim]® 2.8 x 10° 16
[Pyrr, 5 ® 2.0 x 102 27
[Mor, 4° 0.4 x 10° 532

C, molar concentration at 25 °C for dicyanamidéssahd at 35°C;

K, ionic conductivity at 25 °@\, molar conductivity at 25°Qj), viscosity

at 20°C "It is [Pyrr.J][N(CN),]. lonic conductivity and viscosity at 25°C,
from referenc 6°lt is [Mory [ TfN]. lonic conductivity and viscosity at 25°C,
from reference 7.
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2.3.2 Density

The densityq) of ILs falls typically in the range 1-1.7 g cn®. It is affected by anion although
the nature of the substituents on cation also pdaysnportant role: normally, density decreases
as the alkyl chain on cation elongates. This belravas been observed also in the casM-of
alkyl-N-methylmorpholinium dicyanamided;decreases from 1.17 to 1.03 g ¢on going from
C2to C9.

2.3.3 Viscosity

The variation of alkyl chain length exerts a datifect also on viscositynj. Viscosity of ILs
typically ranges from 30 to 1000 cP at room tempeea it is determined by the identity of the
cation and anion (size and shape) that composH_thhe mobility of an IL is generally ruled
by the slow ion-exchange mechanism, which is dependn the interaction strength. The
possibility of anions and cations to give more @ssl strong Coulombic interactions and the
presence of van der Waals interactions in contiipnswith the contribution of the
conformational degrees of freedom (together with ¢hpacity of anion and/or cation to form
hydrogen bonds) are some of the factors that daterih’s viscosity. In the case of cyclic
quaternary ammonium ILs, having common fluorinatedons and comparable alkyl chains,
viscosity increases in the following ordéed-alkyl-N-methylpyrrolidinium < N-alkyl-N-
methyloxazolidinium <N-alkyl-N-methylpiperidinium <N-alkyl-N-methylmorpholiniunf As
shown in the Table 2.1N-alkyl-N-methylmorpholinium dicyanamide ILs are characetidby
relatively low viscosity values, comparable to #r@logous bistriflimide salts, and maintain the
order pyrrolidinium < morpholinium observed for diunated anions. The reason can be that the
anion TN is bigger than the N(CM)anion. Nevertheless, viscosity increases whenatkg
chain in the cation elongates, probably as a caresemp of the increased van der Waals
interactions not completely counterbalanced byirtbeeased mobility freedom degrees.

With the exception of [Marj][N(CN),] that exhibits a clear Newtonian behavior, all titber
salts (at least at 25°C) could be defined either theian or non-Newtonian (pseudoplastic)
depending on the used regression. The rheologa@hor shows only little better correlation
coefficients (1 vs 0.9998) when the power law regi@n is used with respect to the linear
regression. The pseudoplastic behavior in thevatesf analysis, characterized by a decrease of
viscosity with increasing rate of shear, became éhvarv more evident at high shear stresses.
Moreover, as frequently happens with shear-thinmipgtems, in every case the down curve is
slightly displaced with respect to the upper custewing that all the investigated ILs have a
lower consistency at any one of the rate of sheathe down curve of the rheogram, in
agreement with the presence of thixotropy. A thiapic behavior might indicate a breakdown of

structure that does not reform immediately whensthess is reduced (Figure 2.1).
62



Chapter 2

Cr=ig
000 s pmrmrema e (e
45000 '
35000 |
T

25000

20000 4= -e-mewimnid
5000
10000

Figure 2.1: Viscosity behavior ofMor; 4[N(CN),]

Furthermore, it is noteworthy that an odd/even latkyain length effect can be also evidenced, at
least at the lower temperatures; the salts havittyadkyl chain lengths exhibit viscosity values
significantly higher than those of adjacent salwihg even alkyl chain lengths. This effect
decreases on going from C3 to C7. On the other Handll investigated salts dynamic viscosity
decreases significantly with temperature. At lomperatures until a gentle descent is achieved
at the higher values: in particular salts havimg= 3 present a distinct curvature at lower
temperatures in the Arrhenius plots. Thereforecosgty data have been fitted to the Vogel-
Tamman-Fulcher (VTF) equation:
1= 170 exp[B/(T=To)] @
wherern, (cP), B (K) and T (K) are fitting parameters. The best-fit parameterd the associated

squared correlation coefficientg Rre given in Table 2.2.
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Figure 2.2: Behavior of viscosityf [Mor; J[N(CN),] with temperature

Table 2.2: VTF equation parameters for viscosity(B and T) (equation 1)

Salt No (¢P) B (K)° To (K) R
[Mory 4 149 (05) | 275.2(60)| 227 (9) 0.9996
[Mor 4 0.076 1006 (250)| 180 (15)  0.9997
Mor g | 282 (0.08)| 705 (120) 201 (8) 0.999d
Mor,q | 0085 0.0D| 1018 (32) 181 (2) 1
[Mors d 0.038 (0.02)| 1259 (190)  165(10 0.999¢
Mo, | 0028 (0.02)[ 1378 (267) 160 (14 0.999¢
[Mors 4 0.34 (0.3) 745 (264) 199 (18 0.9992
[Mor d 0.076 1089 (52) | 179(3)|  0.9999

¥BR=activation energy (kJ mo). ° Squared correlation coefficient.

2.3.4 Conductivity

Present conductivity values are comparable to malstes reported earlier for ILs, in particular
for ILs based on cyclic onium cations. As expectmmhductivities increase with temperature, up
to 12.0 mS cit at 85°C in the case of[Mor;J[N(CN);]. Moreover, conductivities for
[Mor; J[N(CN),] salts havingn > 3 exhibit non-Arrhenius behavior, in agreementhwibe

viscosity results.
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Therefore, the Vogel-Tamman-Fulcher (VTF) equatbriwas used to represent temperature
dependence of the conductivity:
0 =0gexp[-B/ (T-Ty)] 2

The best-fit parameters and the associated squeareelation coefficients Rare given in Table

2.3.

Table 2.3: VTF equation parameters for conductivigg,(B and ) (equation 2)

sat | Oo(Scn)  [BKT  [ToK) [RT
Mor,g | 0076 (0.003) | 351(10)| 210(8) | 09998
Mor,g | 0079 (0015) | 353 (44)| 212(8) | 09997
[Mor d 0.048 (0.009) | 313(40)| 224(7)| 0.9996
Mor,g | 0038 (0.004) | 254(25)| 233(5) | 09997
Mor,j | 0016(0.002) | 310(24)| 223(4) | 09998
[Mor g | 0014 (0004) | 291(64)| 228(11)  0.998p
[Mor,J | 0.011(0.008) | 267 (134) 235 (23)  0.993B

BR = activation energy (kJ md). ® Squared correlation coefficient.

Since the behavior of all investigated ILs (excépt [Mor; J][N(CN),]) can be fitted with a
single VTF curve, all components can be charaadrizy a limited set of parameters; iog, B
and Tp.

The linearity obtained in comparison to the curwatof the Arrhenius plots may be considered a
consequence of the fact that the conductivity meisiha is affected by strong interactions
between oppositely charged ioh$his hypothesis finds a further support in the faat the ideal
glass transition temperatureg dbtained from equations 1 and 2 for viscosity aodductivity,
respectively are significantly different. In corgtrdo viscosity, conductivity data contain another
contribution arising from temperature-dependentassociation. Thus, the fact thaivelues of
our ILs calculated from viscosity and conductivitse significantly different can be tentatively

explained assuming an increased association oig ff@m C3 to C9.

2.3.5 lonicity and Association:
One way of assessing ionicity of ILs is to use thessification diagram based on the classical
Walden rule. This rule relates the ionic mobilitiepresented by the equivalent conductivity

(A\) to the fluidity of the medium through which the gomove. Figure 2.3 shows the equivalent
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conductivity (\) versus the reciprocal viscosity 1§}/in logarithmic form for the morpholinium
salts at 25 and 65 °C. The interpretation of IL&tplwith respect to their deviation from the so-
called ideal KCI line, determined with 1 mol*laqueous KCI solution¥, has been recently
questioned? It is however evident that morpholinium salts fr@8 to C6 lies on or around the
so-called “ideal” Walden product line, atleast@m temperature. The other morpholinium salts
(C7-C9) are characterized by conductivities significaridsser than the ideal and a peculiar

trend can be observed on increasing alkyl chaim f&8 to C9.
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Figure 2.3: Walden plot for [Mor J[N(CN),] from the conductivity and viscosity measured at
25 °C (left) and 65 °C (right). The ideal line is givby the line for KCI.

Thus, Walden plot suggest an increase in associdégree on increasing the alkyl chain length
which is slightly affected by temperature.

It is noteworthy that, in the case of 1-methyl-Byiimidazolium salts ESIMS experiments have
evidencedf that steric effects exerted by long alkyl chainghs may contribute to a reduction
of the aniorcation interactions although longer alkyl groupduce interionic van der Waals
forces between the alkyl groups. In order to obfaimher information about the association
degree ofN-alkyl-N-methylmorpholinium dicyanamides as function of &yl chain length
ESI-MS experiments were performed. The positive ion E@bs spectra of [M@f[N(CN),]
(n=2-9) exhibit parent peaks respectivelynaz corresponding to the expected cations, whereas
the anion parent peak was never been evidencethé®ather hand, aggregates based on small
cation-anions clusters, which are reduced in intensityth@s concentration of Hacetonitrile
solution is reduced, characterized the negativeparsitive spectra of all examined ILs (Figure
2.5). Since all the spectra were registered undentical conditions (solvent, concentration,
ionization energy etc.) the comparison of the elsstpeaks distribution can give a semi-
guantitative evaluation of the strength of arication interaction. It is evident that [N(CIN)
anion gives a significant number of clusters in-¥8 (in vacuum), and probably in pure liquid.
In contrast with the situation evidenced in imidarm salts the increase in alkyl chain length

does not reduce the ability to give clusters: igaiee mode the sole anion was never detected
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and larger clusters increase in percentages orgdamm [Mor; {[N(CN),] to [Mory J[N(CN),].

It is noteworthy that [Morg[N(CN),] and [Mog J[N(CN),] show also strong peaks (not
reported in figure) due to clusters bearing doubkgative charges, s8:2 and GA; 2
Therefore, the ESI-MS measurements support theatidn arising from Walden plots; even
long alkyl chains substituted methylmorpholiniunitsgive association phenomena.
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Figure 2.4: Relative percentages of the more relevant peaksredxs in the positive and
negative ESIMS spectra of [MarJ[N(CN),] .

2.3.6 Solvent Propertiesand Polarity

Although a wide range of solvatochromic dyes hasnbased to estimate ILs’ polarity by
comparison to well-known polarity scales based arenular solvents? ETN and Kamlet-Taft
parameters are probably the most extensively eraploy classify ILs and molecular solvefits.

Therefore, ETN and Kamlet-Taft parameters have been determinedLf using Reichardt's
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betaine dye,N,N-diethyl-4-nitroaniline and 4-nitroaniliné. Table 2.3 presents the k),

dipolarity/polarizability ¢z), hydrogen-bond acidityd) and hydrogen-bond basicit§) (values
of the [Mon J[N(CN),] salts. For comparison, the corresponding valuésother three
dicyanamide salts (1-butyl-3-methyl imidazolium ydioamide, [bmim][N(CNJ and methyl-
ethylpyrrolidinium  dicyanamide, [emPyr][N(CH) , N-pentyl(dabco) dicyanamide,
[Csdabco][N(CN}], and some molecular solvents have been insefte5°C the polarities of

[Mor; J[N(CN),] ILs, as expressed bETN values, are higher than those of acetone, acatenit

and dimethylsulfoxide; however, they are slightywer than those of the corresponding
imidazolium salt ([omim][N(CNy]), water and methanol. On the other hamti,parameters
evidence a high dipolaritpolarizability; the values reported for these satts higher than those
of methanol and acetone and are close to that &erw[Mor J[N(CN),] ILs show moreover a
hydrogen bond acidity, as expressed by parameter, significantly lower than that of
[bmim][N(CN),], but comparable to analogous pyrrolidinium- axdlkyl dabco-based salts.
Surely, the presence of an ether portion in théowt core increases the polarity of the
morpholinium salts with respect to the pyrrolidimu analogous; 77 parameters of
[Mor; JIN(CN),] ILs are higher than those reported for all thheo salts and they are
practically unaffected by the alkyl chain lengtht. Variance, this latter parameter affects both
hydrogen bond acidity and basicity in an opposigeywr decreases ang increases. Thg®
values for our ILs are close to those for methamal acetone, evidencing a significant hydrogen
bond basicity. Althouglff depends mainly on the nature of the anion a moglestton effect can
be envisaged. At 25 °C thgvaluesfor [Cdabco][N(CN}] and [Mor; J[N(CN),] are lower than
that of [bmim][N(CN)], suggesting a correlation with the cation polaand hydrogen bond
acidity. Therefore, considering the behavior of ttsmlvatochromic parameters for
[Mor; J[N(CN),] and for the other dicyanamide-based ILs repomtedable 2.4, we can state
that these measurements support the viscosity anductivity data being in agreement with an
increase in the interactions inside the IL on gdimgn [empyr][N(CN}] to [Mory J[N(CN),],
attributable at least partially to the effect oé tbxygen on conformational rigid six-membered
cation that increases the associated dipole. Oanttie hand, the elongation of the alkyl chain on
morpholinium cation probably modifies the three-dimsional cationanion network; thus, the
anion basicity £) increases as a consequence of the reduced tnt@radth the morpholinium
cation(s). On the other hand, a reduced intera@mong anions and cations on going from C2
to longer alkyl chains may be unable to increasirdgyen bond acidity due to the steric effects
of the alkyl chain that inhibit the interaction dfie positively charged cation with the

solvatochromic dye. The limited ionic conductivity the morpholinium salts bearing longer
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alkyl chains, despite their lower Coloumbic inteiacs between oppositely charged species
suggested by the solvatochromic parameters, mayevefore attributed to the increased van der
Waals interactions among the alkyl chains. Theterlanteractions may be fundamental for the
formation of organized three-dimensional networkgations and anions separated by unpolar
regions due to the alkyl chain in this class of, las thersrinteractions that contribute to the

association in imidazolium and pyridinium saltaisent in the morpholinium salts.

Table 2.4: Solvatochromic parameters of the,®r; J[N(CN),]

Salt Erey | Er Vs a B
[bmiml[NCN)** | 514 (82228) (i:cl)g) (822%) (ONSO)
[emPyr] [N(CN),]® 487 | 0556 1.03 0.37 Nd

[Csdabco] [N(CN);]¢ | 484 | 0.546 1.11 0.31 0.55
[Mory J[N(CN),] 50.30 | 0.605 1.1193 | 0.428p 0.5065
[Mor; J[N(CN),] 50.23 | 0.6027| 1.1230 | 0.4214 0.4944
[Mor; JIN(CN),] 49.48 | 0.5796|  1.1161 | 0.3777 0.5308
[Mory J[N(CN),] 4954 | 0.5814| 1.1147 | 0.3814 0.5384
[Mor; J[N(CN),] 4959 | 05831 1.1158 | 0.3850 0.5461
[Mory /[N(CN),] 4923 | 05719  1.1129 | 0.3637 0.5435
[Mor; J[N(CN),] 49.11 | 0.5682|  1.1144 | 0.3548 0.5449
[Mory [N(CN),] 49.17 | 05701  1.1136 | 0.3593 0.5444

Watef 53.7" | 1.000 1.13 1.12 0.50
Methanof 55.4% | 0.760 0.73 1.05 0.61
Acetond 422" | 0.350 0.70 0.20 0.54
Acetonitrile® 45.69 | 0.460 0.75 0.19 0.40
DMSC? 45.1°%9 | 0.444 1.00 0.00 0.76

Erom ref. 12. P From ref. 16. From ref. 17. %From ref. 18°From ref. 19.
Erom ref. 20.9From ref. 21.

2.3.7 Toxicity and Biodegradability
In this chapter, we are reporting experimental data the aquatic toxicity and
biodegradability ofN-alkyl-N-methylmorpholinium(Morph)-based ILs as function tog

alkyl chain length. Only few sporadic data of tatic have been reported for

69



Chapter 2

dialkylmorpholinium-based 1L&%*?* Recent studies have however shown that
dicyanamide anion generally characterized by toxi@vels at least to aquatic species
(algae and crostaceous) lower than analogoussadisng other common anions, such as
tetrafluoroborate and trifluoromethanesulforfate.

The hazard assessment on aquatic environment ofmtrpholinium series of ILs was
estimated using the standard MicrdtoXAcute Toxicity test system, determining the
effective concentration at 50% to the marine baater Vibrio fischeri. Ultimate
biodegradability was evaluated by the {@adspace test, using the test substances as the
only source of carbon for the inoculated environtakmicroorganisms. CCheadspace

test and MicrotoX bioassayV. Fisheri) were carried out according to Pretti et%l.

2.3.7.1 Toxicity

V. Fischeri: acutetoxicity: The ecotoxicological test data afeown in Figure 2.5
(expressed as log10 EfinM). DABCO- and morpholinium-based bromides, begutime
same alkyl side-chains as substituents on nitrogame characterized by similar EC
values. In the Figure 2.5 shown below the morphwimbromide salts bearing various

alkyl chains are compared with DABCO salts with shene corresponding alkyl chains.

5547
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Figure 2.5: Acute toxicity V. fisheri) values (EG) for DABCO- and morpholinium-based

ILs with different lateral chain lengths (€210) after 30 mins of incubation. Results are
expressed as average logl0{fKd)+standard deviationnE3). Dotted lines represent the
ECs values of parent compounds (DABCO ahdmethylmorpholine). Results are

expressed as average loglO{#Kl)+standard deviationnE3). Significance, tested by

oneway ANOVA, Tukey's multiple comparison tes<0.05), evidenced that each

DABCO-bar significantly differs from the other DABCQCus and that each

morpholinium-bar significantly differs from the @hmorpholinium-bars.
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Nevertheless, in both the series a strong coroglatietween toxicity and the alkyl side-
chain length was found; a monotonic decrease ig, E@lues for the bioluminescence
activity of V. fischeri with increasing chain length of ILs has been obesér The lowest
ECs values were 1.3:+0.1 for both DABCO C10 ahdmethylmorpholinium C10,
corresponding to an Egof app. 20+4.5 expressed as mM. The highesp E&ues were
5.6£0.1 and 5.2+0.1 for DABCO C2 ardtmethylmorpholinium C2, respectively. The
corresponding values expressed as mM were 378.382rd 161.90+31 for DABCO C2
andN-methylmorpholinium C2, respectively. Parent compmisiwere also tested: the &C
were 2.4+0.4 and 3.8+0.2 for DABCO am#imethylmorpholine, respectively. The C2

derivatives had higher Egcomparatively to the parent compound.

2.3.7.2 Biodegradability

The biodegradability of morpholinium-based bromides assessed by the Cizadspace
test. Concerning the sodium benzoate (referencetaud® curve, a difference in the
efficiency of biodegradation of about 10% was obsdrbetween filtered and not filtered
samples, probably related to the occurrence of ratiea phenomena. Under the
experimental conditions, the reference substaremched the maximum level of
biodegradation (90% in not filtered samples) betwetay 7 and day 14 and all
biodegradation rates of tested ILs were referregpaasentage of reference, as shown in
Figure 2.6, below.

MORPHOLINIUM ILs
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Figure 2.6: Percentage of biodegradability calculated for rhotimium ILs with different
lateral chain length (CZ10). Observations were performed after 7, 14, 21 2 days
from the inoculums. Experiments were carried outriplicate, levels were reported as
average datan€3).
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All investigated ILs showed a low percentage of deigradation €60%). The
biodegradation trend showed that the higher peagentof biodegradation is reached
between day 15 and day 21 after sampling. MorphotiniLs showed a biodegradation
efficiency lower than those of DABCO ILs: the percage of biodegradation varied from
30% (C2, day 28) to 3-5% (C6, C8 and C10, day 28)thla case, no significant
differences were found as a function of the alkgleschain on going from C6 to C10.
Observed time trends related to the total dissobrg@dnic carbon (TDC) measured in the
experimental vials have been reported in Figure Befow. Residual values higher than
30% (day 28) were observed for morpholinium molesul

MORPHOLINIUM ILs - total
dissolved organic carbon
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Figure 2.7: Percentage of total dissolved organic carbon (TDgjculated for
morpholinium ILs with different lateral chain lemgt(C2-C10). Observations were
performed at 0, 7, 14, 21 and 28 days from theuhuoas. Experiments were carried out in
triplicate, levels were reported as average datd)(

2.3.8 Discussion on Toxicity and Biodegradability

About the acute toxicity towardé fischeri, for morpholinium-based ILs an EgQvalue of
4.3 (expressed as log10 &®M) was reported by Stolte edlin the year 2007 foN-
methyl-N-butylmorpholinium bromide ([Mar/[Br]). This value is in agreement with our
results giving an E& (expressed as logl0 E£nM) of 4.7 for the same IL, although
Stolte et af* in the year 2007 used a different detection meifid#MIS toxs). On the
basis of the data represented in Figure 2.5, @vident that the transformation of both
DABCO andN-methylmorpholine into the corresponding bromidkssbearing short alkyl

chains reduces toxicity towards Fischeri except to C8 and C10. The comparison of the
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ECs, values characterizing starting amines and theesponding salts also shows that
small amounts of the unreacted starting substEABCO or N-methylmorpholine) cannot
significantly affect toxicity of the correspondirsglts. On the other hand, in agreement
with the behavior already evidenced with other (iinsidazolium, pyridinium, ammonium,
pyrrolidinium, piperidinium and so on), a corretati between toxicity to/. fischeri and
lipophilicity can be envisaged: toxicity increases increasing the alkyl chain length.
However, when ILs bearing alkyl chains of compagadength are considered,
morpholinium-based ILs show toxicity towardg.fischeri significantly lower than
imidazolium and pyridinium salts also referred iwl& et a?* in the year 2007). The
investigated morpholinium-based ILs did not showghhi levels of ultimate
biodegradability: mineralization in 28 days was il examined ILs lower than 60%;
consequently, none could be defined as “readilydbgradable”. However, the values
characterizing the morpholinium salts bearing thwrest alkyl chain (ethyl) were
significantly higher than those found for other ®&lid used imidazolium-, phosphonium-
and pyridinium-based ILs as referred in Pham &f ai the year 2010. Percentages of
biodegradation around 35% have been reported onlyrfidazolium-based ILs containing
an ester side group as shown in Harjani € &008, which is known to increase
significantly the biodegradability. Infact, compdréo the other ones there is a strong
increase in the ultimate biodegradability from dag onwards. However, all the
degradation patterns are included in a narrow ramigeéotal biodegradation and the
observed effect could be considered as a natwetlufhition of the density of the microbial
population. Concerning morpholinium, observed TD&ues remained close to 60% till
the end of the incubation. This behavior could bthlaue to differences in the equilibrium
processes and due to the different efficiency afratiial population in the degradation of
the dissolved fraction of the tested molecules. eMineless, it is noteworthy that in
morpholinium-based ILs, at variance with previoushwestigated imidazolium salts,
biodegradability does not increase on increasikgl @hain length on going from butyl to
octyl (C4—C8); consequently, the more biodegraddbdeate also less toxic 4. fischeri.
This suggests the presence of peculiar sites afegi@dation attack with respect to alkyl
substituted imidazolium, pyridinium and ammoniunitssaMoreover, considering that in
the case of C2 and C4 substituted salts the pereenfagodegradation corresponds to the
organic carbon content present in sites of the hgemlp near to the oxygen
(morpholinium), the hypothesis that this heteroatonay direct biodegradation favoring the
attack by mono-oxygenases can be advanced. On tter d&nand, in the case of

morpholinium ILs bearing longer alkyl chains, tleluced contribution of the headgroup
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carbons to the total amount of carbon and the plessiocidal effects could explain the
lower biodegradation.

2.3.9 Conclusion

A series ofN-alkyl-N-methylmorpholinium dicyanamides (alkyl 3i,.,, n=2, 3, 4, 5, 6,

7, 8 and 9) were synthesized starting from theesponding bromides and characterized.
All the dicyanamide salts were liquid at room tenapere. Their physical properties such
as density, viscosity and conductivity have beqgmearmentally measured in a broad range
of temperatures. Moreover, the absorption spedtsglected solvatochromic dyes in these
ILs and electrospray mass spectra of these ILsétoaitrile were measured to estimate the
ion association, polarity and hydrogen-bondingrad#@ons. The experimental results may
contribute to a better understanding of the strmacfroperty relationship of this type of
fluid.

In particular, these data show that morpholiniuraydhamides are characterized by a
significant ability to give clusters (ESI-MS measuents). ESI-MS, solvatochromic and
conductivity-viscosity measurements suggest that in the casenaypholinium salts
bearing long alkyl chains on cation, this clustbility is determined by the interaction
between nonpolamlkyl chains whereas in the case of [M@iN(CN),] Coulombic
interactions determine the supermolecular assenmtitiough at the moment we do not
have data about the structural features of theltheguthree-dimensional networks as
function of the alkyl chain length, we hypothesthat the absence oFs7interactions,
strongly contributing to the ion association in diazolium and pyridinium salts, the van
der Waals interactions between alkyl chains mayimecdeterminant to the cluster ability

of these ILs based on non-aromatic cations.
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Chapter 3

Design and Development of Glyceryl-Substituted lonic Liquids: Synthesis,
Characterization and Temperature-Dependent Properties

Abstract

A series of new ionic liquids (ILs) has been pregaby introducing the 1,2-dihydroxypropyl
(glyceryl) appendage in many quaternizable basegluding N-methylimidazole, N-
methylmorpholine, 1,2-dimethyl imidazoléy-methylpyrrolidine, N-methylpiperidine and 4-
hydroxy-Imethylpiperidine. The initially synthesized chlaidalts were then converted to the
corresponding dicyanamides as well as bistriflimid&lso the corresponding nitrate salt was
prepared for pyrrolidinium-based IL. Density, visity, conductivity and polarity of these ILs
were studied at different temperaturebl-methylN-glycerylpyrrolidinium dicyanamide,
[Pyrry JIN(CN),], has the lowest viscosity and highest condugtidmong all the studied
glyceryl-substituted ILs, in the investigated tematere range. The polarity of these ILs covers a
rather wide range and is strongly anion-depend@fitanges in KamlefTaft parameters
(dipolarity/polarizability ¢*), hydrogen-bond donor acidity: and hydrogen-bond basicit§)j

with temperature show interesting trends.

3.1 Introduction

There are few doubts that in this moment ionicitig(ILs) show enormous potential as reaction
media characterized by unusual and improved priggemvith respect to many molecular
solvents® Surely, the fact that they are composed of ionsaland are still liquid at ambient
conditions has been reason enough to evoke thalinitriosity among researchers. But, the
option of fine-tuning the physico-chemical propestiby an appropriate choice of cations and
anions is the fact that has stimulated much of dheent excitement with respect to these
compounds, which are consequently defined as “desigolvents However, for a rational
application of ILs that arises from a careful sttet of the optimal aniorcation combination
for each application, it is fundamental to know sioévent properties of this extremely large class
of compounds and how these properties change amgoiwalL structure. Most published work
has focused on ILs containing imidazolium catiofer these ILs, for example, it is generally
reported that polarity is close to that of shor&ided alcohols. Some parameters characterizing

ILs such as [emim][BN] and [bmim][T&N] are comparable to those of 2-butanol but this
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statement cannot be generalized; also for imidazolsalts polarity depends on anion and
eventually on the substituents present on thercafidA careful selection of an appropriate
solvent for a reaction under study requires howavgood and quantitative classification of the
solvent polarity. In a pioneeristic approach, Stbiivided the solvents into two groups
according to their ability to isomerize tautomez@mpounds. To some extent, his classification
reflects the modern division of solvents into hygkn-bond donor (HBD, protic) solvents and
non-hydrogen-bond donor (non-HBD, aprotic) solvents.

However, the ability of the medium to interact witissolved species, i.e. the solvent polarity, is
generally quantitatively evaluated using the sdedasolvatochromic dyes or probes. It has long
been known that UV/Vis/near-IR absorption specfral@mical compounds may be influenced
by the surrounding medium and that solvents camgbaebout a change in the position, intensity
and shape of the absorption bahfisiantzschlater termed this phenomenon solvatocisrmma
hypsochromic (or blue) shift of the UV/Vis/near-IRsarption band with increasing solvent
polarity is usually called “negative solvatochromfis The corresponding bathochromic (or red)
shift with increasing solvent polarity is termed o4itive solvatochromism”. Obviously,
solvatochromism is caused by differential solvatidrthe ground and first excited state of the
light-absorbing molecule (or its chromophore):with increasing solvent polarity, the ground-
state molecule is better stabilized by solvatioantthe molecule in the excited state, negative
solvatochromism will result. Or vice versa, bettgbilization of the molecule in the first excited
state relative to that in the ground state, wittréasing solvent polarity, will lead to positive
solvatochromism. In this context, “first excitedatsf’ means the so-called Franck-Condon
excited state with the solvation pattern preseattirally in the same position of the ground
state. Since the time required for a molecule toedectronically excited is much shorter than
that required to execute vibrations or rotatiohs, iuclei of the absorbing entity (i.e., absorbing
molecule + solvation shell) do not appreciablyraibeir positions during an electronic transition
(Franck-Condon principlé).In this context, the solvatochromism observed ddpeon the
chemical structure and physical properties of tir@mophore and the solvent molecules, which,
for their part, determine the strength of the imelecular solutesolvent interactions in the
equilibrium ground state and the Franck-Condon egcistate. Surely, depending on the
solute-solvent interaction(s), a solubilizing medium maye® a profound effect on the
electronic transition of a solute. In solvatochrorabsorbance and fluorescence probes, such
changes in electronic transitions are systemattb véaspect to some property of the medium.
Many of such properties, e.g., dipolarity/polariiy dipolarity, static dielectric constant,
hydrogen-bond donating (HBD) acidity, hydrogen-bawcdepting (HBA) basicity, etc., are
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readily manifested through molecular absorbanceflasrescence spectra of a variety of
solvatochromic probe§:111213

Although the changes in absorbance and/or fluonescef a solvatochromic probe with solvent
structure can be considered a direct consequendbeothanges in nonspecific and specific
solute-solvent interactions, also modifications in the gadies of the milieu, as a result of
changing conditions, for e.g. change in temperaama/or pressure, can affect the spectroscopic
property of a solvatochromic dye. Surely, temperatoias a profound effect on the physico-
chemical properties of a liquid and these lattéecfthe ability of the solvent to interact with a
dye

The temperature dependence of polarity parametefthermosolvatochromism” is a property
reported both in molecular solvents and ILs, howewthe temperature effect on the
solvatochromic shift in ILs is generally much mgm@nounced and therefore it is more easily
evaluable. Recently, El Seoud et 8lhave investigated the thermosolvatochromism iratyin
mixtures of water and ILs (1-allyl-3-alkylimidazotn chlorides) to assess the relative
importance of solutesolvent solvophobic interactions. Previously, thene group had reported
thermosolvatochromic behavior of certain dyes inemgs [bmim][BR] and compared it with
behaviors of aqueous alcohols in the temperaturgeralG-60°C® An earlier report on
thermosolvatochromic  behavior of chloro-nickel cdexes in  1-hydroxyalkyl-3-
methylimidazolium cation based ILs suggested changehe structure of the complex as the
temperature was chang®dinteresting results were found also by Kumar t Bl contrasting
thermosolvatochromic trends in three series of ilghe temperature range 2853 K. The
temperature-dependent polarity of [bomim]gP®as studied by Baker et #.emphasizing that
HBD strength of imidazolium cation was strongly tergiure-dependent but HBA abilities were
weak functions of temperature and added water. Sbuuti Trivedi et at® in the year 2010,
showed temperature-dependent behavior of solvatagbr probes within [bmim][P§,
[bmim][BF,], and aqueous mixtures of [bmim][@Fs found to depend on the identity of the
probe.

At variance with dialkyl-substituted imidazoliumltsa the solvents properties of functionalized
ILs have been only marginally investigated. Howevehas been shown that ILs bearing an
hydroxyl group on cation (hereafter as hydroxyl)lLehich were first reported by Branco et
al.!® endow classical ILs with useful polarity/solvatiproperties, and could replace traditional

alcohols in certain applications. Hydroxyl ILs wiasind to play an important role on the
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reaction. For example, addition of less than 1%rdwyyg ILs was sufficient to enhance the
enzyme activity by a factor of up to 4 and alsintwease the enantioselectivity of the reactfon.
Diels-Alder reactions sensitive to polarity proagbssn 1-methyl-3-hydroxyethylimidazolium
bistriflimide, [HOEMIm][Tf,N], produced a much higher erdro ratio as compared to other
ILs.?! Hydroxyl ILs were also suggested as an excellembilizer for the synthesis of
nanostructure materi&dt.For example, Rh nanoparticles can be readily sgitbe and stabilized
in hydroxyl containing ILs as compared to non-fumealized ILs, providing an effective and
highly stable catalytic system for biphasic hydma#on reactions. The hydroxyl group in ILs is
more effective than those in water and alcoholstardinate with the metal ion in the octahedral
configuration?® However, despite their extensive application ofifoxyl ILs and the large
number of studies published in the past few yesse of their unique properties remain poorly
understood, and little has been conducted to explwe relationship between ILs structure and

solvent polarity*

During the course of this PhD thesis, a seriesesi tLs has been prepared by introducing the
1,2-propanyldiol group in many quaternizable basegluding N-methylimidazole, N-
methylmorpholine, 1,2-dimethylimidazold\-methylpyrrolidine, N-methylpiperidine and 4-
hydroxy-1methylpiperidine. The physico-chemical and solvertperties for each of them by

changing their counter anions to bistriflimide, JNf~ and dicyanamide, [N(CM])” were studied.

3.2Materialsand M ethods:
3.2.1 Preparation of N-glyceryl-N-methylpyrrolidinium chloride[Pyrr, g][CI]

26.58 g of 3-chloro-1,2-propanediol (Acros-99%) veatsled dropwise over 1 h to a solution of
20.05 g ofN-methylpyrrolidine (Acros-98%) in 100 ml of acetailé (J.T. Baker, Deventer,
Holland) while stirring vigorously, and Nvas bubbled through the solution. The mixture was
refluxed for 4.5 days at 70°C. The molten salt wasadited, washed three times with 100 ml of
acetone, and dried on a rotovapor for 1 h at 45°@ufow pressure. The product was dried in
vacuum. If the product was found to have tracdsrofvn or yellowish color, then it was washed
again with acetone and recrystallized in acetoneryAtalline white solid was obtained and the
product yield was 75%@m=100+2°C.
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H NMR (250 MHz, BO) & in ppm=4.28 (pJ=5.71 Hz, 1H, CHN*-CH,-CH(OH)-CH,(OH) );
3.36-3.63 (M, 4H, B,-N*-CH)) ; 3.15 (s, 3H, E3-N"-CH,- CH(OH)-CH,(OH)); 3.36-3.63 (m,
4H, CHy-N*-CH,- CH(OH)-CH»(OH)); 2.23 (M, 4H, -@l,-CH,-N+-CH,-CH-).

13C NMR (63 MHz, BO): & in ppm= 20.48 (-CHCH,-N*-CHy,- CHy-); 21.31 (CH,-CH,-N*-
CH,- CH,-); 63.56 (CH-N*-CH,) ; 65.51, 65.79 (CHIN"-CH,- CH(OH)-CH,(OH)); 48.46
(CHz-N*-CH,- CH(OH)-CH,(OH)); 66.68 (-CH-CH,-N*-CH,- CH(OH)-CH,(OH)).

3.2.2 Preparation of 1-glyceryl-2,3-dimethylimidazolium chloride[DM 1, g][CI]

31.16 g of 3-chloro-1,2-propanediol (Acros-99%) vealsled dropwise over 1 h to a solution of
27.1 g of dimethylimidazole (Aldrich-98%) in 100 rof acetonitrile (J.T. Baker, Deventer,
Holland) while stirring vigorously, and Nvas bubbled through the solution. The mixture was
refluxed for 4.5 days at 70°C. The molten salt wasatited, washed three times with 100 ml of
acetone, and dried on a rotovapor for 1 h at 45°@ufow pressure. The product was dried in
vacuum. If the product was found to have tracdsroin or yellowish color, then it was washed
again with acetone and recrystallized in acetoneryatalline white solid was obtained and the
product yield was 69%@m= 115+2°C.

'H NMR (250 MHz, RO) & in ppm= 2.80 (s, 3H,N=C-CH,); 3.84 (s, 2H, C-N-8,-CH(OH)-
CH2(OH) ); 3.98 (s, 3H CH-N-83); 4.29 (m, 1H, CH-N-CHCH(OH)-CH-H(OH)); 4.35 (m,
1H, CH-N-CH-CH(OH)-CHH(OH)); 4.46 (m, 1H, CH-N-CKHCH(OH)-CH,(OH)); 7.55 (M,
2H, N-CH=CH-N).

3C NMR (63 MHz, BO): & in ppm= 6.79 (CHN'-C-CHj); 32.34 (=C-N-CH,-CH(OH)-
CH,(OH)); 47.97 (N-CHj); 60.08 (=C-N-CH,-CH(OH)-CH,(OH)); 67.79 (=C-N-CH,-
CH(OH)-CH,(OH)); 118.99, 119.92GH=CH).

3.2.3 Preparation of N-glyceryl-N-methylpiperidinium chloride [Pip,g][Cl]

22.74 g of 3-chloro-1,2-propanediol (Acros-99%) veasled dropwise over 1 h to a solution of
20.4 g ofN-methylpiperidine (Aldrich-99%) in 100 ml of acettiiie (J.T. Baker, Deventer,

Holland) while stirring vigorously, andJNvas bubbled through the solution. The mixture was

81



Chapter 3

refluxed for 4.5 days at 70°C. The molten salt wasadited, washed three times with 100 ml of
acetone, and dried on a rotovapor for 1 h at 45°@ufow pressure. The product was dried in
vacuum. If the product was found to have tracdsrofvn or yellowish color, then it was washed
again with acetone and recrystallized in acetoneryAtalline white solid was obtained and the
product yield was 95%@m=115+2°C.

'H NMR (250 MHz, DO) & in ppm=1.61-1.68 (M, 2H,CH,-CH,-CH,-N*-CH,-CH(OH)-
CH,(OH) ); 1.85-1.87 (m, 4H, B,-CH,-N*-CH,-CH,); 3.13 (s, 3H, @3-N"-CH,- CH(OH)-
CH,(OH)); 3.41-3.56 (M, 4H, CHN*-CH,- CH(OH)-CH,(OH)); 3.413.56 (M, 4H, -CH-CH,-
N*-CH,- CH,-); 4.26 (p,J =5.4, 1H, -G -CH,-N*-CH,-CH,-).

13C NMR (63 MHz, DO): & in ppm= 48.91 (-CHN*-CHs); 20.34 (CH-N*-CH,-CH,-CH,-
CHy); 63.63 (CH-N*-CH,-CH,-CH,-); 64.91 (CH-N*-CH,-CH,-CH,-); 65.63 (CH-N*-CH,-
CH(OH)-CH,(OH) ); 19.50 (CH-N*-CH,-CH,-CH,-CH,-CH,-); 62.02 (CH-N*-CH,-CH(OH)-
CHa(OH)).

3.2.4 Preparation of 1-glyceryl-1-methyl-4-hydroxypiperidinium chloride [FHM Pip, ¢][Cl]

23.47 g of 3-chloro-1,2-propanediol (Acros-99%) veatsled dropwise over 1 h to a solution of
24.43 g ofN-methyl-4-hydroxy piperidinium chloride (Acros-98%)100 ml of acetonitrile (J.T.
Baker, Deventer, Holland) while stirring vigorousbnd N was bubbled through the solution.
The mixture was refluxed for 4.5 days at 70°C. Thaltem salt was decanted, washed three
times with 100 ml of acetone, and dried on a ropoue for 1 h at 45°C under low pressure. The
product was dried in vacuum. The product was diesbin ethanol to obtain the pure compound.
The product obtained was a brown solid which ttelisticky to the glass. The product yield was
85%. Tm=110£2°C.

'H NMR (250 MHz, BO) & in ppm=2.176 (m, 2H, OH-CH4&,-CH,-N*-CHj); 2.37 (m, 2H,
OH-CH-CH,-CH,-N*-CHjy); 3.57 (s, 3H, €3-N*-CH,-CH(OH)-CH,(OH)); 3.65-3.74 (m, 8H,
(CHy)-N"-CH,-CH(OH)-CH,(OH)); 3.78 (m, 1H, ChN'-CH,-CH(OH)-CH,(OH)); 3.80 (m,
1H, CHy>-CH(OH)-CH,-CH,-).

13C NMR (63 MHz, BO): 5 in ppm=24.39, 24.55 GH,-CH(OH)-CH,-); 46.05 CH3-N*-CH,-
CH(OH)-CH,(OH)); 55.76, 56.10, 56.45@H,),-N*-CH,-CH(OH)-CH,(OH)); 59.47 (CH-N*-
CH,-CH(OH)-CH,(OH)); 60.98 (CH-N*-CH,-CH(OH)-CH,(OH)); 63.15 ((-CH-CH(OH)-
CH,-).
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3.2.5 Preparation of N-glyceryl-N-methylmor pholinium chloride[Mor 4 ¢][Cl]

33.05 g of 3-chloro-1,2-propanediol (Acros-99%) veatsled dropwise over 1 h to a solution of
30.24 g ofN-methylmorpholine (Acros-99%) in 100 ml of acetoitetr(J.T. Baker, Deventer,
Holland) while stirring vigorously, and Nvas bubbled through the solution. The mixture was
refluxed for 4.5 days at 70°C. The molten salt wasatited, washed three times with 100 ml of
acetone, and dried on a rotovapor for 1 h at 45°@ufow pressure. The product was dried in
vacuum. If the product was found to have tracedrofvn or yellowish colour, then it was
washed again with acetone and recrystallized imoaee A crystalline white solid was obtained
and the product yield was 75%m=137+2°C.

'H NMR (250 MHz, BO) & in ppm=3.31 (s, 3H, CHN"-CH5); 4.34 (p, 1H, CHN"-CH,-
CH(OH)-CH,(OH)); 3.60 (m, 8H, (E,),-N*-CH,-CH(OH)-CH,(OH)); 4.05 (m, 4H, -E,-O-
CH,-).

3C NMR (63 MHz, BO): & in ppm= 47.8 (-CHN*-CHy); 63.06 (CH,-O-CH,-); 59.90 (CH-
N*-CH,-CH(OH)-CH(OH)); 60.11 (€H,-N*-CH,); 60.51 (CH-N*-CH,-CH(OH)-CH,(OH));
65.83 (CH-N*-CH,-CH(OH)-CH,(OH)).

3.2.6 Preparation of N-glyceryl-N-methylimidazolinium chloride[M 1M g][CI]

34.67 g of 3-chloro-1,2-propanediol (Acros-99%) veatsled dropwise over 1 h to a solution of
25.75 g ofN-methylimidazole in 100 ml of acetonitrile (J.T. Bak®eventer, Holland) while
stirring vigorously, and Nwas bubbled through the solution. The mixture vedkixed for 4.5
days at 70°C. A colorless viscous liquid was formaddch was decanted, washed three times
with 100 ml of acetone, and dried on a rotovaporlft at 45°C under low pressure. The product
was dried in vacuum. The product yield was 75%.

IH NMR (250 MHz, BO) & in ppm= 3.3 (m, 1H, -NCH,-CH(OH)-CH,-OH); 3.68 (m, 2H,
N*-CH,-CH(OH)-CH,-OH); 3.88 (m, 2H, -K-CH,-CH(OH)-CH-OH); 3.63 (s, 3H, -KCHy);
6.76 (s, 1H, N-BI=CH-N'-); 6.84 (s, 1H, N-CH=6-N*-); 7.29 (s, 1H, -KECH-N-CHy).

3C NMR (63 MHz, BO): & in ppm= 53.9 (-N-CH,-CH(OH)-CH-OH); 68.1 (-N-CH,-
CH(OH)-CH,-OH); 74.4 (-N-CH,-CH(OH)-CH,-OH); 46.8 (=HC-NECHy); 126.2 (CH-N-
CH=CH-N"); 143.4 {N=CH-N-CH).
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Figure 3.1: Structures of glyceryl-substituted chloride datives. 3.1§) [MIM 4 J[CI]; (b)
[DMI J[CI]; (c) [Pyrr, J[CI]; (d) [Pipy JICI]; (€) [FHMPip, J[CI] and () [Mor, [CI].

3.2.7 Preparation of N-methyl-N-glycerylpyrrolidinium dicyanamide ([Pyrrq g][N(CN),])

To a colorless solution of [PYrg[N(CN),] (15.00 g, 0.07665 mol) in water (100 ml) 0.07818
mol of silver dicyanamide (white solid, freshly peeed from AgN@ and NaN(CN)in water)
was added. The mixture was stirred for 3 h at 408ffer cooling at room temperature the
precipitate was filtered off, washed with water 12xml) and the resulting colorless aqueous
solution (approximately 200 ml) was heated to 70A@ar vacuum for 1 h to remove the water.
The colorless liquid was dissolved in anhydroudaue (Carlo Erba reagents, HPLC grade, 200
ml), and the solution was cooled-&0°C for 48 h. This was done to remove any silvéts sh
present. The silver salts were filtered on a gféltsr (porosity 5) containing two different
powdered layers of 1 cm each:- celite (lower layer) decolorizing charcoal (upper layer). The
solvent was removed under vacuum (Z%¥m Hg, 80°C, 6 h) to give the pure colorless IL.
The product yield was 82%.

'H NMR (250 MHz, BO) & in ppm=2.23, 2.22 (m, 4H, -GHCH,-CH,-CH,- ); 3.24 (s, 3H,
CH3-N*-CH,- CH(OH)-CH,(OH)); 3.38-3.63 (m, 8H, (&l,),N*-CH,- CH(OH)-CH,(OH));
4.21 (M, 1H, CHN*-CH,- CH(OH)-CH,(OH)).

13C NMR (63 MHz, BO): & in ppm= 17.54, 18.38 GH,-CH,-N*-CH,- CH,-); 63.56 (CH-N'-
CH,) ; 62.84, 62.56 (CHIN*-CH,- CH(OH)-CH,(OH)); 60.60 (-CH-N*-CH,-); 45.46 CHz-N"-
CH,- CH(OH)-CHy(OH)); 63.72 (-CH-CH,-N*-CH,- CH(OH)-CH,(OH)); 116.95 (NCN),).
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3.2.8 Preparation of 1-glyceryl-2,3-dimethylimidazolium dicyanamide [DM I, g][N(CN)_]

To a colorless solution of [DMI[CI] (15.00 g, 0.0726 mol) in water (100 ml) 0.0B4thol of
silver dicyanamide (white solid, freshly preparedni AgNO; and NaN(CN) in water) was
added. The same procedure like the one of [ByiN(CN),] was repeated. The product yield

was 76%.

H NMR (250 MHz, BO) & in ppm= 2.63 (s, 3HN=C-CHs); 3.65 (m, 2H, C-N-El-CH(OH)-
CH2(OH) ); 3.81 (s, 3H CH-N-B;); 4.04 (m, 1H, CH-N-CBRCH(OH)-CH-H(OH)); 4.12 (m,
1H, CH-N-CH-CH(OH)-CHH(OH)); 4.34 (m, 1H, CH-N-CHCH(OH)-CH,(OH)); 7.39 (m,
2H, N-CH=CH-N).

3C NMR (63 MHz, BO): & in ppm= 6.23 (CHN*-C-CHs); 31.80 (=C-N-CH,-CH(OH)-
CHo(OH)); 47.44 (N-CHj); 59.56 (=C-N-CH,-CH(OH)-CH,(OH)); 67.21 (=C-N-CH,-
CH(OH)-CH,(OH)); 118.47, 119.37GH=CH); 118.13 (N(CN)).

3.2.9 Preparation of N-glyceryl-N-methylpiperidinium dicyanamide [Pip; g][N(CN),]

To a colorless solution of [Pig[CI] (15.00 g, 0.07153 mol) in water (100 ml) 0.@&2mol of
silver dicyanamide (white solid, freshly preparedni AgNO; and NaN(CN) in water) was
added. The same procedure like the one of [BfiN(CN),] was repeated. The product yield

was 87%.

'H NMR (250 MHz, DO) & in ppm=1.6%1.75 (p, J= Hz, 2H, -GH,-CH,-CH,-N*-CH,-
CH(OH)-CH,(OH) ); 1.92-1.94 (m, 4H, ®,- CH,-N*- CH,-CH,) ; 3.19 (s, 3H, €l3-N*-CH,-
CH(OH)-CH,(OH)); 3.36-3.59 (m, 4H, CH-N*-CH,- CH(OH)-CH,(OH)); 3.36-3.59 (m, 4H, -
CH,-CH,-N*-CH,- CH,-); 4.31 (p, 1H, -ChCH,-N*-CH,-CH(OH)-CH,OH).

3C NMR (63 MHz, BO): & in ppm= 45.99 (-ChN*-CHy); 16.65 (CH-N"-CH,-CH,-CH,-
CHy-); 63.63 (CH-N"-CH,-CH,-CH,-); 64.91 (CH-N*-CH,-CH,-CHy-); 65.63 (CH-N*-CH,-
CH(OH)-CH,(OH) ); 19.50 (CH-N*-CH,-CH,-CH,-CH,-CH,-); 62.02 (CH-N*-CH,-CH(OH)-
CH,(OH)).
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3210 Preparation of 1-glyceryl-1-methyl 4-hydroxypiperidinium dicyanamide
[FHMPip; g][N(CN),]

To a colorless solution of [FHMPig[CI] (20 g, 0.08861 mol) in water (100 ml) 0.0908®I of
silver dicyanamide (white solid, freshly preparedni AgNO; and NaN(CN) in water) was
added. The same procedure like the one of [BfiN(CN),] was repeated. The product yield
was 69%.

'H NMR (250 MHz, BO) & in ppm=1.9%1.98 (m, 2H, OH-CH-B,-CH,-N*-CHy); 2.14-2.21
(M, 2H, OH-CH-CGH,-CH,-N*-CHy); 3.24 (s, 3H, El3-N*-CH,-CH(OH)-CH,(OH)); 3.42-3.71
(m, 8H, (H,);N*-CHyCH(OH)-CH,(OH)); 4.054.09 (m, 1H, CHN'-CH,-CH(OH)-
CH,(OH)); 4.30-4.33 (m, 1H, CH-CH(OH)-CH,-CH,-).

13C NMR (63 MHz, BO): 8 in ppm=24.16, 24.30 GH,-CH(OH)-CH,-); 45.76 CH3-N*-CH,-
CH(OH)-CHy(OH)); 55.79, 55.80, 55.82GH,),-N*-CH,-CH(OH)-CH,(OH)); 59.27 (CH-N*-
CH,-CH(OH)-CH,(OH)); 60.70 (CH-N'-CH,-CH(OH)-CH,(OH)); 62.91 ((-CH-CH(OH)-
CH,-); 116.91 (NCN),).

3.2.11 Prepar ation of N-glyceryl-N-methylmor pholinium dicyanamide ([M or; g][N(CN),])

To a colorless solution of [Meg][Br] (15.00 g, 0.07085 mol) in water (100 ml) 0.@&mol of
silver dicyanamide (white solid, freshly preparedni AgNO; and NaN(CN) in water) was
added. The same procedure like the one of [BfiN(CN),] was repeated. The product yield

was 83%.

'H NMR (250 MHz, BO) & in ppm=3.34 (s, 3H, CHN'-CH3); 4.31-4.40 (p, 1H, CHN*-CH,-
CH(OH)-CH,(OH)); 3.573.71 (m, 8H, (&l,),-N*-CH,-CH(OH)-CH,(OH)); 4.08 (m, 4H, -
CH,-O-CH ).

13C NMR (63 MHz, DO): & in ppm= 45.27 (-CKN*-CHj); 60.60 (CH,-O-CH,-); 57.43 (CH-
N*-CH,-CH(OH)-CHy(OH)); 57.65 (CH,-N"-CH,); 58.05 (CH-N*-CH,-CH(OH)-CH,(OH));
63.40 (CH-N*-CH,-CH(OH)-CH,(OH)); 116.97 (N(CNy).

3.2.12 Prepar ation of 1-glyceryl-3- methylimidazolium dicyanamide [M 1M g][N(CN)_])

To a colorless solution of [MIMJ][CI] (15.00 g, 0.07787 mol) in water (100 ml) 0.@i29mol of

silver dicyanamide (white solid, freshly preparedni AgNO; and NaN(CN) in water) was
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added. The same procedure like the one of [BfiN(CN),] was repeated. The product yield

was 72%.
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Figure 3.2: Structures of glyceryl-substituted N(GNjerivatives. 3.2) [MIM 1 J[N(CN),]; (b)
[DMI JIN(CN)]; (c) [Pyrr dIN(CN).]; (d) [FHMPip, [N(CN)]; (€) [Mory [N(CN)] and )
[Pip J[N(CN).].

3.2.13 Prepar ation of N-methylpyrrolidinium bistriflimide ( [Pyrr[Tf,N])

To a colorless solution of [Pyrg[Cl] (15.00 g, 0.07665 mol) in water (100 ml) ecaitar
amount of LiTN (io-li-tec) in 50 ml of water was added. The ripg was stirred for 3 h at
40°C. Immediately two separate layers were obtaiiied.product being more denser than water
formed the lower layer. The product was not soluhl€H,Cl, as well as acetone and three
layers were formed when GEl,, water and IL was kept in the separating funnestamyn in
Figure 3.4, below. The water was taken at eachnateafter a wash and AgNCtest was
performed to check the presence of halide. The #is washed 5 times to obtain a colourless
transparent solution after AgN@est. The pictures of the 5 washes are shown beldwigure
3.5. The lowest part i.e. the desired IL was ctdldclt was dried in rotary at 40°C under vacuum
for 1 hr. The colourless liquid was dissolved irhygirous acetonitrile (Carlo Erba reagents,
HPLC grade, 200 ml), and the solution was coolee?@°C for 48 h. This was done to remove
any halide salt (LiCl), if present, and this made th completely pure. The lithium salts were
filtered on a glass filter (porosity 5) containihgo different powdered layers of 1 cm each:-
celite (lower layer) and decolourizing charcoaleplayer). Charcoal was added only in case if
the IL were brown or yellow coloured. The solverswemoved under vacuum (2xiéhm Hg,
80°C, 6h) to give the pure colourless IL. The prddirld was 82%.
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'H NMR (250 MHz, CQCN) & in ppm=4.22 (p,J=5.71 Hz, 1H, CHN*-CH,-CH(OH)-
CH,(OH) ); 3.29-3.58 (M, 4H, 1,-N*-CH,) ; 3.17 (s, 3H, €l5-N"-CH,- CH(OH)-CH,(OH));
3.29-3.58 (M, 4H, CHN*-CH,- CH(OH)-CH,(OH)); 2.28 (M, 4H, -@l,-CH,-N+-CH,-CH,-).

13C NMR (63 MHz, BO): & in ppm= 20.48 (-CHCH,-N*-CHy,- CHy-); 21.31 (CH,-CH,-N*-
CH,- CH,); 63.56 (CH-N*-CH,) ; 65.51, 65.79 (CHIN"-CH,- CH(OH)-CH,(OH)); 48.46
(CHs-N*-CH,- CH(OH)-CHy(OH)); 66.68 (-CH-CH,-N*-CH,- CH(OH)-CH,(OH)), 122 (T{N).

3.2.14 Prepar ation of 1-glycerol-2,3-dimethylimidazolium bistriflimide [DM 14 g][Tf,N]

To a colorless solution of [DMJ][CI] (10.00 g, 0.04816 mol) in water (100 ml) anuégolar
amount of LiTEN (io-li-tec) in 50 ml of water was added. The sapnecedure like in case of
[Pyrr, J[Tf,N] was carried out. The product yield was 69%.

H NMR (250 MHz, BO) & in ppm= 2.80 (s, 3HN=C-CH,); 3.84 (s, 2H, C-N-8,-CH(OH)-
CH2(OH) ); 3.98 (s, 3H CH-N-83); 4.29 (m, 1H, CH-N-CHCH(OH)-CH-H(OH)); 4.35 (m,
1H, CH-N-CH,-CH(OH)-CHH(OH)); 4.46 (m, 1H, CH-N-CHCH(OH)-CH,(OH)); 7.55 (m,
2H, N-CH=CH-N).

3¢ NMR (63 MHz, BO): & in ppm= 6.23 (CHN*-C-CHs); 31.80 (=C-N-CH,-CH(OH)-
CH,(OH)); 47.44 (N-CHg); 59.56 (=C-N-CH,-CH(OH)-CH,(OH)); 67.21 (=C-N-CH,-
CH(OH)-CH,(OH)); 118.47, 119.37QH=CH); , 122 (T§N).

3.2.15 Prepar ation of N-glyceryl-N-methylpiperidinium bistriflimide[Pip, g][Tf,N]

To a colorless solution of [Pip1,g][Cl] (15.00 g0©665 moal) in water (100 ml) an equimolar
amount of LiT§N (io-li-tec) in 50 ml of water was added. The sapnecedure like the one of

[Pyrr, J[Tf,N] was carried out. The product yield was 73%.

H NMR (250 MHz, BO) J in ppm=1.6%1.75 (p,J= Hz, 2H, -GH,-CH,-CH,-N*-CH,-
CH(OH)-CHy(OH) ); 1.92-1.94 (m, 4H, €1, CH,-N*- CH,-CH.) ; 3.19 (s, 3H, El5-N*-CH,-
CH(OH)-CHy(OH)); 3.36-3.59 (m, 4H, CH-N*-CH,- CH(OH)-CH,(OH)); 3.36-3.59 (m, 4H,
CH,-CH,-N*-CH,- CH,-); 4.31 (p, 1H, -Ch-CH,-N*-CH,-CH(OH)-CH,OH).

13C NMR (63 MHz, BO): & in ppm= 45.99 (-CKN*-CHj3); 16.65 (CH-N*-CH,-CH,-CH,-
CH,-); 63.63 (CH-N*-CH,-CH,-CH,-); 64.91 (CH-N*-CH,-CH,-CH,-); 65.63 (CH-N*-CH,-
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CH(OH)-CHy(OH) ); 19.50 (CH-N*-CHy-CH,-CHy-CH,-CH,-); 62.02 (CH-N*-CH,-CH(OH)-
CH,(OH)), 122 (TEN).

3.216 Preparation of N-glyceryl-N-methyl 4-hydroxypiperidinium bistriflimide
[FHMPipy gl [TfN]

To a colorless solution of [FHMPg[CI] (13.05 g, 0.0578 mol) in water (100 ml) an é@qalar
amount of LiT§N (io-li-tec) in 50 ml of water was added. The sapnecedure like the one of

[Pyrr, J[Tf,N] was carried out. The product yield was 5%as a hard sticky liquid.

3.2.17 Prepar ation of N-glyceryl-N-methylmor pholinium bistriflimide ([Mor, o] [Tf,N])

To a colourless solution of [Mgg[CI] (15.00 g, 0.0708 mol) in water (100 ml) an éqalar
amount of LiTEN (io-li-tech) in 50 ml of water was added. The sapnocedure like the one of

[Pyrr, J[Tf,N] was carried out. The product yield was 82%.

'H NMR (250 MHz, BO) & in ppm=3.34 (s, 3H, CHN"-CH5); 4.31-4.40 (p, 1H, CH-N"-CH,-
CH(OH)-CH,(OH)); 3.573.71 (m, 8H, (&l,),-N*-CH,-CH(OH)-CH,(OH)); 4.08 (m, 4H, -
CH,-O-CH ).

3C NMR (63 MHz, RO): & in ppm= 45.27 (-CBN*-CHj); 60.60 (CH,-O-CH,-); 57.43 (CH-
N*-CH,-CH(OH)-CH,(OH)); 57.65 (€H,-N*-CH,); 58.05 (CH-N*-CH,-CH(OH)-CH,(OH));
63.40 (CH-N*-CH,-CH(OH)-CH,(OH)); 122.4 (T}N).

3.2.18 Synthesis of N-glyceryl-N-methylimidazolium Tf,N" ([MIMg][Tf,N])

To a colorless solution of [MIMJ[CI] (15.00 g, 0.07786 mol) in water (100 ml) anuégolar
amount of LiT§N (io-li-tec) in 50 ml of water was added. The sapnecedure like the one of

[Pyrr, J[Tf,N] was carried out. The product yield was 85%.
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Figure 3.3: Structures of glyceryl-substituted ,Nf derivatives. &) [MIM {[Tf,N]; (b)
[DMI 4 J[TfoN]; (€) [Pyrr J[ToN]; (d) [FHMPipy J[TfoN]; (€) [Mory J[TfoN] and )
[Pipyd[Tf2N].

Commonly, all the [TIN]™ based ILs, having the glyceryl group on cationeveot soluble in
less quantity of water but were highly soluble witle@ amount of water was increased. Firstly,
the TEN was thought to be soluble in @El, and hence we added gEl, to it as in less water
the IL was not soluble. Thus, we obtained threeassp layers as shown below in Figure 3.4.
The lowest layer was the desired IL withbN'fanion and the middle layer was @, and the
top most layer was water with all halides dissolwedt (it was assumed to have dissolved the
maximum amount of halide in it). Hence, we can gt these type of ILs are very useful for
extraction purposes in which the ILs are exceptigrfarming different layers with organic
solvent and water. Those these type of ILs weretdelin CHCN and all of them were washed

in it to assume 100% removal of all halide salts.

Figure 3.4: Separating funnel showing three different lay@)dl( (lowest layer); b) CH,Cl,
(middle layer) andd) H,O (topmost layer).
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The topmost layer (aqueous layer) was treated i@ nitrate and when it was found positive,
it was discarded and the entire system was wadlead with fresh distilled water. The AgNO
tests were performed atleast 4 times, and mosgifired, unless the test was 100% negative.

Figure 3.5: This figure represents various washings of AgN®@st from ' to 4" The
precipitations decrease as we move from figutso( @) (they are marked on the test-tubes).

3.2.19 Prepar ation of N-glyceryl-N-methylpyrrolidinium nitrate ([Pyrr, ][NO4])

To a colorless solution of [Pyrg[Cl] (15.00 g, 0.0767 mol) in water (100 ml) an @qalar
amount of NaN@(RPE ACS) in 50 ml of water was added. The mixture stared for 24 h at
60°C. After stopping the reaction, the water wasaesd in the rotary at 60°C. Then acetonitrile
was added to remove the NaCl salts (acetone wassedtas IL was not soluble in acetone might
be due to the glyceryl moiety). Then the soluticasMiltered in normal filter paper and then the
entire solution was filtered on a glass filter @ity 5) containing two different powdered layers
of 1 cm each:- celite (lower layer) and decolozitharcoal (upper layer). The charcoal was
used in filter because the IL was yellowish-colaur&€he solvent was removed under vacuum

(2x10° mm Hg, 80°C, 6h) to give the pure colourless ILe finoduct yield was 79%.

Table 3.1a: Melting points of various glycerol chlorides

Compounds Melting points (°C)

[Pyrr JICI] 100+2

[PipyJIC] 11542

[DMI { J[CI] 11542

[Mory J[CI] 13742
[FHMPip, J[CI] 11042

[MIM ( J[CI] Viscous liquid which can flow

91



Chapter 3

3.3 Determination of some Physico-Chemical Parameters

Since the data on the purity of ILs are criticalth® assessment of their physico-chemical
properties and the polarity of ILs was reportedbéowater sensitive, before every test of probe
behavior the purity of ILs was first determined. ®osure that the water and other volatile
solvents in ILs was reduced as low as possibleéh #aavas kept in a vacuum (pressure 310
mbar) with stirring at 80°C for at least 24 h priorperform any measurement; contact with air
was avoided during the measurements. The puriteawh IL was first verified by NMR
spectroscopy to check for residues of unreactettaets or residual solvents.

Density was examined by the weight method at 25°Cnd@ctance measurements were
performed using a CON 510 bench meter supplied wihductivity/TDS electrode. This
electrode has a stainless steel ring and a cebtaohof K=1.0 crit. It also has an inbuilt

temperature sensor for automatic temperature cosagien. Viscosity and rheological

measurements were conducted using a Brookfield DW¥ro concentric cylinder viscometer.
Data were determined at shear rate ranging from 200 §. All the data were measured near

room temperature and are shown below in Table 3.1b.

Table 3.1b: Physical Properties of ILs

N
C PM K S Vis Density
Salt mol cm?® Scmt cn? (cP) (g/ml)

(at30°C) mol at30°C

Py gINCN) 00054 2262 184 ™ 034 3227 122
[DMI,JIN(CN);]  0.0056 237.2 0.323x10 0.05 1141 1.32
[PipLJIN(CN)] 0.0049 2403 0272xFf0 005 9703  1.18
[FHMPip, JINCN);] ~ 0.0057 256.3 0.232xT0 0.04  ND 1.47
[Mor, JIN(CN),]  0.0056 2422 0.108x7T0 0.01 5367 1.37
[MIM 1 JIN(CN),] ~ 0.0059 2232 0.440xT0 0.07 9324  1.31

[Pyrry JITFN] 0.0035 4404 0643xT0 0.18 3227 155
[DMI  J[TfN] 0.0036 451.4 0.095xT0 0.02 ND 1.62

[PipLd[Tf2N] 0.0032 4850 0.461xTF0 0.14 7562  1.57
FHMPp TN 470.5 0.3%247 e ND ND
[Mory J[Tf,N] 0.0035 4564 0.033x1¢ 0.00 ND 1.61
[MIM 4, J[Tf,N] 0.0037 4374 0.360xT0 0.09 7665  1.61

C, molar concentration at 25°C for N(GMplts and at 35°C for ¥ salts;k, ionic conductivity at
25°C; A\, molar conductivity at 25°C. Vis=viscosity
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3.4 Determination of E+(30) and Kamlet-Taft Parameters

UV-Vis absorption spectra of three solvatochromjesi(Reichardt’s betaine dyd,N-diethyl-4-
nitroaniline and 4-nitroaniline) dissolved in ILere taken in a quartz cell with light path length
of 1 mm on a Cary 2200 spectrophotometer 800 nm). Individual stock solutions of
Reichardt's betaine dyeN,N-diethyl-4-nitroaniline and 4-nitroaniline were pered in
dichloromethane. In order to prepare a given dyefilution, the appropriate amount of the dye
stock solution was micropipetted into a clean dmantg cuvette. Residual dichloromethane was
evaporated under gentle stream of argon gas. TheaH_then added to the cuvette. The cuvette
was then capped and sealed and the sample was ritixeth appropriate time before the

experimental measurements.
3.5 Results and Discussions
3.5.1 Physico-Chemical Properties

For all synthesized glyceryl-substituted ILs th@damental properties including densiig),(
viscosity (7) and conductivity §) were measured after accurate drying (see abaw)tle
corresponding data are shown in Table 3.1b (abdV&).density §) values lie in the range 1.62
to 1.18 g/ml. Thus, a moderate effect of cationcttire on density and a more significant anion
effect can be evidenced: i) dicyanamide salts hiaweer densities than the bistriflimide
analogues; ii) the introduction of oxygen on catimmre increases the density. Morpholinium
salts have higher densities than piperidium, theodtuction of an hydroxyl group on the
piperidinium cation increases the density. Nevdef® the cation and anion structure
significantly affect viscosity/). It is to note that in Table 3.1b, the viscosigjues are reported
at 30°C as some of these salts are extremely vidimpuds at lower temperatures. For the same
reason all the conductivities are reported at 30°C.

The temperature dependence of viscosity was irgadstil, with few exceptions, in the range 20
to 80°C. In the case of the dicyanamide salts, dymanscosity (Table 3.2) decreases on
increasing the temperature: at lower temperataihesyiscosity decrease is significant whereas a

more gentle descent behavior can be observed lahigmperatures (Figure 3.6).
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Table 3.2: Viscosity values for six dicyanamide salts

T (K) [DMI 4 g [Pipyd [Pyrrid [Moryd [MIM 1 [FHMPipy ¢
cP cP cP cP

Cp cP
293 32275 2433 619.2 ND  2599.5 ND
303 1141 970.3 322.7 5367 932.4 ND
313 470 461.4 179.6 1636 414.1 2007
323 2215 2435 1049  691.3 201.6 7987
333 126.5 140.1 53.7 349.5 114.2 4140 °ND=
343 72 88.9 450 2017 66.9 2267  The
353 46 56.9 35.1 122.8 43.1 125.3 VIscosl

ty
could not be determined as it was highly viscous.
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Figure 3.6: Viscosity behavior of glyceryl N(CN)ompounds

The Arrhenius plots of viscosity according to ejjdfe shown in Figure 3.7.
Inn = InA + E/RT 1)
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Figure 3.7: Arrhenius plots of viscosity for dicyanamide-basgggteryl ILs

These plots present a distinct curvature (see AgiperHowever, the values of,EA and the
linear fitting parameters @Robtained are listed in Table 3.3. According te tlalues of R the
five salts were approximately fit by the Arrhenio®del in this temperature interval. It is
however to note that all ILs exhibit high energyrleas, in agreement with the elevated viscosity
values.

Table 3.3: Arrhenius Fitting parameters and Vogel-Tammarchet (VTF) parameters for

viscosity behavior as a function of temperatureQN),)

Compounds E, A R’ No B To R’
kImor* | 10'cP cP K K
[Pyrry d 42.48 0.11 0.984 0.07 1125 (543) 168 0.9990
[DMI 4 ¢ 59.86 0.0012 | 0.991 0.3 717 (168) 2[5 0.9998
[Pipyd 53.20 0.0068 0.993 0.5 691 (86 211 0.9999
[Mory ¢ 66.01 0.00017| 0.984 1.94 450 (23 246 0.9999
[FHMPip, d 62.68 0.00068| 0.99%
[MIM 1 57.05 0.0009 0.992 0.12 873 (60 205 0.9999

For these ILs, viscosity data have been also fittethe VTF equation (2), the best fit lines are

reported in Appendix 1.
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N =No exp[B/(T-To)] @)

whereno (cP), B (K) and § (K) are the fitting parameters. The best-fit pagters and the
associated squared correlation coefficierftaue given in Table 3.3.
The effect of temperature on the viscosity was ek also in the case of bistriflimide salts.

Analogously, dynamic viscosity (Table 3.4) decrsase 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

T (K) [DMI 4 ¢ [Pipyd [Pyrry g [Mory ¢ [MIM 1
cP cP cP cP 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

The IL [FHMPip, J[Tf,N] was a sticky jell and hence the viscosity is etedminable for this
kind of liquid.

3000
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Figure 3.8: Behavior of viscosity with temperature for bidinifide salts
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Figure 3.9: Arrhenius plot of viscosity for five bistriflimietbased glyceryl ILs

Table 3.5: Arrhenius Fitting parameters and VTF parameterwiscosity behavior as a function

of temperature for TN ILs

Compounds E, A R’ No T, R
kKl 10 cP K K
mol*  cP

[Pyrry g 4472 0.067 0.994 0.09 979.5193 0.99999
[DMI 4] 56.86 0.004 0.988 8.1 230 267 0.99991
[Piplyg] 54.04 0.004 0.991 047 628 217 0.99996
[Mory ¢ 61.52 0.001 0.998 ND ND - -
[MIM 1yg] 49.05 0.023 0.998 ND ND - -

Generally, the bistriflimide ILs follow the Arrhams behavior better that the dicyanamide salts;

same ILs cannot be fitted to the VTF equation. Mueg, a similar trend in the activation

barriers as defined by tltg values can be observed for both series of ILsdicyanamide salts,
[Pyrrd <[Piprd <[MIM 1 <[DMI 4 <[FHPip; J< [Moryg; for bistriflimide salts, [Pyr g
<[MIM 1 <[DMI ¢ <[FHMPip, J <[Mor, . It is noteworthy that when the B parameters are

considered the activation energies appear to foilotvexactly the same trend. In particular, for

the dicyanamide salts the B parameter arising frove YTF analysis is completely in

disagreement with the Arrhenius activation energjues for the [Pyir] and [Mor d; the

behavior of the two salts is inverted. A more desplysis of the plots reported in the Appendix

1 shows that the behavior of pyrrolidinium is bettiescribed by the Arrhenius plot, the
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moderate Rcoefficient arises from the random scatter of swalees and not from a not linear

behavior. On the other hand, [M@I{N(CN),] is poorly described by equation 1.
Both, for dicyanamide and bistrifimide salts we baslso investigated the behavior of

conductivity with temperature, data are reportediable 3.6 and Figure 3.10.

Table 3.6: Conductivity values for all dicyanamide and bfitriide salts from 293 to 363 K in

mS cm?

Compounds 293 303 313 323 343 353 363
Py dINCN)] 1191  1.84 254 341 435 539 652
[DMI;JIN(CN),]  0.147 0323 0610 1024 1598 236 3.21

[Pip, JINCN);]  0.140 0272 0498 0821 1.254 1.677 2.28
[Mor; JINCN);]  0.052 0109 0212 0389 0614 0910 1.332

[FHMPip JINCN);] 0.120 0.232  0.387 0759 1.235 1508 1.92
[MIM. JINCCN)]  0.210 0.440 0.832 1.325 1.980 2.81 3.77
[Pyrry J[TfoN] 0.402 0.643 0.969 1.359 1.835 2.60 3.15
[DMI ¢ J[Tf,N] 0.046 0.095 0.208 0.339 0.550 0.798 1.133
[Pipy J[TfN] 0.268 0461 0733 1079 1483 206 252

[Mor; J[TfoN] 0012 0034 0073 0138 0290 0469 0.627
[FHMPip, J[Tf,N]  0.0001 0.0004 0.0014 0.0038 0.0096 0.021 0.045

[MIM 1 J[Tf,N] 0197 0360 0591 0938 1494 1.92 2.48
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Figure 3.10: Behavior of conductivity of dicyanamide (left) abigtriflimides (right) salts with

temperature

We have also reported the corresponding Arrherlnts pccording to the equation 3 in Figures

3.11(a) and (b).
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Figure 3.11: Arrhenius plots of conductivity for dicyanamidésfi) and bistriflimides (right)

Since, as expected from viscosity results, at l@astome cases conductivities exhibit some
deviations from Arrhenious behavior (as shown iguFé 3.11 and plots in Appendix 1), also the
VTF equation (4) was used to represent the temyeraiependence of the conductivity:

K = K, exp[-B/(T-To)] (4)

The Arrhenius and VTF equation parameters as vgetha related correlation coefficients are
reported in Table 3.9. In agreement with the viggodata, a similar trend in the activation
barriers as defined by the, values characterize the conductivities of dicyaidamand
bistriflimide salts, [Pyrrd < [Pipyd < [MIM 1 < [DMIy g < [Mor, d; the sole exception being
represented by the position of [FHMPRjp’ based ILs. In particular, th€, value of
[FHMPip, J[N(CN),] is quite low, at least in comparison with the lagaus system. A more
deep analysis of the data however shows that thigides a poor correlation using both the
Arrhenius equation and the VTF equation: in thitelacase it was impossible to fit all the data to
equation 4 (see Appendix 1). [FHMRBIN(CN),] is really the sole IL based on a cation bearing
three hydroxyl groups and a dicyanamide anion,efoee much more than all the other salts,
absorbs water from the environment. Although mdaigon of these ILs has been carried out
with a particular attention to avoid the contacthnair we cannot exclude that the presence of
small amounts of water could affect some measuresnen

On the other hand, [FHMPIg|[Tf,N] having as counteranion a hydrophobic speciednimst a
non-conducting system. The ability of the cationgtee intra- and intermolecular H-bonding
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increases dramatically the viscosity; this IL appess a sticky jelly liquid, it is more or less a
semi solid which turn to a viscous liquid at 90°Gnde, the conductivity was also measured at
this temperature, though we did not measure coiutires of any other ILs at this temperature.
The conductivity of [FHMPip][Tf,N] at 90°C was found to be 70.5.

Table 3.7: Arrhenius Fitting parameters and VTF parametersifrosity behavior as a function

of temperature

2

Comp Ex InA R Keo B’ To R
kJ mS mS K K
mol™

[Pyrry J[N(CN)4] 247 101 0.992 | 115 465 190 0.99994

[DMIJIN(CN);] 4389 162 0989 206 582 213 0.99989
[PipdINCN)] 3990 1458 0989 78 476 218 0.9994
[Mor, JIN(CN),]  46.39 1623 0993 357 915 189 0.9997
[FHMPip, JIN(CN);]  40.90 14.80  0.981
[MIMJIN(CN),] 4099 1542 0.987 174 539 212 0.99995

[Pyrry J[TfoN] 2064 1132 0996 191 724 176 0.9976
[DMI; J[Tf,N] 4572 1589 0989 109 664 207 0.9997
[Pipy J[TFN] 3217 1200 0992 65 470 208 0.9988
[Mory J[Tf,N] 57.20 19.26 0.988 ND

[FHMPip, J[Tf,N] ~ 80.06 24.00 0.999 ND

[MIM 1 J[Tf,N] 36.58 1350 0.991 47 367 227 0.9978

ND=not determined

It is noteworthy that the [Pyrg][N(CN),] has an extraordinarily high conductivity compavety

to all other ILs bearing the same dihydroxyl-substid alkyl chain (glyceryl). Generally,
pyrrolidinium-based ILs have higher conductivitea®d lower viscosity values than piperidinium
ILs having the same counter anions and bearingsdinge substituent on nitrogen. In 2007, T.

Yim et al?®

evidenced this behavior investigating various lallybstituted piperidinium- and
pyrrolidinium-based ILs: among them, 1-allyl-1-mgfyrrolidinium  bistrifimide
[Pyrry J[Tf,N] showed the lowest viscosity (52 cP) and the éaglconductivity (5.7 mS cil).
The lower viscosity of the pyrrolidinium ILs wittespect to the piperidinium analogous was

attributed to the lower number of carbon atom i@ ¢htion core. In general, larger cations make
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ILs more viscous because of the increased inteculle van der Waals interactioffs®2°

However, ionic conductivity is proportional to theimber of charge carrier ions and their
mobility. That is, the bigger piperidinium catioreducing the rotational freedom of molecules
lead to higher viscosities and lower ionic condutés. The conformational bias of a six-
membered ring to a rather stable chair-like con&drom in the piperidinium structure seems also
to contribute towards the higher viscosity of thpepidinium-based ILs. Both the lower energy
barrier of a ring-flip and the smaller energy diffiece between the envelope and the half-chair

conformations in a five-membered ring make a cyetagpne ring more flexible.

As expected, however, the presence of two hydrgrylips reduces conductivity and increases
viscosity. The conductivity values reporidor dialkyl substituted pyrrolidinium bistriflimiel,
[Pyrr J[TfoN] (where, n = alkyl group), including branched alkyl chainsdastraight alkyl
chains are generally higher than 36 cm® even at 12°C. On the other hand, when
pyrrolidinium-based ILs bearing the same alkyl dlsaiwith different anions have been
investigated a conductivity equivalent to 3.0 mS ¢nand viscosity equivalent to 164 cP have
been reported for [Pyri][NbFg] at 328 K. Finally, when a series of ILs (inclugiimidazolium,
tetraalkyl ammonium, pyrrolidinium and piperidiniym based on (fluorosulfonyl)
(pentafluroethanesulfonyl)imide ([(FSXC,FsSO,)N]~, FPFST) anion have been investigatéd

it has been shown that the imidazolium salt, 1-iyleédhethylimidazolium fluorosulfonyl
(IMIM  J[FPFSI]), had the least viscosity and the highesinductivity, although the
pyrrolidinium IL, [Pyrr J[FPFSI], compared to the analogous piperidiniutty §8ip; 3[FPFSI],
had a lower viscosity and higher conductivity sltd note that in our system, in the presence of a
glyceryl group, pyrrolidinium-based ILs have thewkst viscosity and highest conductivity

including the imidazolium salts.

SinceN-methyl-N-glycerylpyrrolidinium salts appeared to be instdés class of functionalized
compounds the ILs having the best physico-chemgraperties, we investigated also the
behavior of conductivity of the corresponding rtitraalt, [Pyry J[NOg]. In agreement with the
higher ability of the relatively small nitrate anito interact with the counteranion, conductivities
significantly lower than those characterizing [RyiTf,N] and [Pyrg J[N(CN),] were found at

all the investigated temperatures.
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Table 3.8: Comparison of conductivities between three diffeles having various anions and
common cation from 293 to 353 K

Name of ILs 293 303 313 323 333 343 353

Pym JINCN)] 1191  1.84 254 341 435 539 652
Pym J[TF,N] 0402 0643 0969 1.359 1835  2.60  3.15
[Py JINO] 0228 0379 0576 0.829 1.124 1468  1.98

3.5.2 Solvatochromic M easur ements and Polarity

So far, a large number of solvatochromic probesHsmen used to estimate the polarity of ILs.
However, among them the Reichardt's dye 30 reptsssuarely one of the most applied,
probably due to fact that well-established empirgmvent polarity scales based on this probe
are largely used also for molecular liquids.

=
|+/
N

o

Figure 3.12: Reichardt's dye

YA,
WA,

The polarity scalekr(30) is defined as:
E1(30)(kcal mol) =28 591 .5/.x (M) (5)

where, Anax is the wavelength maximum of the lowest energydbantramolecular charge-
transfer (CT)z—z* absorption band of the zwitterionic phenolate ecole. Because of its
zwitterionic structure, the solvatochromic propeity strongly affected by the dipolarity,

polarizability and hydrogen bond acidity of thevasit because they stabilize the dipolar ground
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state more than the less dipolar Frank-Condon ekatate. In Figure 3.13 it is reported the

different salvation of ground and excited stategoimg from unpolar to polar solvents.

n— 7 * transition

non-polar
ES — - ______
R
I~
hvg,
hvn < hv h increase in transition energy
P P P (shift to lower wavelength)
non-polar solvent —> polar solvent

GS -
polar -

GS = ground state, ES = excited state T~ = s/~ specific stabilization of the ground state

Figure 3.13: Different salvation of ground and excited states

Really, solvatochromism of 2,6-diphenyl-4-(2,4,@t@nylpyridinio)-phenolate (Reichardt’'s dye
or Betaine 30) results not only from a large redurciof dipole moment and hydrogen bonding
on going from fundamental to excited state, bub d&d®m the modulation of the mesomeric
effect.

When these spectroscopically derived empirical patears are applied to the correlation analysis
of solvent effects, it is tacitly assumed that ttentribution of the various, nonspecific and
specific, intermolecular forces to the overall mmion between solvatochromic probe and
solvent molecules is the same as in the interadi&iween the solute and solvent of interest in
the particular solvent-dependent process understigagion. The successful application of the
E+(30) values in correlation analysis of a great etgriof solvent-dependent processes
demonstrates that this is often the case. Howe@mording to the chemical structure of the
solvatochromic probe molecule of 2,6-diphenyl-Z4(@;triphenylpyridinio)-phenolatehis dye

is not capable of interacting specifically and #igantly with electron pair donor (EPD)
solvents. That is, the Lewis basicity of solvergsnit registered by this probe, whereas the
solvent Lewis acidity is. This limit may have impamt consequences in the case of ILs bearing
more or less basic anions.

Kamlet and Taff have developed one of the most ambitious, and secgessful, quantitative
treatment of solvent effects which is able to cdesialso Lewis basicity, by means of a

multiparameter equation that was introduced in 1@r@l called linear solvation energy
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relationship(LSER). Using three probes and defining these U¥/sfbectroscopically derived

solvatochromic parameterg:,a and S, equation (6) was established:
XYZ = (XYZ 0), + S(7#+d J) + ag + b3+ mdy> (6)

where(XYZ)o, s, a, b andm are solvent-independent coefficients characteristithe process
under study and indicative of its susceptibilitytt® solvent properties*, a, 8 and 542 In
particular, 7 measures the exoergic effects of solute/solvepylelidipole, and dipole/induced
dipole interactions. That is, it measures the ghdf a solvent to stabilize a neighboring charge
or dipole by virtue of nonspecific dielectric indetions. In other words, thesalues represent a
blend of dipolarity and polarizability of the sohte For selected solvents, i.e. non-
polychlorinated aliphatic solvents, with a singleminant bond dipole moment values are
very nearly proportional to the solvent's moleculgermanent dipole moment. The
solvatochromic parameterin equation 6 is a quantitative, empirical measfrthe ability of a
bulk solvent to act as an HBD toward a solute, wifEs a quantitative, empirical measure of
the ability of a bulk solvent to act as an HBA orERD toward a solute, forming a solute-to-
solvent hydrogen bond or a solvent-to-solute caoatiile bond, respectively. During the time,
several sets of dyes have been used to derive dh@det-Taft parameters and many studies are
guoted as an average of the values obtained faralewof these dye sets. However, for ILs
generally the Reichardt’s dye, 4-nitroaniline ahdl-diethyl-4-nitroaniline are used. These dyes
have been employed also in this thesis.
In particular, the solvent dipolarity/polarizabylitz*, which was initially normalized by taking
dimethyl sulfoxide £* =1.00) and cyclohexaner{= 0.00) as references, can be correlated to the
wavelength maximum of the lowest energy bandNd-diethyl-4-nitroaniline, a non-hydrogen
bond donor solut'

7* =(8.649-0.314%) (7)
The hydrogen bond donating acidity (HB@),is calculated using tHg;(30) andz* values

@=0.0649E(30)) -0.72r*~2.03 8)

Finally, the hydrogen bond accepting basicity (HBA), can be determined by using the
following equation:
B=(1.035/,—1,+2.64)/2.80 9)

|/l=:I-Odf/A4Nitroaniline and I/2=:|-O4/ANN-diethyl-4-nitroani|ine
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The Kamlet-Abboud-Taft parameters determined fer glyceryl-based ILs have been reported
in Table 3.9 where also reference values of somkeaqular solvents and other ILs have been

included.

Table 3.9: Solvatochromic parameters of ILs and moleculavesuts

Salt E+(30) EN b a B
. ab 0.639 1.05 0.51 Nd
[omim][N(CN),] 514 | 0629)| (113) | (046) |  (0.70)
[emPyr][N(CN)J® 48.7 0.556 1.03 0.37 Nd
[Csdabco][N(CN)]° 48.4 0.546 1.11 0.31 0.55
[Mor; J[N(CN),]° 50.3 0.605 1.12 0.43 0.5065
[Mory J[Tf,N] 1.00 0.2048
Watef 53.7" | 1.000 1.13 1.12 0.50
Methanof 55.4% | 0.760 0.73 1.05 0.61
Acetoné 422" | 0.350 0.70 0.20 0.54
Acetonitrile 4569 | 0.460 0.75 0.19 0.40
[Pyrr; JIN(CN)] 58.28 | 0.851 1.18 0.90 0.46
[Pyrr, JITf,N] 64.1 1.030 1.14 1.13 0.14
[Pyrr, J[NO4] 57.86 | 0.838 1.19 0.87 0.53
[Pip; JIN(CN),] 57.0 0.811 1.12 0.86 0.53
[DMI ; JIN(CN)] 57.0 0.813 1.15 0.84 0.46
[Mor JIN(CN),] 57.8 0.836 1.20 0.85 0.43
[Pipy J[TN] 62.8 0.991 1.13 1.23 0.11
[FHMPip, JIN(CN),] | 59.2 0.879 1.09 1.02 0.28
[DMI; J[Tf,N] 61.2 0.941 1.14 0.93 0.11
[Mory JITf,N] 62.9 0.993 1.11 1.25 0.12
[MIM ,J[Cl] 59.0 0.875 0.82 1.12 0.99
[MIM ¢ J[N(CN),] 57.6 0.831 1.17 0.87 0.47
[MIM 4 J[Tf,N] 62.6 0.985 1.15 1.20 0.13
[EMIM][TF ,N]" 52.0 0.657 0.90 0.76 0.28
[EMIM][N(CN) ,]" 51.7 0.648 1.08 0.53 0.35
[EMIM][NO 4" 51.5 0.642 1.13 0.48 0.66
[HOEMIM][TF ,N]" 60.8 0.929 1.03 1.17 0.34
[HOEMIM][N(CN) ," 0.784 1.11 0.80 0.51
[HOEMIM][NO 4" 0.769 1.11 0.77 0.65

3From reference 12 From reference 35From reference 36 °From reference 37.
*From reference 3&rom reference 3% rom reference 48Shiguo et al. (2010).

Although non-hydroxyl ILs containing variable angomenerally show comparablg;(30)
values, in the range of 49:82.6 kcal/mol, irrespective of the nature of anithis is not the

same case for the corresponding hydr&xghd dihydroxyl ILs, which covered a rather wide
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range ofE+(30) values (5164.1 kcal/mol), depending strongly on the naturthefanion. All ILs
bearing one or two hydroxyl groups on the alkylinhave higherr* values (1.031.20) than
molecular solvents, and in most cases slightly érigihan non-hydroxyl ILs. However, little
variation was observed on going from monohydroxyidthydroxyl derivatives, indicating the
strong and comparable ability of the solvent dipttépolarizability of these functionalized ILs.
The HBD ability, a value, is largely determined by the availabilityH{BD sites on the cation; as
expected, the presence of hydroxyl groups on caticreases HBD ability. Nevertheless, it
appears that more basic anions give much laweglues with a common cation in the hydroxyl
ILs; for our ILs bearing two hydroxyl groups on tside alkyl chainx values range from 0.84 to
0.87 for the dicyanamide salts and from 0.93 to31f@r the bistriflimide-based IL. The
introduction of another hydroxyl group on catiomrsficantly increases H-bond acidity; the
a value of [FHMPig J[N(CN),] being 1.02 and that of [Pig[N(CN)_] 0.86. On the other hand,
the HBA parametef, which is said to be controlled solely by the asicincreases in the order
similar to the non-hydroxyl ILs, but of large matyrde; thef values of bistriflimides are around
0.11, those for dicyanamide-based ILs around Odbaawalue of 0.99 was found for 1-methyl-3-
glycerylimidazolium chloride, [MIM JCI. The different HBA ability induced by the hydrdx
group could be indicative of the interaction betwake anion and the hydrogen bond donor
(OH). As previously observed, we confirm that thafoxyl group is indispensable for the
enhanced and expanded polarity, sinceBH80) scales for the 1/1 (molar ratio) binary mietsir
of ethanol and the non-hydroxyl ILs were exclugivdecreased as compared to each of the

components.

Considering specifically the structure of Reichardy®, we can observe that this probe presents
an easily accessible negative charge, at least \duatized on oxygen, whereas the positive
charge on the nitrogen is “buried” by its surroumgdiphenyl rings. Consequently, we can
reasonably hypothesize that an unfunctionalizetreawill be strongly localized and interact
with the negative charge. This interaction can &dkeantage from some of the chemical features
of the cation, such as the availability of the loghn on C(2)-H in 1,3-dialkyl substituted
imidazolium ILs, although the charge—charge intéoacshould have a dominant effect. At
variance, the anion interaction with the probeeissIspecific and strongly structure dependent.
All IL anions are single-charged but they can shiemarkable differences in shape and charge
distribution. Small and linear ions, like dicyandmi can approach closer to the positive charge

of Reichardt's dye and specifically interact withRor large spherical anions like BrRand Pk,
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steric hindrance results in a less close interactithis reduces the strength of the specific
Coulombic interaction according to the inverse distalaw. In the absence of functional groups
on cation or anion able to give specific interaesio short-range anionic or cationic-probe
interactions can be disregarded. It is to noteithaprotic molecular solvents, probe solvation is
only due to the ability of solvent molecules togalior anti-align their dipoles toward the

positively- or negatively-charged centers; therefowith respect to ILs, the interactions are

weaker and always due to the same species. Thes@emtions are pictorially illustrated in

Figure 3.14.

Figure 3.14: lllustration of interaction between the Reichardige and the IL. The cation can
get closer to the negative charge of Reichardt’s (ihgze represented as an ellipse) than the
anion to the (delocalized and buried) positive ghaMolecular solvents align their dipoles with
the electric field, but it is always the same malechat interacts with the two charged centers.

In hydroxyl-functionalized ILs, practically the Ilpolarity becomes independent of the
imidazolium moiety as well as the C(2)-H on imidazoi cation, since pyrrolidinium- and
alkylammonium-based hydroxyl ILs also given higligoity. ET 0 of Reichardt’s dye in mono-,
di- and tri- hydroxyl-functionalized ILs is probabinainly influenced by the hydroxyl groups,
which act as hydrogen bonds’ donor modulated byatfien. Considering that Reichardt’s dye is
particularly sensitive to HBD solvents and dipoldpblarizability effect, it can be conjectured
that in hydroxyl ILs the phenolate oxygen on Reidtiardye acting as a strong EPD or HBA
center is suitable for ionic/chargeharge interactions with the cations of ILs andcsjmefor
hydrogen-bond interactions with HBD hydroxyl groupke hydroxyl group on the piperidinium
ring is probably more available to interact witle tHBA center than the hydroxyl groups on the
alkyl chain. However, considering the structurete Reichardt’s dye, as recently reporiéd,

is possible to hypothesize also the existence tefactions between the positive charge of the
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pyridinium moiety and the anions of ILs, althougk,explained above, the pyridinium ring does
not act as a strong electron-pair acceptor (EPA tuits delocalized and shielded positive
charge by the three 2,4,6-phenyl groups. All ofsthesolutesolvent interactions facilitate
stabilization of the ground state of ionic probeading to increased and expanded polarity of
hydroxyl ILs. In particular, in hydroxyl ILs havingasic anions, such as [N(GN) it has been
reported’ that the hydrogen atom of the hydroxyl group ¥&di by a strong H-bonding between
hydroxyl group and the coordinative and nucleophdinions, giving to the OH group less
freedom to interact with the phenolate part of #wdvatochromic dye. These ILs present
therefore a relatively low HBD ability. On the otheaind, the formed strong hydrogen-bond in
turn play as a bridge that bind the cation andrarémhancing the rigidity of both the cation and
anion and decreasing the magnitude of interactitim megatively charged phenolate oxygen and
positively charged pyridinium moiety: this shouletelrmine a lower polarity than other hydroxyl
ILs. In contrast, for the hydroxyl ILs bearing l@m@ordinating anions, such as J¥{~, the weak
H-bonding between cations and anions, as well agdkulting high HBD ability of hydroxyl
group induces efficient electrostatic and hydrogend interactions between ILs and

zwitterionic dye, thus stabilizing the ground statéonic probe and giving “hyperpolarity”.

H-bonding
F‘h@ Ph@
Ph \ IN" o Ph
Ph Ph
non-hydroxyl ILs hydroxyl ILs

Figure 3.15: Cartoon illustrating a plausible mechanism betw&aichardt's dye and non-

hydroxyl ILs (left) and with hydroxyl ILs (right)

Finally, since recently it has been shown thatdigium-, pyrrolidinium- and phosphonium-
based ILs present a substantial temperature depeadd polarity parameters, in this thesis the
“thermosolvatochromism” of four glyceryl-substitdtéLs, [Pip J[N(CN,], [DMI J[N(CN)_],
[DMI 4 J[Tf,N] and [Pyrg J[Tf,N] was investigated determining the solvatochropacameters
by increasing the temperature from 25 to 45 and thé55°C and immediately in the system the
temperature was cooled from 65 to 45 and then t€ Z5ee Appendix 2). Although the overall
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changes in the polarity parameters increasing @readsing the temperature in the interval
25-65°C (no significant differences were observed incfion of the modality of change in this
temperature range) was moderate a dependence atrilicture was observed. In particular, the
E;" values indicating dipolarity/polarizability and/dfiBD acidity decrease linearly with
increasing temperature in the case of the two diagade-based ILs ([Pig][N(CN,] and
[DMI 1 J[N(CN)2]) but moderately increase with temperature for [RMTf,N], and practically
remain constant for [Pw[Tf.N]. Interestingly, also the Kamlet-Abboud-Taft atfected in
different ways by temperature in the case of dieyaide and bistriflimide salts. The
polarizability parameter decreases on increasimgtémperature for all the investigated ILs;
however, this effect is more pronounced in the cdgicyanamides and associated to a decrease
in HBD ability; for these salts, the parameter decreases on increasing the temperatre.
variance, an increase in H-bond ability can be oleskfor bistriflimides. On the other hand, the
H-bond accepting (HBA) basicity) has always an opposite trend with respect H-bdobr
acidity (0): i.e., decreases significantly in the case ofriflimides and moderately increase for

dicyanamides.

1.024 —y
1004 1354
o] 1301 —=—[Pip,JINCN)]
0.96 // —— DM, INCN))
g ::: 1254 - IWIlJ[T'ZN]
- - 000 —=—[Pip, JIN(CN),] L —v— [Py, JITEN]
uf —e— [DMI, JIN(CN),] 120

—a— [DMI, JITAN]
—v— [Pyrr,JITLN] 1154
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Figure 3.16: Variations of solvatochromic parameters with terapere. Top leftE;" variation
for four ILs with temperature; top right* variation for four ILs with temperature; bottom
left—a variation for four ILs with temperature; and loott right-4 variation for four ILs with
temperature.

The behavior of dicyanamide-based ILs is in agregméth that of a polar solvent; when the
temperature is increased, in the case of betairethtly ground state interactions are weakened,
thus reducing the gap between the ground and excitmte of the betaine dye.
Contemporaneusly, decreases also the H-bond doittityadhe opposite effect of temperature
in the case of bistriflimide-based ILs seems toldrgely related to the decrease in H-bond
accepting (HBA) basicity ) of this anion on increasing temperature, whictuoes more
efficient electrostatic and hydrogen-bond inte@atsi between IL cation and the zwitterionic dye,
determining an increase in H-bond donor aciditywileer, a detailed discussion of the effect of
the IL at molecular level in terms of these parargets surely difficult being these properties
determined by the combination of responses of twonore probes and the effects extremely

moderate.

3.6 Conclusion

This investigation has evidenced the possibilityotatain hyper-polar ILs introducing a
glyceryl moiety of the cation core. In particularthe cation N-methyl-N-
glycerylpyrrolidinium [Pyrg J* gives when associated to proper anions, suchcyargimide
and bistriflimide, ILs having not too high viscosik and moderate conductivities.
[Pyrry JIN(CN),] has the least viscosity and maximum conductivitgnong all the

investigated glyceryl-substituted salts. The ardarature, however, strongly affects also the
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solvatochromic parameters: the lower coordinatinifitp of as [Tf,N]™ anion disfavoring the
formation of H-bonding between IL cation and anioeduces more efficient electrostatic and
hydrogen-bond interactions between ILs and the terddnic dye (or, more in general,
dissolved solutes), thus stabilizing the groundtesta of ionic probe and giving
“hyperpolarity”.
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Here, we report how the Fitting parameters areiobtbusing Origin8 software.

Appendix 1:Analysis of the behavior of viscosity values folMD J[N(CN)_],
[Pip1 J[N(CN)], [Pyrry [N(CN)2], [MIM 1 J[N(CN)], [FHMPip, (J[N(CN)] with temperature.

Arrhenius Plots

Inn =1Inng + E/T

In (cP)

T T T
28 29 3.0 3.1 3.2 33 34 35
1000/T (K)

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-SquareRoot-MSE(SD) N
0.99559 0.9912 0.98944 0.15704 7
Parameter LCI ClU
A -19.45113  -14.53476
B 6.49896 .0B/79
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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8.0+

75 [Pip, JINCN)]
7.0
6.5 -

6.0+

[N
S
£ 55
5.0
4.5:
4.0-
35 T T T T T T T T T T T T T T 1
28 29 30 31 32 33 34 35
1000/T (K)
Y=A+B*X
Parameter Value Error t-Value Prob>[t|
A -14.2237 60.73284 -19.4091 <0.0001
B 6.40484 0.2353 27.21496 o
R R-Square(COD) AdjSBuare Root-MSE(SD) N
0.99664 0.99329 0.99195 0.12035 7
Parameter LCI UCl
A -16.10758 -12.33994
B 5.79987 7.0098
ANOVA Table:
Degrees of Sum of Mean
Iltem Freedom Squares Square F Statistic
Model 1 10.72689 10.72689 740.65419
Error 5 0.g12 0.01448
Total 6 10.7993
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[Pyrr1g][N(CN)2]
6.5 [}
6.0
5.5
g 5.0
E: 4.5
4.0 L]
3.5 -
218 219 310 311 312 3?3 314 315
1000/T (K)
Parameter Value Error t-Value Prdt)>
A -11.14128 0.90731 -12.27949 <0.0001
B 5.11995 0.29137 17.57195 <0.0001
R R-Square(COD) Adj. RuSre Root-MSE(SD) N
0.992 0.98406 0.98088 0.149 7
Parameter LCI UcCl
A -13.47359 -8.80897
B 4.37096 5.86895
ANOVA Table:
Degrees of Sumof 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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[Morgl[N(CN),]
9.0+
8.54
8.04
754
~ 7.0
5
Z 654
B 6.0+
554
5.0
4.5 T T T T T T
28 29 3.0 31 32 33
1000/T (K)
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-Sgua Root-MSE(SD) N
0.99214 0.98435 28044 0.19597 6
Parameter LCI ucCl
A -22.14041 -13.62216
B 6.55687 9.33947
ANOVA Table:
Degrees of Sum of Mean
Iltem Freedom Squares Square F Statistic
Model 1 9.6612 9.6612 251.57546
Error 4 0.833 0.0384
Total 5 9.814

[MIM 1 J[N(CN)]
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3 T T T T T T T 1
28 29 3.0 31 32 33 3.4 35

1000/T (K)

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) MliSquare Root-MSE(SD)
0.9961 0.99222 0.99067 0.14199
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 0080 0.02016
Total 6 12.831

[FHMPip; J[N(CN)]
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8.0

7.54

7.04

6.5

6.0

Inn (cP)

5.5

5.0

45

T T T
2.80 2.85 2.90 295

T T T T T
3.00 3.05 3.10 3.15 3.20

1000/T (K)

Parameter Value OErr t-Value Prob>|t|
A -16.59586 0.83926 -19.77443 2.82602E-4
B 7.54823 21872 27.08212 1.10483E
R R-Square(COD) Adj. Ra8re Root-MSE(SD) N
0.99796 0.99593 0.99457 0.07978 5
Parameter LCI ucCl
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 4866 4.668 73332
Error 3 00909 0.00636
Total 4 68709
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FITTING to VTF Equation:

N =nNo exp[B/(T-To)]

3500
1 n Data: Datal_C
Model: Exp3P1
3000 \ Eauston [DMI, JIN(CN),]
] \ y =a*exp(b/(x+c)) 9
\ Weighting:
2500 y No weighting
1 \‘\ Chi"2/DoF  =375.4946
R'2 = 0.99981
a 2000
3} a 0.30068 +0.29397
= 1 b 717.77061  +168.50266
% 1500 - c 21567413 £10.04217
Q
o 4
R
> 1000
500+
4 \""‘\,,, o
04 e
T T T T T T T T T T T T T T 1
290 300 310 320 330 340 350 360
Temperature, K
25001 Data: Datal_D
] Model: Exp3P1
. Equation:
2000 — [Plpl.g] [N(CN)Z] y =a*exp(b/(x+c))
Weighting:
1 y No weighting
o 4
o 1500 Chir2/DoF =81.09674
2: 1 R"2 = 0.99993
‘@
8 1000 a 0.50232 +0.23854
2 b 691.01422 +86.802
1 c -211.57248 +5.69525
500
04 [
T T T T T T T T T T T T T T 1
290 300 310 320 330 340 350 360
Temperature, K
[Pyrri J[N(CN),]
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700 4
Data: Datal_E
600 -\ Model: Exp3P1
\ Equation:
i y =a*exp(b/(x+c))
500 \ Weighting:
y No weighting
o 4007 Chi"2/DOF  =67.6069
N RY2 = 0.99901
2
2 800 a 0.07137 +0.14169
g b 1125.84005  +543.33154
S 5004 c -168.90085  +32.84664
100 =
] '\,1\“\.
04
T T T T T T T T T T T T T T 1
290 300 310 320 330 340 350 360
temperature, K
[Mor; J[N(CN)]
6000 — \
i L Data: Datal_F
\ Model: Exp3P1
5000 + \ Equation:
i \ y =a*exp(b/(x+c))
eighting:
\\ Weighti
4000 \ y No weighting
o | Chi"2/DoF  =56.41908
~ 3000+ R"2 = 0.99999
P
2 ) a 1.94536 +0.34893
& 2000 b 450.27866  +23.31487
> c -246.16462 +1.66286
1000
e
04 —a
T T T T T T T T T T T T 1
300 310 320 330 340 350 360

[MIM 1 J[N(CN)]

temperature, K
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120

viscosity, cP

g
2

Data: Datal G
Model: Exp3P1
Equation:

y =a*exp(b/(x+c))
Weighting:

y No weighting

Chi"2/DoF =18.33396
R = 0.99999

a 0.1213 +0.03779
b 873.46388 160.22063
c -205.41046  #3.3117

T
290

T T T T T T T 1
330 340 350 360

temperature, K

T T T
300 310 320
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Viscosity values for [DM] J[Tf NI, [Pipy J[TfoN], [Pyrry J[TfN], [MIM 1 J[Tf,N] and

[Mory gJ[Tf,N].

Arrhenius Plots

Inn =1Inng + E/T

7.04

6.5+

6.0 [Pyrr, [Tf,N]

5‘5-.

% 504
3 4.5

4.0+

3.5

3.0 T T T T T T T 1

2.8 29 3.0 31 3.2 33 3.4 3.5
1000/T (K)
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. BaSre Root-MSE(SD) N
0.99684 0.99369 0.99243 0.09809 7
Parameter LCI UCl
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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7.5

7.0

[DMIL,g][Ti2N]
6.5+

o 6.04

o

3

-1 55

5.0
4.5
2.80 ' 2.I85 ' 2.:30 ' 2.!95 ' 3.;)0 ' 3.65 ' 3.I10 ' 3.I15 ' 3.I20 '
1000/T, K
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-Sgua Root-MSE(SD)
0.994 0.98803 98204 0.12458
Parameter LCI UClI
A -18.96649 -10.62463
B 5.46381 8.23413
ANOVA Table:
Degrees of Sum of Mean

Item Freedom Squares Square F Statisti
Model 1 3.8431 3.84319 247815
Error 3 0656 0.01552
Total 4 395
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8.0
7.5+

7.0

6.5

] [Pip1,g][Tf2N]
6.0
o J
(]
- 5.5+
S 4
5.0
4.5—-
4.0—-
3.5—-
2f8 ' 2I.9 ' 310 ' 3f1 ' 312 ' 313 ' 3I.4 ' 315
1000/T (K)
Parameter Value Error  t-Value Prob>|t|
A -14.7823 0.83895 -17.61994 <0.0001
B 6.50645 @28 24.14989 <0.0001
R R-Square(COD) AliSquare Root-MSE(SD) N
0.99574 0.9915 0.9898 0.13777 7
Parameter LCI UClI
A -16.9389 -12.62571
B 5.81388 7.19901
ANOVA Table:
Degrees of Sum of Mean
Item Freedom Squares Square Stdfistic
Model 1 11.06995 11.06995 3.28705
Error 5 0.0949 0.01898
Total 6 11.16486
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8.0

754

7.0

6.5

Lnn, cP

6.0

5.5+

5.0 T T T T T T T T
2.80 2.85 290 295 3.00 3.05 3.10 3.15 3.20

1000/T K

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 0.9®77 0.04978 5
Parameter LCI ucCl
A -17.40549 -14.07206
B 6.84674 7.95376
ANOVA Table:

Degrees of Sum of Mean
Item Freedom Squares Square Staistic
Model 1 4.48677 4.48677  1810.35502
Error 3 0.00744 0.00248
Total 4 4.49421

[MIM 1 J[Tf,N]
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7.5+

7.0 4

6.5 4

6.0 4

Dq 5.5+
C: 4
— 504
4.5
4.0
i L}
3.5 T T T T T T T T T T T T T 1
2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5
1000/T K
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. BdSre Root-MSE(SD) N
0.99804 0.99608 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 plotsfor all bistriflimidelLs:

1 Data: Datal_C
700 Model: Exp3P1
) Equation:
| Pyl )
600+ Weighting:
J y No weighting
500 \
] Chir2/DoF =0.65956
@ 00 R"2 = 0.99999
" 1 a 0.09088 0.01553
"% 300 b 979.49519 +41.61502
; ] c -183.12216  *2.57067
200
100 | —
) TR
—a g
04
T T T T T T T 1
290 300 310 320 330 340 350 360
TK)
Data: Datal_D
q \ Model: Exp3P1
1400 - \ Equation:
i *\ y =a*exp(b/(x+c))
\ Weighting:
1200 iahti
] \ [DMIL,g][Tf2N] y No weighting
\ f -
10004 \ Chir2/DoF =468.27813
R"2 = 0.9991
o 800 — a 8.1285 +7.49689
] ] b 230.52726 +100.12517
= c -267.98582 +11.52009
600
400 |
200 T
| I—1
0 T T T T T T T T T T 1
310 320 330 340 350 360
T (K)
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n, cP

2000

1500

500

[Pip1,g][Tf2N]

Data: Datal_E
Model: Exp3P1
Equation:

ly =a*exp(b/(x+c))
Weighting:

y No weighting

Chi~2/DoF
R”"2 = 0.99996

=34.19889

a  0.47 :0.17012
b 62873826 +61.25158

c  -217.91748 +4.08633

3000

2500

2000

1500

1000

500

T
290

[Mor1,g][Tf2N]

T
300

T
310

T T
320 330

T (K)

Data: Datal_F
Model: Exp3P1
Equation:

ly =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

T
310

T
320
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1400 4

12004
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800

600

ncP

400+

200+

[MIMZ,g][Tf2N]

Data: Datal_G
Model: Exp3P1
Equation:

y =a*exp(b/(x+c))
Weighting:

y No weighting

Chir2/DoF
R"2 = 0.99442

a 5.4968E-16
b 29082.56441
c 394.65398

=1727.10103

+6.5352E-14
+166659.82144
+2007.88131
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Conductivity

Arrhenius plots:

2.0—-
1.8—-
1.6—-
1.4—-

1.2 1

[Pyrr, JIN(CN)]

(%9} J
E_ 1.0 A
X ]
- 0.8
0.6—-
0.4—-
0.2—.
0.0 T T T T T T T T T T T T T 1
2.8 2.9 3.0 3.1 3.2 33 3.4 35
1000/T (K)
Parameter Value rroE 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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154

1.04

0.5

0.0

-0.5

Lnk, mS

-1.0 4

-1.54

-2.0

[DMI1,g]IN(CN)2]

2.8

29

T T T
31 32 33

1000/T (K)

T
3.0

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
Parameter LCI UCl
A 14.36177 18716
B -5.89186 -4.66928
ANOVA Table:

Degrees of Sum of Mean
Item Freedom Squares Square Stdistic
Model 1 7.29154 7.29154  493.09457
Error 5 0.07394 0.01479
Total 6 7.36548
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1.0 1

[Pip1,g][N(CN)2]

0.5

0.0

(7))
£ -0.54
g
-1.0
-1.5
-2.0
218 ' 219 ' 310 ' 371 ' 372 ' 3?3 ' 3?4 ' 3?5
1000/T (K)
Parameter Value Error  t-Value Prob>|t|
A 14.58681 @we9 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 .1188 7
Parameter LCI ucCl
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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0.5+

0.0

-0.54

-1.0

[Mor1,g][N(CN)2]

0
£
X 15
-
-2.0
-2.5
-3.04
T T T T T T T T T T T 1
2.8 2.9 3.0 3.1 3.2 33 3.4 3.5
1000/T (K)
Parameter Value rroE 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. BaSre 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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1.04

0.5

[FHMPip1,g][N(CN2]
0.0

-0.5

%)
E
£ -1.04
-
-1.54
2.0
-2.5 T T T T T T T T T T 1
2.8 2.9 3.0 3.1 3.2 33 3.4 35
1000/T (K)
Parameter Value Erro  t-Value Prob>|t|
A 14.80118 98055 15.57125 <0.0001
B -4.92476 0.30526 -16.13321 <0.0001
R R-Square(COD) Adj. R-Sgua Root-MSE(SD) N
-0.99053 0.98115 0.97738 0.1561 7
Parameter LCI UCI
A 12.35773 17483
B -5.70944  -4.14007
ANOVA Table:
Degrees of nSof Mean
Item Freedom Sesar Square &tiStic
Model 1 .36202 6.34202 602804
Error 5 0.12183 0.02437
Total 6 6.46385
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1.5+

1.0

0.54

[MIM1,g][N(CN)2]

0 0.0
E
é -0.5
-1.04
-1.54
2.0 T T T T T T T T T T T T 1
2.8 2.9 3.0 31 3.2 3.3 34 3.5
1000/T (K)
Parameter Value roEr 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)
-0.99361 0.98725 0.9847 0.12809
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 plotsfor dicyanamidelLs:
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[Pyrrig[N(CN),]
74 | y=arexp(bl(x+c))
Weighting:
1 y No weighting
6 -
Chi*2/DoF =0.00034
1 R"2 = 0.99994
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[DMI 1 [N(CN),]
359 y =a*exp(b/(x+c))
1 Weighting:
3.04 y No weighting
1 Chi*2/DoF =0.00022
2.5 R"2 = 0.99989
) a 206.80915 +50.91233
2.0 b -582.7665 +59.24258
] c -213.00335 +6.05235
n
€ 154
x— <4
1.0
0.54
] i
0.04
T T T T T T T T T T T T T T 1
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[Pip J[N(CN).]
2.5 Equation:
y =a*exp(b/(x+c))
L Weighting:
y No weighting
2.0
Chi*2/DoF = 0.00056
J R"2 = 0.9994
154 a 7851428 3432535
b -476.73015 $99.13164
] c -218.45456 +11.63236
n
€ 10-
X
0.5
0.0
T T T T T T T T T T T T
290 300 310 320 330 340 350
TK)
[Mor; J[N(CN)]
1.44 y =a*exp(b/(x+c))
Weighting:
124 y No weighting
Chin2/DoF = 0.00009
104 R"2 = 0.99973
a 357.00834 225.68174
» 0.8 b -915.54214 +183.84744
e c -189.34898 +14.50587
X 0.6
=
0.4
0.2
o
—
0.0
T T T T T T T 1
290 300 310 320 330 340 350 360
TK)
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[FHMPipy JIN(CN),]
2.0 _- y =a*exp(b/(x+c))
o Weighting:
184 y No weighting
164 | chirzibor =0.00457
] R"2 = 0.9936
1.4+
E a 13.36517 +7.47907
1.2+ b -182.14643 +79.79869
%) g c -258.87127 +15.11026
£ 1.0+
é ]
S 0.8+
0.6
0.4
0.2
0.0

T T T
300 310 320

T
330

T
350

1
360

T (K)
[MIM 1’g][N(CN)ﬂ
] Equation:
4.0 y =a*exp(b/(x+c))
1 Weighting:
3.54 y No weighting
304 | chin2/boF =0.00013
1 R"2 = 0.99995
254 a  176.40038 +25.51269
n 1 b -539.9585 :34.60263
£ 2.04 c -212.5087 +3.78858
< ]
c
— 154
1.04
0.5
0.0 1
T T T T T T T T T T T T 1
290 300 310 320 330 340 350 360
T (K)

Bistriflimides

Arrhenius Plots
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154

1.0 [Pyrr, JITf,N]

0.5+

0
=
< 0.0
5
-0.5 4
-1.0 A
218 ' 279 ' 3!0 ' 3!1 ' 3!2 ' 33 ' 314 315
1000/T (K)
Parameter Value Error t-Value Prob>|t|
A 11.31715 2906 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 0.249 7
Parameter LCI ucCl
A 10.54702 12.08729
B -3.81367 -3.31904
ANOVA Table:
Degrees of Sum of Mean
Iltem Freedom Squares Square Stdfistic
Model 1 3.32588 3.32588  1374.02862
Error 5 0.0121 0.00242
Total 6 3.33799
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0.5+

0.0
[DMIL,g][Tf2N]

-0.54

-1.04

(72}
£ -154
£
- 204
-2.54
-3.04
-3.5 T T T T T T T T T T T 1
2.8 29 3.0 31 3.2 3.3 34 35
1000/T (K)
Parameter Value rroE 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) AljSquare Root-MSE(SD) N
-0.9946 0.98922 0.98706 0.13176 7
Parameter LCI ucCl
A 13.83583 17.9608
B -6.18161 -4.85693
ANOVA Table:
Degrees of Sum of Mean
Iltem Freedom S@s Square Stétistic
Model 1 7.96566 7.96566 458.84072
Error 5 0.0868 0.01736
Total 6 8.05246
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1.04

0.5

0.0+

Lnk, mS

-0.5

-1.04

15 : :

[Pip1,0][Tf2N]

2.8 29

3.0

31 3.2 33

1000/T (K)
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 0011
7
Parameter LCI UCl
A 10.7953 13.20932
B -4.26254 -3.48731
ANOVA Table:

Degrees of Sum of ebh
Item Freedom Squares Squar
Statistic
Model 1 3.92631 9531
660.36697
Error 5 0.02973 0.00595
Total 6 3.95604
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Lnk, mS

[Mor1,g][Tf2N]

28 29

T T T T
3.0 31 3.2 33

1000/T (K)
Parameter Value Error t-Value Prob>|t|
A 19.26647 1.03119 18.68368 .0601
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 UClI
A 16.61571 21.91723
B -7.73363 -6.03111
ANOVA Table:
Degrees of Sum of Mean
Item Freedom quéres 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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[FHMPip1,g][Tf2N]

(%))
E -6+
<
c
-
74
-8
-9 -
T T T T T T T T 1
238 2.9 3.0 3.1 3.2 33 34 35
1000/T (K)
Parameter Value Error t-Value Prob>|t|
A 242477 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
Parameter LCI UCl
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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1.0

0.5

0.0 1

[MIM1,g][Tf2N]

%2}
£
< 0.5
5
-1.04
-1.54
-2.0 T T T T T T T T T T 1
2.8 2.9 31 3.2 33 3.4 35
1000/T (K)
Parameter Value Error  t-Value Prob>|t|
A 13.54093 ®39 23.37926 <0.0001
B -4.41547 0.186  -23.73929 <0.0001
R R-Square(COD) Adj. RuSre Root-MSE(SD) N
-0.99559 0.99121 0.98945 0.09511 7
Parameter LCI UCl
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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3.5+
] y =a*exp(b/(x+c))
Weighting: [Pyrrl,g][Tf2N]
3.0 y No weighting
Chi*2/DoF =0.00413 ]
2.5 RA2 = 0.99736
a 191.74521 +239.48744
2.0 b -724.96304 +384.24607
UE') i c -176.00923 +40.39415
« 154
1.04
0.5
2.0 +qfpr-v-g-—-+-—-a-—-""--T-—--r--—m——T—
290 300 310 320 330 340 350 360
T (K)
Equation:
1.2 y =a*exp(b/(x+c))
Weighting: [DMI1,g][T2N]
y No weighting
1.0
Chi*2/DoF = 0.00006
R"2 = 0.99974
0.8
a 108.92445 +47.55027
b -664.47462 +110.31194
g 0.6 c -207.61588 +10.39345
M
0.44
0.2
-
0.04
T T T T T T T T T T T T 1
290 300 310 320 330 340 350 360

T(K)
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mS

1 Equation: )
25 y =a*exp(b/(x+c)) [Pip1,g][Tf2N]
’ Weighting:
| y No weighting
2.04 Chi~2/DoF =0.00134
R"2 = 0.99873
a 65.42056 +37.29124
1.5 b -470.19352 +£138.50834
c -208.17874 £17.64451
1.04
0.5
0.0 T T T T T T T T T T T T T T 1
290 300 310 320 330 340 350 360
TK)
0.7
4 y =a*exp(b/(x+c)) Mor1, f2N
064 Weighting: [ OlTi2N] n
’ y No weighting
0.5 Chi*2/DoF = 0.00557
R"2 = 0.93395
0.4 a 1.23868 +1.10157
1) i b -51.73583 +67.44991
e c -293 $22.56028
- 0.3
X
c
= ]
0.24
0.1
) ]
0.0 | | -
T T T T T T T T T T T T T T 1
290 300 310 320 330 340 350 360
T(K)
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K, mS

K, mS

146

y =a*exp(b/(x+c))

0.7 7 e
Weighting:
1 y No weighting
0.6 -
1 Chi*2/DoF =0.00037
R"2 = 0.99606
0.5
] a 8.88889 +7.21786
b -229.88875 +114.03808
0441 ¢ -265.86219  #17.03957
0.3
0.2
1 Without the first point:
0.1
1 n
0.0 -
T T T T T T T T T T T T 1
300 310 320 330 340 350 360
TK)
0.05 D
] y =a*exp(b/(x+c)) -
W eighting:
0.04 4 y No weighting
] Chi~2/DoF =0.00007 .
RA2 = 0.83048 [FHMPip1,g][Tf2N]
0.03
a 0.11001 +0.28316
E b -74.6875 +214.38637
c -293  +56.19372
0.02 4 "
0.01
0.00 =
T T T T T T T T T T T T T T 1
290 300 310 320 330 340 350 360
T (K)
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K, mS

0.05 .
y No weighting
1 Chi"2/DoF  =3.692E-8
R2 = 0.99994
0.04
a 140446310.38912 +791980394.79318
b -6537.51468  +3262.38956
1 c -53.96264 +72.12743
0.03
0.02
0.01
| Without the first two points:
0.00 - [FHMPiplvg] [T,N]]
T T T T T T T T T T 1
310 320 330 340 350 360
TK)
B y =a*exp(b/(x+c))
Weighting:
254 y No weighting
1 Chi*2/DoF =0.00241
R"2 = 0.9978
2.0
a 47.00443 +29.07688
T b -367.31098 +126.92308
c -227.97732  +17.41683
154 ]
(%]
g |
¥
1.0
1 [MIM1,g][Tf2N]
0.5
] .
0.0 T T T T T T T T T T T T T 1
290 300 310 320 330 340 350 360
TK)
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Appendix 2:

Evaluation of the sensitivity of the solvatochromic parametersto temperature

Table3A1: Changes i, 7%, SandE;", Er@o) at 25, 45, 65, 45 and 25°C ([RIN(CN),]

Temperatures Er(so) = a B 7t
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

Er@o:- The %age increase &3 on increasing the temperature from 25 to 45°C is 0.7an%
45 to 65°C is 1.13% and on returning from 65 to 48 @®.87% and on returning from 45 to
25°C is 1.35%. The major difference is 1.88% thattien one moves from 25 to 65°C and back
to 25 from 65°C is 2.20%. As we see the Table 3.8@an say thdf, decreases linearly with
the increase in the temperature and increasesrlinedéth the decrease in temperature. This

result also agrees with Shruti Trivedi et al.

EIN:- The %age increase & on increasing the temperature from 25 to 45°C is 1.601%h 45

to 65°C is 2.51% and on returning from 65 to 45°€.@2% and on returning from 45 to 25°C is
2.82%. The major difference is 4.07% that is whar moves from 25 to 65°C and back to 25
from 65°C is 4.77%. This result also shows thatEREvalue decrease linearly with the rise in

temperature and the vice-versa. This result igie@ment with Shruti Trivedi et al.

a.- The %age increase af on increasing the temperature from 25 to 45°C is 0.22#b 45 to

65°C is 4.32% and on returning from 65 to 45°C #&1% and on returning from 45 to 25°C is
2.30%. The major difference is 5.20% that is whar moves from 25 to 65°C and back to 25
from 65°C is 5.53%. This result also shows that thealue decrease linearly with the rise in

temperature and the vice-versa. This result igie@ment with Shruti Trivedi et al.
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B:- The %age increase gfon increasing the temperature from 25 to 45°C is 3.@2fb 45 to

65°C is 2.38% and on returning from 65 to 45°C i©$3% and on returning from 45 to 25°C is
4.83%. The difference from 25°C to 65°C is exceptignw i.e. 0.57%. The percentage
difference when one moves from 65°C to 25°C is 6.8IP& major difference is 10.69% that is

when one moves from 65 to 45°C. Thus, one can sey fhese results thatis independent of

temperature and the increase or decreas¢ ivalues cannot be explained on basis of

temperatures. This result is in agreement with BAnvedi et al.

7 :- The %age increase @f on increasing the temperature from 25 to 45°C is 2.38%45 to
65°C is 0.73% and on returning from 65 to 45°C #&3% and on returning from 45 to 25°C is
1.77%. When one moves from 25 to 65°C the differaac®05% and back to 25 from 65°C is

4.16%. This result also shows that tifevalue decrease linearly with the rise in tempesaturd

the vice-versa. This result is in agreement withugfrivedi et al.

Table 3A2: DMI, 4 N(CN), changes with temperature

Temp a B 7 ET(30) =
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 4 4 Tf,N:- changes with temperature
Temp a B 7 E+(30) EN
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: Pyrr 4 Tf,N:- changes with temperature

Temp a B 7 E+(30) EN

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-@) show variations in various solvatochromic parersewith the
rise in temperature and also decrease in temperafisf obtained from betaine dye 33,
indicating dipolarity/polarizability and/or hydrogebond donating (HBD) acidity, decreases
linearly with increasing temperature within the thcs. Changes in Kamlet-Taft parameters
dipolarity/polarizability ¢*), HBD acidity (o), and HB accepting (HBA) basicitys) with
temperature show interesting trends. White and a decrease linearly with increasing
temperature within the two IL#, appears to be independent of the temperature, Ms@an say
that this kind of variations with temperatures fr@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-member ed rings: their synthesis and
properties and comparing them with other six-membered rings

Abstract

A series of functionalized and non-functionalizegnionic liquids (ILs) based on a cyclic
seven-membered ring amine (hexamethylenimine, ééfaiso as azepane) were prepared and
their properties were compared with those of twhebtsix-membered ring amines, i.e. a
functionalized six-membered ring, namely morphalimi salts, and non-functionalized six-
membered ring, namely piperidinium salts. The ptohemical properties such as
conductivity, viscosity and polarity were measu@ddifferent temperatures. A comparison

between five-, six- and seven-membered ringed rati@sed ILs are reported here.
4.1 Introduction

Recently, Belhocine et alhave reported the synthesis and some propertiasefv class of ILs
arising from azepane and have compared them withlogous ILs arising from 3-
methylpiperidine, showing that both of these saltibited wide electrochemical windows.
Nevertheless, the syntheses and the physical aoetrathemical properties of ILs based on 1-
alkyl-1-methylazepaniufrwere also reported in a recent patent applicdtimm INVISTA.2
Considering our interest in the development of n&agses of ILs having improved properties,
during the course of this PhD thesis, we have sgitled a series of hydroxyl-functionalized
cyclic onium ILs based on six membered rings (rhofime and piperidine) and seven-
membered rings (azepane). The physico-chemicaleptiep as well as solvent properties were
studied for all the above-mentioned ILs having [NJgN as anion and were compared with

those of analogously alkyl functionalized ILs.

4.2 Experimental section

In this section we have shown the synthesis ofousrilLs studied in this chapter. Also the

schemes for each of the reactions are shown irséuison.
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4.2.1 Synthesis of all bromide, chloride and iodide salts

The various bromides, chlorides and iodides weepaed and are explained in this section.
4.2.1.1 Synthesisof [HME 4][1]

This synthesis involves 3 consecutive steps whiehexplained below.

N-butyl hexamethyleniminium bromide [HMEy, ,] [Br]

30.40 g (0.2218 mol) of bromobutane (Acros, 99%3 waded dropwise over 1 h to a solution of
22 g (0.2218 mol) of hexamethylenimine (Aldrich 99 100 ml of acetonitrile (J.T. Baker,
Deventer, Holland) while stirring vigorously, and, Mas bubbled through the solution. The
mixture was refluxed for 8 h at 70°C. The moltert s&s decanted, washed three times with
100 ml of CHCI,, and dried on a rotovapor for 1 h at 45°C, underpressure. The product was
dried in vacuum. If the product was found to haaees of brown or yellowish color, then it
was washed with acetone and recrystallized in aeetd crystalline white solid was obtained
with a yield of 85%.

N-butyl hexamethylenimine [HME,]

Equimolar amounts of N&0s.10H,0 and [HME; 4[Br] were dissolved in pure distilled water.
The organic base was then extracted in,@kand after solvent removal the final product, a
yellowish liquid, was analyzed by NMR. This produeas completely insoluble in water. The
weight of the product obtained was 9.16 g andbtioduct yield was 69.73% .

N-butyl-N-methyl hexamethyleniminium iodide [HME, 4] [I]

7.919 g (0.0558 mol) of iodomethane (Acros, 99%) (Rolar excess of iodomethane was taken
as it is highly volatile) was added dropwise tooduson of 8.49 g ( 0.0547 mol) dfi-butyl
hexamethylenimine in 40 ml of acetonitrile (J.T. BakDeventer, Holland) under vigorous
stirring and N was bubbled through the solution. The mixture stirsed at room temperature
for 2 h as the reaction was exothermic. The formetten salt was decanted, washed three times
with 100 ml of CHCI,, and dried on a rotovapour for 30 mins at 45°C uhal@ pressure. The
product was dried in vacuum. If the product wasnfbio have traces of brown or yellowish
colour, then it was washed with acetone and réalfized in acetone. A crystalline white solid

was obtained and the weight of the product was8l§.8nd the product yield was 93.72%.
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4.2.1.2 Synthesisof [HME, {[I]
This synthesis involves 3 consecutive steps as shovawbel

N-ethanol hexamethyleniminium chloride [HMEy, ] [Cl]

17.86 g (0.2218 mol) of 2-chloroethanol (Acros, 93as added dropwise over 1 h to a solution
of 22 g (0.2218 mol) of hexamethylenimine (Aldrig¢@%) in 100 ml of acetonitrile (J.T. Baker,
Deventer, Holland) while stirring vigorously, ang Was bubbled through the solution. As the
boiling point of bromoethane was quite low we t&% more of it in the reflux. The mixture
was refluxed for 12 h at 70°C. The molten salt wesadited, washed three times with 100 ml of
CH,Cl,, and dried on a rotovapor for 1 h at 45°C, under pressure. The product was dried in
vacuum. If the product was found to have tracedrofvn or yellowish colour, then it was
washed with acetone and recrystallized in aceténerystalline white solid was obtained with
the product yield of 85%.

N-ethanol hexamethylenimine [HME]

Equimolar amounts of }CO; and [HME; J[Cl] were dissolved in pure distilled water. The
organic base was then extracted using dichloromettend after solvent removal the final
product,a yellowish liquid, was analyzed by NMR. §iproduct was completely insoluble in
water. The weight of the product was 15.94 g aedptioduct yield was 79.7%.

N-ethanol-N-methyl hexamethyleniminium iodide [HME; J] [I]

15.80 g (0.11135 moles) of iodomethane (Acros, 9@%) molar excess of iodomethane was
taken as it is highly volatile) was added dropwisea solution of 15.94 g (0.11130 moles\of
ethanol hexamethylenimine (prepared and approvediR) in 40 ml of acetonitrile (J.T.
Baker, Deventer, Holland) while stirring vigorousbnd N was bubbled through the solution.
This was stirred at room temperature for 2 h agehetion was exothermic. The molten salt was
decanted, washed three times with 100 ml oL,Cl§ and dried on a rotovapor for 30 mins at
45°C under low pressure. The product was dried tuwm. The product was washed with
acetone and recrystallized in acetone. A crysellifite 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 [HME g][1]
This synthesis involves 3 consecutive steps whielshown below.

N-alyceryl hexamethyleniminium chloride [HMEy, ¢] [Cl]

24.52 g (0.2218 mol) of 1,3-chloro propanediol @r99%) was added dropwise over 1 h to a
solution of 22 g (0.2218 mol) of hexamethylenim{adédrich 99%) in 100 ml of acetonitrile (J.T.
Baker, Deventer, Holland) while stirring vigorousbnd N was bubbled through the solution.
The mixture was refluxed for 4.5 days at 70°C. Thaltem salt was decanted, washed three
times with 100 ml of CKCl,, and dried on a rotovapor for 1 h at 45°C under pogssure. The
product was dried in vacuum. If the product wasnfbio have traces of brown or yellowish
color, then it was washed with acetone and redtiggid in acetone. A crystalline white solid

was obtained and the weight of the product was d0djthe product yield was 86%.

N-glyceryl hexamethylenimine [HME,]

Equimolar amounts of N&0;.10H,0 and [HME, (J[Cl] were dissolved in pure distilled water.
The final product was then extracted using dichieethane and after solvent removal the purity

of the collected product was estimated using NMRe ffoduct yield was 72%.

N-glyceryl-N-methyl hexamethyleniminium iodide [HME; ][I

0.0589 moles of iodomethane (Acros, 99%) (2% mekaess of iodomethane was taken as it is
highly volatile) was added dropwise to a solutimf 10 g (0.0577 moles) of
N-glycerylhexamethylenimine (prepared and approved\MR) in 40 ml of acetonitrile (J.T.
Baker, Deventer, Holland) while stirring vigoroushnd N was bubbled through the solution.
This was stirred at room temperature for 2 h agehetion was exothermic. The molten salt was
decanted, washed three times with 100 ml oL,ClH and dried on a rotovapor for 30 mins at
45°C under low pressure. The product was dried cuwan. If the product was found to have
traces of brown or yellowish colour, then it wassthvad with acetone and recrystallized in

acetone. A crystalline white solid was with 52%padduct yield.

4.2.1.4 N-ethanol-N-methyl mor pholinium chloride [Mor; ] [Cl]

43.94 g (0.5457 mol) of 2-chloro ethanol (99%) weded dropwise over 1h to a solution of 55.2
g (0.5457 mol) ofN-methylmorpholine (Acros, 99%) in 100 ml of acetdte (J.T. Baker,
Deventer, Holland) while stirring vigorously, ang Was bubbled through the solution. As the
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boiling point of bromoethane was very low we todk ghore of it in the reflux. The mixture was

refluxed for 8h at 70°C. The molten salt was deahnteashed three times with 100 ml of
CH,Cl,, and dried on a rotovapor for 1h at 45°C under fpoessure. The product was dried in
vacuum. If the product was found to have tracdsroivn or yellowish color, then it was washed
with acetone and recrystallized in acetone. A atiise white solid was obtained and the weight
of the product was 46.21 g and the product yield #&61%.

4.2.1.5 N-ethanol-N-ethyl morpholinium chloride [Mor, ¢][Cl]

23.55 g (0.21609 moles) of 2-bromo ethanol (Aldri8B%) was added dropwise over 1 h to a
solution of 27 g (0.2058 moles) ®-(2-hydroxylmorpholine) (Acros, 99%) in 100 ml of
acetonitrile (J.T. Baker, Deventer, Holland) whilgrrsng vigorously, and B was bubbled
through the solution. As the boiling point of brostivane was very low we took 2% more of it in
the reflux. The mixture was refluxed for 12 h af@0The molten salt was decanted, washed
three times with 100 ml of Ci€l,, and dried on a rotovapor for 1 h at 45°C under fo@ssure.
The product was dried in vacuum. If the product feasd to have traces of brown or yellowish
color, then it was washed with acetone and redtizgtd in acetone. A crystalline white solid
was obtained and the weight of the product was7d.@nd the product yield was 82.63%.

4.2.1.6 N-ethanol-N-methyl piperidinium iodide [Pip; [1]

26.64 g (0.1877 moles) of methyl iodide (Acros, 9%8és added dropwise over 1 h to a solution
of 24.25 g (0.1877 moles) d-ethanolpiperidine (Acros, 99%) in 100 ml of acetidie (J.T.
Baker, Deventer, Holland) while stirring vigorousbnd N was bubbled through the solution.
The mixture was refluxed for 4 h at 70°C. The mokah was decanted, washed three times with
100 ml of CHCl,, and dried on a rotovapour for 1 h at 45°C under jwessure. The product
was dried in vacuum. The product was washed wittom@ and recrystallized in acetone. A
brownish crystalline solid was obtained and thegheiof the product was 39.11 g and the

product yield was 76.85%.

4.2.1.7 N-ethanol-N-ethyl piperidinium iodide [Pip, ][]

29.28 g (0.1877 moles) of 2-iodoethane (Aldrich%®9was added dropwise over 1 h to a
solution of 24.25 g (0.1877 moles) &-ethanolpiperidine (Aldrich 99%) in 100 ml of
acetonitrile (J.T. Baker, Deventer, Holland) whilérrsng vigorously, and B was bubbled

through the solution. As the boiling point of iodeane (bpt.=72 °C) was very low we took 2%

more of it in the reflux. The mixture was refluxtea 4 h at 70°C. The molten salt was decanted,
159



Chapter 4

washed three times with 100 ml of &F,, and dried on a rotovapor for 1 h at 45°C under low
pressure. The product was dried in vacuum. It washed with acetone and recrystallized in
acetone. A brownish-colored crystalline solid wédamed and the weight of the product was
45.14 g and the product yield was 84.33%.

[Mor, J[Br] was prepared as reported in Chapter 2; whefetas, J[CI] and [Pip, J[CI] were

prepared as reported in Chapter 3.

4.2.2 Synthesis of dicyanamide salts
4.2.2.1 N-butyl-N-methyl hexamethyleniminium dicyanamide ([HM E; 4][N(CN),])

To a colorless solution of [HME][I] (15 g, 0.0505 moles) in water (100 ml) 0.05d®les (a
little molar excess was taken assuming some sdi@ranamide will be lost during filtration
process) of silver dicyanamide (white solid, frgspfepared from AgN@and NaN(CN)in
water) was added. The mixture was stirred for 8404C. After cooling at room temperature the
precipitate was filtered off, washed with water 18xml) and the resulting colourless aqueous
solution (approximately 200 ml) was heated to 70~dear vacuum for 1 h to remove the water.
The colorless liquid was dissolved in anhydroudawe (Carlo Erba reagents, HPLC grade, 200
ml), and the solution was cooled-&t0°C for 48 h. Then, it was filtered on glass s€ptaosity

4) containing two different powdered layers of 1 eath:- celite (lower layer) and decolorizing
carbon (upper layer). The solvent was removed umdenum (2x1% mm Hg, 80°C, 6 h) to

give the pure IL. The product yield was 82% afeanoval of silver by washing with acetone.

4.2.2.2 N-ethanol-N-methyl hexamethyleniminium dicyanamide ((HME[N(CN),])

To a colorless solution of [HME][I] (10.55 g, 0.03700 moles) in water (100 ml) 8704 moles

(a little molar excess was taken assuming somersdicyanamide will be lost during filtration
process) of silver dicyanamide (white solid, filggprepared from AgN@ and NaN(CNyin
water) was added. The mixture was stirred for 8404C. After cooling at room temperature the
precipitate was filtered off, washed with water 12xml) and the resulting colourless aqueous
solution (approximately 200 ml) was heated to 70A@ar vacuum for 1 h to remove the water.
The colorless liquid was dissolved in anhydroudawe (Carlo Erba reagents, HPLC grade, 200
ml), and the solution was cooled-&t0°C for 48 h. Then, it was filtered on glass sé¢ptaosity

4) containing two different powdered layers of 1 eath:- celite (lower layer) and decolorizing
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carbon (upper layer). The solvent was removed umaenum (2x1% mm Hg, 80°C, 6h) to give

the pure IL. The product yield was 76% after remha¥ailver by washing with acetone.

4.2.2.3 N-glyceryl-N-methyl hexamethyleniminium dicyanamide ([HME; g][N(CN),])

To a colorless solution of [HME][I] (15 g, 0.04759 moles) in water (100 ml) 0.048%0les (a
little molar excess was taken assuming some sidi@®ranamide will be lost during filtration
process) of silver dicyanamide (white solid, frgspfepared from AgN@and NaN(CN)in
water) was added. The mixture was stirred for 8404C. After cooling at room temperature the
precipitate was filtered off, washed with water 12xml) and the resulting colorless aqueous
solution (approximately 200 ml) was heated to 70~dar vacuum for 1 h to remove the water.
The colorless liquid was dissolved in anhydroudaue (Carlo Erba reagents, HPLC grade, 200
ml), and the solution was cooled-&0°C for 48 h. Then, it was filtered on glass s€ptaosity

4) containing two different powdered layers of 1 eath:- celite (lower layer) and decolorizing
carbon (upper layer). The solvent was removed umdenum (2x1% mm Hg, 80°C, 6 h) to

give the pure IL. The product yield was 64% after temoval of silver by washing with acetone.

4.2.2.4 N-ethanol-N-methyl piperidinium dicyanamide ([Pip; ] [N(CN),])

To a colorless solution of [Pigd[l] (15 g, 0.08348 moles) in water (100 ml) 0.085tholes (a
little molar excess was taken assuming some sidi@®ranamide will be lost during filtration
process) of silver dicyanamide (white solid, figsprepared from AgN@and NaN(CNyin
water) was added. The mixture was stirred for 8404C. After cooling at room temperature the
precipitate was filtered off, washed with water 12xml) and the resulting colorless aqueous
solution (approximately 200 ml) was heated to 70~dar vacuum for 1 h to remove the water.
The colourless liquid was dissolved in anhydroust@we (Carlo Erba reagents, HPLC grade,
200 ml), and the solution was cooled-&0°C for 48 h. Then, it was filtered on glass septa
(porosity 4) containing two different powdered leyy®f 1 cm each:- celite (lower layer) and
decolorizing carbon (upper layer). The solvent wasoved under vacuum (2XE0mm Hg,
80°C, 6 h) to give the pure IL. The product yieldsv@5% after the removal of silver by washing

with acetone.

4.2.2.5 N-ethanol-N-methyl mor pholinium dicyanamide ((Mor 1 J][N(CN),])

To a colorless solution of [Med[CI] (15 g) in water (100 ml) with 2% extra molaf silver

dicyanamide (a little molar excess was taken agssgraome silver dicyanamide will be lost
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during filtration process) which is a white solftgshly prepared from AgN£and NaN(CNyin
water was added. The mixture was stirred for 3 40a€. After cooling at room temperature the
precipitate was filtered off, washed with water 18xml) and the resulting colourless aqueous
solution (approximately 200 ml) was heated to 70A@ar vacuum for 1 h to remove the water.
The colorless liquid was dissolved in anhydroudaue (Carlo Erba reagents, HPLC grade, 200
ml), and the solution was cooled-&t0°C for 48 h. Then, it was filtered on glass sé€ptaosity

4) containing two different powdered layers of 1 eath:- celite (lower layer) and decolorizing
carbon (upper layer). The solvent was removed umrdeuum (2x1G mm Hg, 80°C, 6 h) to

give the pure IL. The product yield was 62% aftex temoval of silver by washing with acetone.

4.2.2.6 N-ethanol-N-ethyl mor pholinium dicyanamide ([Mor, ][N(CN),])

To a colorless solution of [Meg[Br] (15 g, 0.06246 moles) in water (100 ml) 0.063woles (a
little molar excess was taken assuming some sidi@®ranamide will be lost during filtration
process) of silver dicyanamide (white solid, figshrepared from AgN@and NaN(CN)in
water) was added. The mixture was stirred for 840aC. After cooling at room temperature the
precipitate was filtered off, washed with water 12xml) and the resulting colourless aqueous
solution (approximately 200 ml) was heated to 70A@ar vacuum for 1 h to remove the water.
The colorless liquid was dissolved in anhydroudaue (Carlo Erba reagents, HPLC grade, 200
ml), and the solution was cooled-&0°C for 48 h. Then, it was filtered on glass s€ptaosity

4) containing two different powdered layers of 1 eath:- celite (lower layer) and decolorizing
carbon (upper layer). The solvent was removed umrdeuum (2x13 mm Hg, 80°C, 6 h) to

give the pure IL. The product yield was 68% after temoval of silver by washing with acetone.

4.2.2.7 N-ethanol-N-ethyl piperidinium dicyanamide ([Pip,[N(CN).])

To a colorless solution of [Pid[l] (15 g, 0.0526 moles) in water (100 ml) 0.053bles (a little
molar excess was taken assuming some silver diayideawill be lost during filtration process)
of silver dicyanamide (white solid, freshly prepadrfrom AgNQ and NaN(CN)in water) was
added. The mixture was stirred for 3 h at 40°C. A¢mling at room temperature the precipitate
was filtered off, washed with water (2x10 ml) arieb tresulting colourless aqueous solution
(approximately 200 ml) was heated to 70°C under wactor 1 h to remove the water. The
colourless liquid was dissolved in anhydrous acet@@arlo Erba reagents, HPLC grade, 200
ml), and the solution was cooled-&0°C for 48 h. Then, it was filtered on glass s€ptaosity

4) containing two different powdered layers of 1 eath:- celite (lower layer) and decolorizing
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carbon (upper layer). The solvent was removed umdenum (2x1% mm Hg, 80°C, 6 h) to

give the pure IL. The product yield was 78% aftanoval of silver by washing with acetone.
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Scheme 4.5: Synthesis of functionalized piperidinium and marjifium ILs

4.3 Results and Discussion
4.3.1 Physico-chemical properties

For all synthesized ILs the fundamental propertieduding density ), viscosity ¢) and
conductivity ) were measured after accurate drying (see ch8pt@nd the corresponding data
are shown in Table 4.1. The densif) (values lie in the range 1.37 to 1.15 g/ml. Thas,
moderate effect of cation structure on density andnore significant anion effect can be
evidenced: i) the dicyanamide salt has a lower ietizan the bistrifimide analogues; ii) the
introduction of oxygen on cation core increasessignGenerally, morpholinium salts have
higher densities than piperidinium and the intraducof an hydroxyl group on the alkyl chain
increases density; iii) passing from piperidinium &zepanium cation increases density.
Nevertheless,the cation structure significantly affect viscgsis). Generally, viscosity
increases in the order [Pipk [HME]" < [Mor]*; however, the presence of hydroxyl groups on
cation determines a more drastic increase in teeosities of morpholinium-based ILs with
respect to the others. It is noteworthy that ibl&at.1. the viscosity values are reported at 30°C
being the viscosities of some salts extremely higie temperature dependence of viscosity was
investigated, with few exceptions, in the ranga®80 °C. In all cases, dynamic viscosity (Table
4.2a and b) decreases on increasing temperatumyvert temperatures, the viscosity decrease is
significant whereas a more gentle descent behageube observed at higher temperatures.
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Table 4.1: Temperature-dependent physico-chemical properties

Viscosit d

C K
Salt molcmé TV S cnit Scnf (gp) (g;ml
o -1
(at 30°C) mol at 30°C

[HME, 4 0.0054 236.36 2.10 x1® 0.389 297 1.27
[Mor, J° 0.0050 224 176x18 0352 280 1.12
[HME, ] 0.0054 25433 0.20x1® 0037 1105  1.37
[Mor, J° 0.0056 24228 0.10x1® 0018 5367  1.37

[Pip, J]° 0.0049 240.30 0.27x1® 0.055 970 1.18
[HME ] 0.0057 22431 1.79x1® 0.314 221 1.28
[Mor, { 0.0058 212.25 1.55x1® 0.267 332 1.24
[Pip..d 0.0074 210.28 2.03x1® 0.274 196 -
[HME, 4° 0.0030 481.54 0.66x16 0.222 273 1.43
[Mor,] 0.0053 226.27 1.13x1® 0.213 5389  1.19
[Pip,.d 0.0052 22430 158x1® 0304 1351  1.16

Data taken from chapter Xata taken from chapter®Bhis IL is [HME, J[Tf.N] and the values
agree with reference 3.

The Arrhenius plots of viscosity according to edpa(1):

Inn =InA + E/RT (1)

present a distinct curvature (see Appendix). Howethe values of £ A, and the linear fitting
parameters (B obtained are listed in Table 4.3a. Accordinghe values of & the five salts
were approximately fit by the Arrhenius model imsttemperature interval. It is however to note
that all ILs exhibit high energy barriers, in agremt with the elevated viscosity values; the
higher value characterizing tineglyceryl-N-methylmorpholinium cation. It is to note that tBg
values for the dialkyl and methyl-glyceryl subsin [HME]" cation are lower than those
characterizing the corresponding piperidinium-bad&sd

Table4.2a: Viscosity values from 2680°C for six N(CN) ILs

T(K) HME;, Mor;S Pips Pipg HME;,  Moryg

293 623 589 429 2433 2969 ND
303 297 280 212 970 1105 5367
313 153 156 106 461 987 1636

166



Chapter 4

323
333

343
353

96
59

39
29

94 83
55 52
38 23
29 15

243
140

89
57

556
308

180
89

691
349

202
123

®These values are taken from Chapter 2 for compafi$hese values are taken from

Chapter 3 for comparison.

Table4.2b: Viscosity values from 280°C for five N(CN) and one TN ILs

T(K) Mory e Pipy e HME; ¢ HME; 4 Mor; e Pip,e
Tf,N°®

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

‘These values are in agreement with reference 3.

For these ILs, viscosity data have been also fiibetthe \Vogel-Tamman-Fulcher (VTF) equation

(2), the best fit lines are reported in Appendix.

N =no exp[B/(T-To)]

)

wherenq (cP), B (K) and T (K) are fitting parameters. The best-fit parameterd the associated

squared correlation coefficient$ Bre given in Tables 4.3a and b.

In Table 4.4. is reported the behavior of conduistiwith temperature whereas figure 4.1
reports the corresponding Arrhenius plots accortiingquation (3):

Ink = InA + (E,/RT) (3)

Table 4.3a: Arrhenius Fitting parameters for viscosity behawera function of temperature

ILs E, LA R
(kJ cP
mol %)
[AME.4  43.77 -11.67 0.996
[Morl,4]  43.69 -11.67 0.996
[Pipl,4]  46.63 -13.12 0.993
[Pipl,g] 5327 -14.23 0.997
[HMEL,g] 46.88 -11.29 0.988
[Morl,g] 6611 -17.89 0.992
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[Mor1,e] 4186 -10.81 0.993
[Pipl,e] 3478 -8.61 0.990
[HMEL1,€] 40.20 -10.42 0.995
[HME 4 J[Tf,N] 4345 -11.65 0.995
[Mor2,e] 47.07 -12.37 0.997
[Pip2,e] 3421 -8.69 0.997

Table4.3b: Vogel-Tamman-Fulcher (VTF) parameters for visgobthavior as a function of

temperature
ILs No B To R
cP K K

[HME, ] 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
[HMEL1,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
[Pipl.e] 0.003 2559.93 70 0.9860
[HMEL,¢e] 2.161 350.44 228 0.9960
[HME, J[Tf,N] 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 leasbme cases conductivities exhibit relevant
deviations from Arrhenius behavior, also the Vogaimman-Fulcher (VTF) equation (4) was
used to represent the temperature dependence odmideictivity:

K =K, exp[-B’/(T-Ty)] 4

The Arrhenius and VTF equation parameters as vgetha related correlation coefficients are
reported in Table 4.5.
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Table4.4a; Conductivity values from 20 to 80° C for six N(GNlL.s

Temp HME Mory 4 | Pipus Pipg HME;4 | Mor; g
(K) 1,4

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

®These values are taken from Chapter 2 for comparidtiese values are taken from Chapter 3
for comparison.

Table 4.4b: Conductivity values from 20 to 80° C for five N(GNynd one TN ILs

Temp | Mor. | Pipe | HMEL, | HME Mor2,e Pip2,e
(K) e TF,N®

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

These values are in agreement with reference 3.

—=—HMEL4
—e—Morl 4
—A—Pip1,4
—v— Pipl,g
<~ HME1l,g
—»—Morl,g
¢ Morle
—e—Piple
—e—HMELle
—*— HME tf2n
—o— Mor2,e
—mn—Pip2,e

In(conductivity) mS

3 T T T T T
28 29 3.0 31 32 33 34 35

Temp (K)

Figure 4.1: Conductivity behavior with temperature
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Table 4.5: Arrhenius Fitting parameters and Vogel-Tamman-fedc(VTF) parameters for
conductivity behavior as a function of temperature

ILs E, Ln A R K B' To R?
(kI mol™ ms mS (K) (K)
[HME, J° 24.17 103 0.996 13440  470.05 190  0.999
[Mor, 4 25.25 105 0.990 91.87 393.01 204  0.999
[Pip, 4 23.47 10.3  0.982 20438 12747 109  0.981
[Pipy,J 40.01 145 0.989 7851 476.73 218  0.999
[HME J 41.32 149 0.992 69.44 454.68 224  0.994
[Mor, g 46.47 162 0.993 357.01 91554 189  0.999
[Mor, d 26.30 108  0.992 10191  414.41 203 0.999
[Pip.d 23.11 9.96 0.973 3158 166.51 239 0.994

[HME, d 24.87 104 0982 48.01 246.53 226 0.998
[HME, 4" 28.36 10.8 0.994 60.73 446.61 204 0.999

[Mor, d 29.63 11.8 0.993 122.98 458.03 205 0.999
[Pip2d 19.84 8.34 0.995 61.07 440.69 18 0.999

This symbol represents dicyanamide is the coumtiemaand®this symbol represents the counter anion
is szN

Generally, piperidinium-based ILs have higher caridities and lower viscosity values than
azepanium-based ILs with the corresponding counigmaas well substituents on the nitrogen.
Also in this case, the lower number of carbon atamthe cation core reduces viscosity and
increases conductivity. As more times observedjelacations make ILs more viscous because
of the increased intermolecular van der Waals autimns?>*® lonic conductivity is proportional
however not only to the number of charge carriisibut also to their mobility; the different
mobility of the six- and seven-membered rings @iepidinium and azepanium cation may affect
the values characterizing both classes of ILs. IFin& is to note that although the presence of
two hydroxyl groups reduces significantly conduityivand increases viscosity a sole hydroxyl
group has a not so drastic effect, in particulahacase of the azepanium-based ILs.

4.3.2 Solvent properties

In Table 4.6 are reported the polarity parametefstie investigated ILs determined
spectrophotometrically at 25°C using three solMattomic dyes (Reichardt's dye, 4-nitroaniline,
andN,N-diethylaniline) on the basis of the equations reggbin chapter 3. In agreement with the
behavior observed for other classes of ILs andnsitely discussed in chapter 3, the solvent

properties of piperidinium-, morpholinium- and aaejum-based ILs are affected by the cationic
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structure; generally, the presence of an hydroxgup significantly increases the ability of the
solvent to act as a hydrogen bonding donator. Mydiaixyl- or dihydroxyl-functionalized ILs
are characterized by high values. It is however noteworthy that also the-fumctionalized
[HME J[Tf,N] and [HME, J[N(CN),] are characterized by higlr values (0.88 and 0.69,
respectively), significantly higher than the copesding piperidinium (0.31), morpholinium
(0.38) salts and pyrrolidinium (0.37) (reported Trable 4.6) below; suggesting possible
conformational effects on the ability of IL caticiw interact with the Reichardt's dye.
Nevertheless, the values here reported confirm whidt the similar cation more basic anions
give significantly lowera values; the aniortation interactions are in the three-dimensional

network characterizing ILs and this mutually afféet properties of the constituents of IL.

Table4.6. Polarity parameters of ILs and organic solven255€C

Salt E«30  EM 7 a B
. ab 0.639 1.05 0.51 Nd
[omim][N(CN),] 514 0629) (1.13) (0.46)  (0.70)
[emPyr][N(CN)? 487  0.556 1.03 0.37 Nd
[Csdabco][N(CNY]©  48.4  0.546 1.11 0.31 0.55
[Mor, ][N(CN),]° 50.3  0.605 1.12 0.43 0.506
[Mor J[Tf,N] 1.00 0.205
Watef 53.7"  1.000 1.13 1.12 0.50
Methanof 55.4°  0.760 0.73 1.05 0.61
Acetoné 422" 0.350 0.70 0.20 0.54
Acetonitrilef 45.6°  0.460 0.75 0.19 0.40
[PipLJIN(CN)]" 57.0 0.811 1.12 0.86 0.53
[Mory JIN(CN),]" 57.8 0.836 1.20 0.85 0.43
[MIM 1 JIN(CN),]" 57.6  0.831 1.17 0.87 0.47
[HME J[N(CN),] 57.44  0.825 1.12 0.89 0.52
[HME J[Tf,N] 55.76  0.773 0.98 0.88 0.28
[Mor, J[N(CN),] 55.80  0.775 1.13 0.78 0.49
[Pip J[N(CN),] 55.65  0.77 1.11 0.78 0.51
[HME 1 JIN(CN);] 5452  0.735 1.14 0.69 0.47
ory4 . . . . .
[Mory J[N(CN),]' 49.48  0.5796 1.12 0.38 0.53
[PipLJIN(CN);] 486  0.552 1.13 0.31 0.49
[EMIM][Tf ;N] 52.0  0.657 0.90 0.76 0.28
[EMIM][N(CN) 51.7  0.648 1.08 0.53 0.35
[EMIM][NO 4]’ 51.5  0.642 1.13 0.48 0.66
[HOEMIM][Tf.N]  60.8  0.929 1.03 1.17 0.34
[HOEMIM][N(CN) »’ 0.784 1.11 0.80 0.51
[HOEMIM][NO 4 0.769 1.11 0.77 0.65

¥From reference 12 From reference 7°From reference 8.%From reference 9.
From reference 1(From reference 19From reference 12Values obtained from chapter 3.
Values obtained from chapter'8higuo et al. (2010).
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4.4 Conclusion

Azepanium-based ILs represent an interesting aédés characterized by high polarity, in
particular, a high hydrogen-bond acidity even ir tbase ofN,N-dialkyl substituted salts.
Nevertheless, although they have a lower condugtamd high viscosity with respect to the
analogous piperidinium-based ILs differences aredramatic. Finally, the introduction of an
unique hydroxyl group on the alkyl chain on catlas only a moderate effect on the physico-
chemical properties of azepanium and piperidiniattssvhereas two hydroxyl groups are able
to significantly affect conductivity and viscosity.
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Appendix:3

Analysis of the behavior of conductivity values ffiME; J[N(CN),], [MorJ[N(CN),],
[Pip1,d[N(CN)2], [HME; JIN(CN)2], [Mory d[N(CN)2], [Pipy[N(CN)2l, [HME;d[N(CN)],
[Mor; d[N(CN)2, [Pipy d[N(CN)], [Mor, J[N(CN)2], [Pip, d[N(CN),] and [HME, [Tf,N].

[HME, JIN(CN),]

S
°

n (conductivity)
m:

I
o
>

T T T T T T T 1
28 29 3.0 31 32 33 34 35

Linear Regression for [HME; 4][N(CN),]:

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 ucl
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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In(conductivity) mS

——[Mor, JIN(CN),]

T T T
28 29 3,0 31 3.2
1000/T

Linear Regression for [Mor; 4][N(CN),]:

33 34 35

Y=A+B*X
Parameter Value Error t-Value Prob>|t|

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 ucl

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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—[Pip, JIN(CN)]

24
224
2,0
184
164
14

124

In (conductivity) in mS

1,04

0,84

06 +—
28

29

3.0 31

1000/T

Linear Regression for [Pip; 4][N(CN),]:

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 ucl
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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In (conductivity) in mS

— [Pip, JIN(CN),]

Linear Regression for [Pip; g][N(CN),]:

Y=A+B*X
Parameter Value Error t-Value Prob>|t|

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 ucl

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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ton —— [HME, JIN(CN),)
£ ] .
28 29 30 igoo” 32 33 34 35
Linear Regression for [Mor; ¢][N(CN),]:
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 ucl
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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0,54

0,04

-1,04

-1,54

-2,04

In (conductivity) in mS

3,0

—— [Mor, JIN(CN)]

28

Linear Regression for Datal_T:
Y=A+B*X

T
29 3,0 31 32
1000/T

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)
—0.99682 0.99365 0.99239 0.10213
Parameter LCI Ucl
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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In(conductivity) in mS

[Mor, JIN(CN),]

T T T T T
28 29 3,0 31 32
1000/T

Linear Regression for [Mor; o][N(CN),]:

T
33

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 ucli
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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In(conductivity) in mS

—[Pip, JIN(CN),]

T
28 29 30 31 32 33
1000/T

Linear Regression for [Pip; ¢][N(CN),]:

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 ucl
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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204
184
16
144
124
104
08

0,64

In(conductivity) in mS

0,44

0,24

0,0 +—

—— [HME, JINCN),]

28

T T
29 3,0 31 32 33
1000/T

Linear Regression for [HME; .][N(CN),]:

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 UcCl
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 0.04211 0.00842
Total 6 2.38237
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1549

104

In(conductivity) in mS

<104

054

0,04

<054

——[HME_J[TE,N]

T
28

T T T T T
29 30 31 32 33
1000/T

Linear Regression for [HME; 4][Tf,N]:

T d
34 35

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 ucl
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-
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In(conductivity) in mS

——[Mor, JIN(CN),]

Linear Regression for [Mor; o][N(CN),]:

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 ucl
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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0,84

0,64

In(conductivity) in mS

0,44

0,24

—1[Pip, JIN(CN),]

00+—

T
29 30 31 32 33

1000/T

Linear Regression for [Pip, ¢][N(CN),]:

3.4 35

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 ucl
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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[Pip, JINCCN),]
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Appendix 4:Appendix for Arrhenius values for viscosity:

— VR INOY)

In(viscosity) in mPas
ES N o o o o
d @ ? @ ? q
-
-

0
@

w
[=}

28 29 30 31 32 33 34 35

10007
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 UcCl
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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——[Mor, JIN(CN),]
6,54 -
6,04
g 5,5+
[2%
E
£ 50+
2
8 45
'\%
£ 4,04 (]
3,5
3v0 T T T T T T T 1
2,8 29 3,0 31 3,2 33 34 35
1000/T
Linear Regression for [Mor; 4][N(CN),]:
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 ucl
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

190



Chapter 4

65 —1Pip, JIN(CN),]

In(viscosity) in mPas
w S S (3]
w o w o

1 1 1 1

w
=}
1

N
o
1

T T T T 1
2,8 29 3,0 31 3.2 33 34 35

1000/T

Linear Regression for [Pip; 4][N(CN),]:

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 ucl
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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—[Pip,JIN(CN) ]
8,0
7,54
7,0
2 65
[+
% 5,54 (]
o
§ 5,0
= 4,5
4,0 u
354+ T T T T T ]
28 29 3,0 31 3.2 34 35
1000/T
Linear Regression for Datal_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 ucl
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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8,59

In(viscosity) in mPas

——[HME_ JIN(CN),]

4.0 T T

28 29 31 32 33 34 35
1000/T

Linear Regression for [HME; ][N(CN),]:
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 ucl
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

193



Chapter 4

In(viscosity) in mPas

@ o o 9~ 9~
w o w o w
1 ! L ! 1

o
=)
1

»
o

——[Mor, JIN(CN),]

1000/T

Linear Regression for [Mor; o][N(CN),]:

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 ucl
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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In(viscosity) in mPas
ES ES o o o o ~
o « ° « ° o )
1 1 1 1 1 1 ]

w
o
1

——[Mor, JIN(CN),]

2,8 29

Linear Regression for [Mor; o][N(CN),]:

3,0 31 32 33 34 3,5

1000/T

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 LCl Ucl
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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6.0+ [Pip, JIN(CN),]

5,5

> » o
=) 2] =]
1 1 1

In(viscosity) in mPas

w
3
1

3,01

T T T T T T T 1
2,8 29 30 31 32 33 34 35

1000/T

Linear Regression for [Pip; ][N(CN),]:

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 ucl
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

196



Chapter 4

In(viscosity) in mPas

6,59

6,04

m
[
1

o
=}
1

»
w
1

Ead
[=}
1

w
o
1

w
=}

—— [HME, JIN(CN),]

T T T T T T T
31 32 33 3,4

35
1000/T
Linear Regression for [HME; (][N(CN),]:
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 ucl
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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6,5

6,0

5,5

In(viscosity) in mPas
S wu
« °
1 1

E
o
I

w
o
1

w
o

——[HME, JITEN]

2,8 29 3,0 31 32 33 34 35

1000/T
Linear Regression for [HME; 4][Tf,N]:
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 Ucl
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
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75 ——[Mor, JIN(CN),]
7,04 "
6,5
§ 6,0
E
E 5,5
B
§ 5,0 [ ]
g
£ 454
4,0
315 T T T T T T 1
28 29 3,0 31 3.2 34 35
1000/T
Linear Regression for Datal_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 ucl
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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[Pip2,e][N(CN2]
554
5,04
45
%
§ 4,04 =
354
3,0+ b
2:8 2:9 3:0 3:1 3:2 3:3 3:4 3:5
1000/T (K)
Linear Regression for Datal_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 ucl
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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7004
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Data: Datal_B
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Equation:

y =a*exp(bi(x+c))
Weighting:

y No weighting
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c -192.66022

Chi*2/DoF =8.19065

0.08882
+124.8436
48.38091

600

500

400

300

200

Viscosity in mPas

100

T T T
300 310 320

T
330

Temperature (K)

Data: Datal_C
Model: Exp3P1
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c -191.84758

Chi"2/DoF =9.2446

4010213
+138.37868
49.4139

T T T
300 310 320

T
330

Temperature (K)

201



Chapter 4

Viscosity in mPas
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= [Pip, JIN(CN),]

500 Data: Datal_D
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Equation:
y =a*exp(b/(x+c))
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y No weighting
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Viscosity in mPas
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Data: Datal_F
Model: Exp3P1
Equation:

y =aexp(bl(x+c))
Weighting:
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No weighting
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1 Data: Datal_H
Model: Exp3P1
700 Equation:
i y =a*exp(b/(x+c))
Weighting:
600 y No weighting
] Chir2/DoF = 134.26609
500 R2 = 0.99837
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Viscosity in mPas
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Data: Datal_J
Model: Exp3P1
Equation:

y =a*exp(b/(x+c))
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[ = [Mor, JINCN),]]

1200+ -\
\ Data: Datal_L
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] Equation:
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Chapter 5

Applications of Brgnsted acidic ILs in esterificatons and transesterifications

Abstract

This chapter shows that Brgnsted acidic ionic guiLs) can be used as solvents and catalysts
in esterification reactions as well as in trangéf@tation reactions. In both the cases, ILs bearin
Brgnsted acidic cations associated with the “aciffit30,]” anion gave the best yields. In the
case of esterification of acetic acid with octaachigh conversion was also obtained using a
functionalized acidic IL bearing a -COOH group dttad on the alkyl chain, Bet.HCI. Finally,
acetylation of S-methyl-D-glucopyranosidén Brgnsted acidic ILs occurred with a complete
regioselectivity toward the primary hydroxyl groap C(6); after 4 h at 60°C in [HMIM][HS£

a conversion around 70% was obtained.

5.1 Introduction

Esterification of carboxylic acids with alcoholsasreaction of industrial importanteSeveral
bulk and fine chemicals are produced in this manimerchemical, petrochemical and
pharmaceutical industries. The Fischer esterificats a reversible reaction which requires an
acid catalyst. The equilibrium is pushed to thedpit side by taking excess of a reactant and/or
by continuously removing the water formed in thact®n. Sometimes it is necessary to employ
an additional solvent to carry over the water ia trm of azeotrope. Such operations require
large energy input to recycle the solvents andetkeess reactants. The loss of volatile organic
solvents to the atmosphere results into increaskeeiitost of production and also damage to the
environment.

The majority of the ILs reported for esterificatiame imidazol&*>678910Mgnd pyridiné®?
derivatives although

Pralhad et af.used simple triethylammonium salts (}£G)sNH][HSO,], [(C.Hs)sNH][H POy

and [(GHs)sNH][BF,]) as Brgnsted acidic catalysts and media for distation of carboxylic
acids with primary alcohols. These ILs were congetly prepared in one step using inexpensive
and easily available materials. Also in this cagdrtigen sulfate as the anionic part gave the best
yield.

Several transesterifications reactions, includingyene-catalyzed reactions, are already reported
using ILs. Laszlo and Compton in the year 2802eported chymotrypsin-catalyzed
transesterification in ILs and IL/supercritical lsan dioxide. They used the ILs 1-butyl-3-
methylimidazolium hexafluorophosphate ([Bmim]gpF and 1-octyl-3-methylimidazolium

hexafluorophosphate ([Omim][Jr. The yields obtained in these cases were foumde
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consistent with those observed in conventional mimgaolvents. Nara et &f.reported lipase-
catalyzed transesterifications of 2-hydroxymethyl-tenzodioxane in two different ILs,
[Bmim][PF¢] and [Bmim][BF,]. The hydrophobic and hydrophilic properties o land organic
solvents did influence the lipase activity of thigaction. Himmer et af reported
transesterification of methylsulfate and ethylsi@fi s. This was an environmentally benign
way to synthesize long-chain and functionalizedylaldfate ILs. Similarly, many other
transesterifications were carried out in variousrBted acidic ILs.

In this chapter, we report a series of acidic Ilsalt were prepared using varioshases like
morpholine, imidazole, pyrrolidine, piperidine abeétaine. Thes®&-bases were treated with
equimolar quantities of strong inorganic acidse IKRCIl, H,SO,, HNO;, CR,COOH and HPQO,.
All the synthesized acidic ILs were applied in dfitation of acetic acid with octanol, 1,2-
propanediol and methyl-D-glucopyranoside. In all the investigated reatsio[HPyrr][HSQ]
and [HMIM][HSO,] was found to be the best acid catalyst. The saciic ILs were also tested
in the transesterification of ethyl-trans cinnamatth methanol and octanol. Transesterification
of ethyl trans-cinnamate with methanol in presentdHPyrr][HSO,] gave the best results

among all.
5.2 Materials and Methods

5.2.1 Synthesis oN-methylimidazolium hydrogen sulphate ([HMIM][HSO 4])

25.63 g (0.251 moles) of sulfuric acid (96%) wadextldropwise to 20.6 g (0.251 moles)N\of
methylimidazole. The dropwise addition was madewbloto avoid the exothermic fuming
reaction. The contents were finally stirred foro4g h at 60°C to ensure that all of tNe
methylimidazole are reacted. Then, the mixture kegat in the rotary for 1 h at 65°C to ensure

all the water contents were lost to obtain a cekslviscous liquid.

5.2.2 Synthesis oN-methylimidazolium sulfate ([HMIM] JSO4%)

12.82 g (0.1255 moles) of sulfuric acid (96%) wdsled dropwise to 20.6 g (0.251 moles) of
N-methylimidazole. The dropwise addition was madevsioto avoid the exothermic fuming
reaction. The contents were finally stirred foro4g h at 60°C to ensure that all of the
methylimidazole are reacted. Then, the mixture ket in the rotary for 1 h at 65°C to ensure
all the water contents were lost to obtain a caéssrwhite solid with melting point of 66+2°C. It

was highly hygroscopic and hence highly solublevater.
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5.2.3 Synthesis oN-methylimidazolium dihydrogen phosphate ((HMIM][H ,PO,])

28.94 g (0.251 moles) of phosphoric acid (85%) added dropwise to 20.6 g (0.251 moles) of
N-methylimidazole. The dropwise addition was madevsioto avoid the exothermic fuming
reaction. The contents were finally stirred foro4g h at 60°C to ensure that all of the
methylimidazole are reacted. Then, the mixture legst in the rotary for 1 h at 65°C to ensure
all the water contents were lost to obtain a ceksl solid. Its melting point was 90°C,
comparatively higher than other imidazolium Brgnseilic ILs. This ILs was less hygroscopic
than the imidazolium sulphate and hydrogen sulfseeported above.

5.2.4 Synthesis oN-methylimidazolium trifluoroacetate ([HMIM][CF ;COOQ])

29.21 g (0.251 moles) of trifluoroacetic acid (98%gs added dropwise to 20.6 g (0.251 moles)
of N-methylimidazole. The dropwise addition was madevsioto avoid the exothermic fuming
reaction. The contents were finally stirred foro4g h at 60°C to ensure that all of the
methylimidazole are reacted. Then, the mixture keyst in the rotary for 1 h at 65°C to ensure
all the water contents were lost to obtain a vemyrascopic solid. Its melting point was equal to
55+2°C.

5.2.5 Synthesis oN-methylimidazolium nitrate ((HMIM][NO 3])

24.33 g (0.251 moles) of nitric acid (65%) was atideopwise to 20.6 g (0.251 moles) I¢f
methylimidazole. The dropwise addition was madewstoto avoid the exothermic fuming
reaction. The contents were finally stirred foro4g h at 60°C to ensure that all of the
methylimidazole are reacted. Then the mixture wast kn the rotary for 1 h at 65°C to ensure all
the water contents were lost to obtain a very hggpic solid. Its melting point was equal to
45+2°C.

5.2.6 Synthesis oN-methylimidazolium chloride ([HMIM][CI])

24.73 g (0.251 moles) of hydrochloric acid (37%¥swaded dropwise to 20.6 g (0.251 moles) of
N-methylimidazole. The dropwise addition was madevsioto avoid the exothermic fuming
reaction. The contents were finally stirred foro4g h at 60°C to ensure that all of the
methylimidazole are reacted. Then, the mixture legst in the rotary for 1 h at 65°C to ensure

all the water contents were lost to obtain a cekslsolid.

211



Chapter 5

5.2.7 Synthesis oN-methylmorpholinium hydrogen sulphate ([HMor][HSO 4])

18.4 g (0.1819 moles) of sulfuric acid (96%) wadexl dropwise to 18.58 g (0.1819 moles) of
N-methylmorpholine. The dropwise addition was maaevst to avoid the exothermic fuming
reaction. The contents were finally stirred foro4g h at 60°C to ensure that all of tNe
methylmorpholine are reacted. Then, the mixture kegst in the rotary for 1 h at 65°C to ensure
all the water contents were lost to obtain a brawlored viscous liquid.

5.2.8 Synthesis oN-methylmorpholinium sulfate ((HMor] 5[SO,]%)

18.4 g (0.1819 moles) of sulfuric acid (96%) wadexti dropwise to 9.29 g (0.09095 moles) of
N-methylmorpholine. The dropwise addition was maaevst to avoid the exothermic fuming
reaction. The contents were finally stirred foro4g h at 60°C to ensure that all of the
methylmorpholine are reacted. Then, the mixture kegd in the rotary for 1 h at 65°C to ensure

all the water contents were lost to obtain a brawlored semi-liquid compound.

5.2.9 Synthesis oN-methylmorpholinium chloride ([HMor][CI])

18.4 g (0.1819 moles) of hydrochloric acid (37%)swaded dropwise to 17.93 g (0.1819 moles)
of N-methylmorpholine. The dropwise addition was madevst to avoid the exothermic fuming
reaction. The contents were finally stirred foro4g h at 60°C to ensure that all of the
methylmorpholine are reacted. Then, the mixture kegst 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 dN-methylmorpholinium nitrate ((HMor][NO 3])

18.4 g (0.1819 moles) of nitric acid (65%) was atldeopwise to 17.63 g (0.1819 moles)Nof
methylmorpholine. The dropwise addition was madmvst to avoid the exothermic fuming
reaction. The contents were finally stirred foro4g h at 60°C to ensure that all of tNe
methylmorpholine are reacted. Then, the mixture kegt 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 dN-methylpiperidinium hydrogen sulfate ([HPip][HSO,])

16.32 g (0.1646 moles) of sulfuric acid (96%) wdded dropwise to 16.81 g (0.1646 moles) of
N-methylpiperidine. The dropwise addition was madavsr to avoid the exothermic fuming
reaction. The contents were finally stirred foro4g h at 60°C to ensure that all of tNe
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methylpiperidine are reacted. Then, the mixture legst in the rotary for 1 h at 65°C to ensure

all the water contents were lost to obtain a visdauid.

5.2.12 Synthesis ol-methylpiperidinium sulfate ([HPip] J[SO4]%)

16.32 g (0.1646 moles) of sulfuric acid (96%) weded dropwise to 8.405 g (0.0823 moles) of
N-methylpiperidine. The dropwise addition was madevsr to avoid the exothermic fuming
reaction. The contents were finally stirred foro4g h at 60°C to ensure that all of tNe
methylpiperidine are reacted. Then, the mixture kgt in the rotary for 1 h at 65°C to ensure

all the water contents were lost to obtain a brawlored viscous liquid.

5.2.13 Synthesis dN-methylpiperidinium nitrate ([HPip][NO 3])

16.32 g (0.1646 moles) of nitric acid (65%) wasexdidropwise to 15.96 g (0.1646 molesNof
methylpiperidine. The dropwise addition was madawsk to avoid the exothermic fuming
reaction. The contents were finally stirred foro4g h at 60°C to ensure that all of tNe
methylpiperidine are reacted. Then, the mixture kgt in the rotary for 1 h at 65°C to ensure
all the water contents were lost to obtain a yeltmlored solid.

5.2.14 Synthesis dN-methylpyrrolidinium hydrogen sulfate ([HPyrr][HSO ,])

16.38 g (0.1924 moles) of sulfuric acid (96%) wdded dropwise to 19.65 g (0.1924 moles) of
N-methylpyrrolidine. The dropwise addition was mataver to avoid the exothermic fuming
reaction. The contents were finally stirred foro4g h at 60°C to ensure that all of tNe
methylpyrrolidine are reacted. Then, the mixtures\Wapt in the rotary for 1 h at 65°C to ensure

all the water contents were lost to obtain a brawlored viscous liquid.

5.2.15 Synthesis dN-methylpyrrolidinium chloride ([HPyrr][CI])

16.38 g (0.1924 moles) of hydrochloric acid (37%g@swadded dropwise to 18.96 g (0.1924
moles) ofN-methylpyrrolidine. The dropwise addition was maliever to avoid the exothermic
fuming reaction. The contents were finally stirfed4 to 5 h at 60°C to ensure that all of tite
methylpyrrolidine are reacted. Then, the mixtures\Wapt in the rotary for 1 h at 65°C to ensure

all the water contents were lost to obtain a cekslviscous liquid.

5.2.16 Synthesis of betaine hydrogen chloride (BEKCI)
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4.21 g (0.0427 moles) of hydrochloric acid (37%)sveaded dropwise to 5 g (0.0427 moles) of
betaine. The dropwise addition was made slowewtidathe exothermic fuming reaction. The
contents were finally stirred for 4 to 5 h at 60%eansure that all of the betaiaee reacted.
Then, the mixture was kept in the rotary for 1 631C 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 ith octanol

To 1 ml of the selected Brgnsted acidic IL, 2 mD{@7 moles) of octanol and 1 equivalent mole
of acetic acid (Carlo Erba, 99.9%) were added. Eaetion was heated for 4 h at 110°C. Then,
products were separated, as reported below. Thike ¢caaction mixtures were analyzed by NMR.

All the conversions and yields are reported in &dhll.

5.3.2 Procedure for esterification of acetic acid ith 1,2-propanediol

To 1 ml of the selected Brgnsted acidic IL ([HMIM][@r [HMIM][NO 3] or [HMIM][HSO 4] or
[HMIM][H ,PQy]) 0.518 g (0.0068 moles) of 1,2-propanediol (Flud8.5%) and 1.1 equivalent
mole of acetic acid (Carlo Erba, 99.9%) were addédk reaction was heated for 4 h at 60°C.
Then, products were extracted with ethyl ether aftdy solvent evaporation at reduced pressure,
the crude reaction mixtures were analyzed by NMR @adMS. Results are reported in Table
5.3.

5.3.3 Procedure for esterification of acetic acid ith g-methyl-D-glucopyranoside

To 1.5 ml of the selected Brgnsted acidic ILs ([HMI®] or [HMIM][NO 3] or [HMIM][HSO 4]

or [HMIM][H ,PQy]) 0.5 g (0.00258 moles) gf-methyl-D-glucopyranoside and 1.1 equivalent
mole of acetic acid (Carlo Erba, 99.9%) were addédk reaction was heated for 4 h at 60°C.
Then, products were extracted with ethyl ether aftdy solvent evaporation at reduced pressure,
the crude reaction mixtures were analyzed by NMRuReare reported in Tables 5.4 and 5.5.

5.3.4 Procedure for transesterification of trans-dtyl cinnamate
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5.3.4.1 Transesterification using methanol

To 1 g (0.00567 moles) of trans-ethyl cinnamateg@ivalents of methanol and an equimolar
amount of the selected Brgnsted acidic IL ([HPHGO,], [HMIM][HSO 4(1:1),
[HMIM][HSO 4(1:1.1), [Bet][H,SQ], [HMor][CIl] and [HPip][HSO 4]) were added and the
reaction mixture was heated at 90°C for 30 h inteactor fitted with a reflux condenser. After
stopping, the products were extracted with ethylresimel, after solvent evaporation at reduced
pressure, the crude reaction mixtures were analygedMMR. 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 cinnamateireglar amounts of octanol as well as
equimolar amounts of the selected Brgnsted acidis K[HMIM][HSO,(1:1) and
[HMIM][HSO 4(1:1.1)) were added. After stopping the reactiomaucts were extracted with
ethyl ether and, after solvent evaporation at reztipressure, the crude reaction mixtures were

analyzed by NMR. Results are reported in Table 5.8.

5.4 Results and Discussions

These Brgnsted acidic ILs (not all of them were useévery reactions) were used as solvents
and acid catalysts in three esterification reastiamd one transesterification reaction. The
preparations and few properties were already meatidn the Materials and Methods section

and the structures are shown below in Figure 5.1.
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Figure 5.1: Brgnsted acidic ILs used in this chapter
The Brgnsted acidic IL giving the higher conversiam@s subjected to recycling experiments.

5.4.1. Eesterification between octanol and acetid ac

Various ILs prepared in this section were usedoasests and acid catalysts for the esterification
of acetic acid with octanol. The reactions wereiedrout at 110°C, by working with a 1:1 molar
ratio of octanol w.r.t. acetic acid (Scheme 5.&p@ent concentration around 12 M). To evaluate
the catalytic ability of the different ILs, reaati® were stopped after 4 h and the conversions
were evaluated by NMR. Data are reported in Talle 5.

/\/\/\/OH +

IL,4h, 110°C

CH;COOH A Opoch, HHO

octyl ester

Scheme 5.1Esterification of octanol with acetic acid usingoBsted acidic ILs
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It is noteworthy that for all ILs having HSQ SO, NO;™ and BPQ, as counteranion, after
the stopping the reactions, when the temperatuse b&aught to room conditions, two phases
were formed; the lower phase constituted by theudd water and an upper layer due to the
formed ester and unreacted alcohol. This lattetdcba easily separated from the IL by simply
decanting into another flask. The decanted liqués wried under reduced pressure to remove
unreacted acetic acid and any water, if preserg. rEbovered organic phase ranged from 30 to
82%. The IL (lower layer), when recycled, was drieder reduced pressure to remove water
formed during the esterification process. The peetf two different layers is shown below. In
the case of [HDabco][CI] and [HPyrr][CI], since abro temperature the reaction mixture was
practically an unique solid phase, ethyl ether used to recover the product. [HMor][CI] gave

another situation, at room temperature the IL dididl and formed the lower layer whereas the

ester constituted the upper layer. Hence, the atiparwas also solvent-free in this case.

Figures 5.2a) and b)

Figure 5.2 Figures showing stage after the reacti@). Two different layers are formed. Top
layer (ester + unreacted alcohol) lower layer (Ilater formed during the reaction). The same
situation was for all ILs having HSO SQ?, NO;”and HPO; as counteranion. Figure 5.8){
case of [HDabco]ClI in which just one solid layer iasmed and ether was used for extraction
of the product.

Table 5.1 Esterification of acetic acid with octanol (T=130), time =4 h

Entry IL Ester : Yield%
alcohof
1 [HMIM][HSO 4° 76 : 24 75
2 [HMIM][HSO J° 82:18 46
3 [HMor][HSO,] 80:20 67
4 [HPyrrl[HSQJ] 92:8 80
5 [HPip][HSQJ] 88:12 77
6 [HPip],[SO,% 55 : 45 53
7 [HMor] J[SO,] 41:59 50
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8 [HMIM] ,[SO4* 20:80 48
9 [HMIM][H ,POJ] 21:79 73
10 [HMIM][NO 4] 61:38 52
11 [HPip][NOj] 0:100 0
12 [HPyrr][CI] 24:76 71
13 [HDabco][CI] 20:80 50
14 [HMor][CI] 34 .66 30
15 [HMIM][CF3COO0] 43:57 72
16 [Bet][HCI] 85:15 76

This ratio refers to the ratio between the yielghafduct (ester) to the yield of the
unreacted alcohol, determined on the basis dRifi& spectrdThis refers that the

reaction was carried out at a low temperatur&/be80°C. This refers that the reaction was
carried out in a long closed test-tube.

All the above reactions were in which the molaroraff the reactants were 1:1. The decreasing
catalytic activity for the various above-mention@&tgnsted acidic ILs is as follows:-
[HPyrrl[HSO,] > [HPip][HSO,] > |[Bet][HC] > [HMIM][HSO, (temp=110°C) >
[HMor][HSO, > [HMIM]HSO,] (temp=75-80°C) > [HMIM][NO 5 > [HPip][SOJ* >
[HMIM][CF 5COQ] > [HMor],[SO,]* > [HMor][Cl] > [HPyrr]Cl > [HMIM][H PO >
[HMIM] j[SO,)% = [HDabco]Cl. Thus, we can conclude that the Brgnsteitiic ILs with
hydrogen sulfate as the counter anion gave therbgslts: in particular, [HPyrr][HS{pgave up

to 92% of conversion. On the other hand, Brgnstatialt s having the unprotonated sulfate as
anion gave significantly lower conversions. Thoutie cationic order was same, i.e.
[HPip][HSO,] > [HMIM][HSO 4 > [HPipl[SO]? > [HMIM] J[SO,]?". Therefore, the presence
of a sufficient acidic proton in the anionic pappaars to play an important role in the activation
of the reaction. About this, it is noteworthy thrdien [HMIM][H,PQ,] was used as catalyst and
solvent only very low conversions were obtained%25howing that the acidity of the protons
present on this anion is not sufficient to playagatytic role. In the case of nitrate-based ILs
(entries 10 and 11), [HMIM][NG) gave a conversion yield of 61% whereas [HPip]ENO
degraded at the reaction temperature and the oedeiied.

Finally, Brgnsted acids having Tds counteranion did not give high conversion wdikle the
hydrogen sulfates; conversions ranged from 20 #6,3%epending on IL cation. Analogously, a
moderate conversion characterized also when thectivea was carried out in
[HMIM][CF ;COO]; the conversion yield was 43%.

In Table 5.1, a data related to the use of a tpskific ammonium-based IL, Bet.HCI, bearing

an acidic group on the alkyl chain is also reparfdthough, as previously discussed, chloride-
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based ILs gave yields significantly lower than [HECbased ILs, in case of Bet.HCI, the
presence of an acidic functional group (-COOH) enatiyl chain allows to obtain conversions
comparable to the best ILs. Nevertheless, since lthiis solid at room temperature and the
product is not soluble in this medium it was pokesito recover the formed ester by simple
decanting procedure. Below, are reported the C-NM#tsp for various entries mentioned

Above.
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€DCI3,

i [HMIM][NO3] \m ‘

j [HPip]2[S04]”
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Figure 5.3: C-NMR showing comparison between various acidicutsd

Since the best results/yields were obtainedgugiPyrr][HSQ)], this IL has been selected for

recycling experiments. Data reported in Table 2wshbhat at least three recycles can be

performed without significant decrase in reactivétlthough the recovery of the product by

simple decantation of the upper phase becomeeficent.
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Table 5.2 Recycling of [HPyrr][HSQ]

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 withfresh one and are shown below in Figure
5.4.

} 3rd recycle

2nd recycle

1st recycle

Fresh
| .

170 160 150 140 130 120 110

100 % 80
Chemical shift (ppm)

Figure 5.4 C-NMR comparing between fresi!, 2" and & recycle of [HPyrr][HS]

5.4.2 Esterification between 1,2-propanediol anctiaczcid

In order to evaluate the selectivity of the estemifon process in Brgnsted acidic ILs, the
reaction of acetic acid with 1,2-propanediol wasgestigated in different Bragnsted acidic ILs
having the same cation and four different aniobk8(IM]CI, [HMIM][NO 3], [HMIM][HSO ,]
and [HMIM][H,PQy]). Reactions were carried at 60°C, using 1.1:1 modsio of acetic acid
w.r.t. 1,2-propanediol, reagent concentration ago@nM. After 4 h products were extracted

using dichloromethane as solvent. The reactionurgst were analyzed by GC-MS and NMR.
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OH OH OCOCH;
[HMIM][HSQ,]
HsC +  cncoon gy +  HC
OH OCOCH3; OCOCHS3;
major product ‘minor product
1,2-propanediol OCOCH;z
+
H3C
OH

minor product

Scheme 5.2Esterification of 1,2-propanediol using acetiadaici Brgnsted acidic ILs

The presence of two different hydroxyl groupgtie employed alcohol increases the number
of possible products: in particular, it is possitthe formation of two monoacetyl derivatives
(arising from the esterification of the primarysacondary hydroxyl group, respectively) and one
diacetyl derivative. GC-MS analysis evidenced thamfation of all three products, the main
product being the expected monoacetyl derivativsirgy from esterification of the primary

alcohol. Product recovery depended on the timé& ofsked and the data are reported in Table 5.3.
CH3-CH(OH)-CH,-O-C(0)-CH, ——3 A (main product; mol. wt. =118.1322)
CH;-CH(OCOCH)-CH,-OH — > B (low yield product; mol. wt. =118.11)
CH5-CH(OCOCH,)-CH,-O-COCH,— C (low yield product; mol. wt. =160.15)

Table 5.3:Product recovered using four Brgnsted acidic ILs

ILs Product recovered
[HMIM][CI] 20%
[HMIM][NO 4] NR
[HMIM][HSO 4] 67%
[HMIM][H ,POJ] 45%

From the above Table 5.% @an see that, in analogy with the behavior oleskrin
esterification of acetic acid with octanol, [HMINJEQ,] gave the highest recovery of the
reaction product. Unfortunately, the reaction oscwith a low regioselectivity; NMR analysis
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indicated the formation of all three products inratio ranging around 1:1:1; a product
distribution which was confirmed also by the GC-ligalysis. The H-NMR and C-NMR for the
best results of the above reaction is shown betokigure 5.5.

© o,
~
Chy CH,
O
HaC \ﬂ/
B o

T T T
12 11 1o
51 4o
£1 (ppm) f1 (ppm)
OH

A2
A3 A
HaC 0 CH,
>
o

I3l

52 50 48 46 44 42 40 38 36 34 32 30 28 26 24 22 20 18 16 14 12
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Figure 5.5 H-NMR and C-NMR for esterification of glycerol thi acetic acid using
[HMIM][HSO 4]

5.4.3 Esterification betwegftmethytD-glucopyranoside with acetic acid

O cH
\ 3
OH Pied
o) (0]
(0]
HO OCHjs * CHCOOH I
OH HO OCHs
OH OH
OH

Scheme 5.ZEsterification betweef-methyl-D-glucopyranoside with acetic acid

The selectivity of the esterification reaction vedso checked usingmethyl-D-glucopyranoside
as substrateReactions were conducted at a lower reagent comtemir(around 1.5 M) to
facilitate the sugar dissolution. The behavior bE treaction was checked stopping the
esterification after 1, 2 and 4 h and longer; éaed. The reaction mixtures were extracted with
ethyl ether and product distribution was checked\lyR. In this case, the reaction occurred

with a high regioselectivity: only the acetyl dexiwe arising from esterification of primary
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hydroxyl group on C(6) was detected besides theaated product, conversions at different

reaction times are reported in Table 5.4.

Table 5.4:Product conversion using four Bronsted acidic ILs

ILs 1h 2h 4h
[HMIM][CI] NR NR NR
[HMIM][NO 4 36% 50% 30%
[HMIM][HSO, | = —- 60% 70%
[HMIM][H PO] | = —— 40% 50%

Table 5.5: Showing yields of the recovered products

ILs Yield
[HMIM][CI] 0%
[HMIM][NO 4] 40%
[HMIM][HSO ] 70%
[HMIM][H ,PO] 50%
i
Reactant HsC i

Product

M—o
o
HO +—R O —ch,
Hi =D a 9
oH
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Figure 5.6:C-NMR evidencing the acetylation at C6-position ofaug

Below, we can see the changes in the reactantsraddgis ratio after 1, 2 and 4 h of reaction

using [HMIM][NO4]. It is to note the decreased conversion on irsinggthe reaction time from
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2 to 4 h. Probably, this peculiar behavior has ¢oaltributed to the nature of [HMIM][N{§
which, less than [HMIM][HS(], is able to “capture” the produced water. Thespree of
increasing amounts of free-water, after that limaitue of the coordinating ability typical of the
nitrate anion, may favor the hydrolysis processtiag the equilibrium position towards

reagents.

reactant
product _» product

\ d product
30% conversion Ath hour “ A L -7

product

reactant

50% conversion
2nd hour

__w» reactant

product
-
36% conversion 1st hour

105 100 95 90

85 80 75 70 65 60
Chemical shift (ppm)

Figure 5.7: C-NMR at £, 2@ and 4" hour showing reversibility reactions in case of
[HMIM][NO 4]

Also in this reaction, therefore, the higher cosi@m was obtained in the IL having
hydrogensulfate as counteranion, [HMIM][HZO Attempts to increase the conversion
prolonging the reaction beyond 4 h failed; i.e.,Itmacetates started forming. Hence, it was

advisable to stop the reaction at 4 h.

5.4.4  Transesterification of trans-ethyl cinnamate usahephols

The possibility to use Brgnsted acidic ILs in traesfication processes was checked
investigating the reaction of ethgfianscinnamate with a small alkyl-chained alcohol, sash
methanol, and with a longer alkyl-chained alcohsthsas octanol. Initially, the reaction with
methanol was investigated in [Hpip][HgCand temperature and reaction time were varied to
find the best conditions. The results are showiable 5.6.The scheme is shown in the next

page. (Scheme 5.4).
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o 0

SN
0 + CH;OH —> o

ethyl trans-cinnamate

Scheme 5.4Esterification of ethyl-trans cinnamate

Table 5.6 Transesterification of ethytans-cinnamate in [HPip][HS@ using CHOH

Entries Time | Temp | Conversion % Yield%
(h) (C)
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%
13 28 90 73 66%

%Yields were determined after product extractiorhveithyl ether.
The molar ratio of the ester and alcohol is 1:this case.
Rt=Room temperature; NRreaction.

From data reported in Table 5.6, we can stateitheantry 13 are reported the conditions giving
the best result. In particular, practically no cersion was observed until the temperature was
raised to 90°C (a reactor fitted with a reflux censler was used to avoid methanol evaporation);
at this temperature, using an equimolar amount ofGEH a conversion around 50% was
obtained (see entry 12) whereas in the presencanogxcess of alcohol (3 equivalents)
conversion increased at 73%. These latter conditizare 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 usdh§OH in various ILs

Entries IL Conversion % Yield%
14 [HMor][CI] NR 0
15° [HMor][Cl] NR 0
18 Bet.H,SO, NR 0
19 [HPyrr][HSOJ 95 95%
20° [HMIM][HSO ] 37 87%
21° [HMIM][HSO 4]° 75 92%

“This symbol denotes the molar ratio between ther estd the alcohol is 1:1.
®This symbol denotes the molar ratio between ther estd the alcohol is 1:3.
This symbol refers that acid is 1.1 equivalent withpect 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 obthin chloride based ILs also working with an
excess of alcohol, conversions ranging from 403®® characterized reactions performed in
hydrogensulfate-based ILs. The best results wetairtdd in the case of In particular, in
[HMIM][HSO 4] a significant increase in conversion was obtaiwedking in the presence of an
excess of acid }$0,, probably as a consequence of the superacidicvlmehaf species of the

type, A---H-A"., which should be present in the reaction mixture.

[HMIM][HSO4] (1 : 1.1)

C
30 hrs; 1:1---CH30H : dnnamate dH3 \O / &
c
a a
a
a
a Re-agent
c / Product 25% \
75%
d ether
dll Re-agent /‘
| 25%
|| \ ether
h | | U/ |
. L
R 753 = TN Iy
— — : - — T : . —
8.0 75 7.0 6.5 6.0 55 35 3.0 25 2.0 15

T T T
5.0 4.5 4.0
Chemical shift (ppm)

Figure 5.8: H-NMR showing methyl-trans cinnamate product ugiiylIM][HSO 4]
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When the transesterification process of ettgths-cinnamate in [HMIM][HSQ] was carried out
using octanol lower conversions were obtained umoenparable conditions, however, also in
this case, the presence of a small excess of inmrgecid (HSO,) significantly increased
conversions (Table 5.7). In this case, all reastiosre performed maintaining the ratio between
ester and the alcohol equal to 1; the high boitinont of octanol assured that the reagent was not

lost during the reaction. The scheme is shown below
0 0

CgH17-

N
O + CGHi;OH 5 0" \/

ethyl trans-cinnamate

Scheme 5.5Esterification of octanol and ethyl-trans cinnamate

Table 5.8 Transesterification of trans-ethyl cinnamate antanol in various Brgnsted acidic

ILs
Entries Time | Temp. IL used Conversion| Yield%
(h) (C) %
1 5 80-90 [HMIM][HSO /] NR 0
2 38 75 [HMIM][HSQ] 35 70%
3 30 90 [HMIM][HS Q] 25 25%
4 30 90 [HMIM][HSQ,)? 52 78%

#This symbol refers that acid is 1.1 equivalent niben the nitrogen base.
The molar ratio between the alcohol and the estall ithe cases were 1:1.
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[HMIM]HSO#] (1:1.1)

shows 50% conversion

/!

T T
4.40

L e e
430 420 410
Chemical shift (ppm)

_—
k-3

g 8

s Chemicj'ghm (DD"‘S;-S
Figure 5.9: HNMR showing transesterification of ethyl transr@amate using octanol

5.5 Conclusion

These data show that Brgnsted acidic ILs can be aselvents and catalysts in esterification
and transesterification reactions. In both cadesbearing Brgnsted acidic onium (pyrrolidium)
or imidazolium cations, associated with the “acidldSO,] anion, gave the best yields. In the
case of esterification of acetic acid with octaachigh conversion was also obtained using a
task-specific ammonium-based IL, Bet.HCI, bearingaaidic group (-COOH) on the alkyl
chain. Finally, acetylation gf-methyl-D-glucopyranosiden Brgnsted acidic ILs occurred with
high regioselectivity: only the acetyl derivativeissng from esterification of the primary
hydroxyl group on C(6) was detected, beside theaatee product (30%), when the reaction was
performed in [HMIM][HSQ)].
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Chapter 6

Preparation and Characterization of Glycerol Carbonate using BasicILs

Abstract

In this chapter, glycerol carbonate is preparedgigiycerol and dimethyl carbonate (DMC) i.e.,
two cheap compounds are used to prepare an impadarpound (glycerol carbonate) which is
used as a solvent, additive and as a chemicalnieiate. The basic ILs specially the ones
possessing the N(CN)as the counter anion, gave the best results: or[§[N(CN),] at 120°C

it is possible to obtain the complete conversidrglgcerol into the corresponding glycerol

carbonate in 13 h.

6.1 Introduction

The Biodiesel, whose production keeps on going dagldy, is conveniently manufactured from
vegetable oils by transesterification of triglyckss with methanol. This process gives glycerol
(1,2,3-trihydroxypropane, central compound in Schérl) as a byproduct; glycerol production
in the United States already averages more than0880tons per year while in Europe the
production has tripled within the last 10 yearsydgtol is therefore the byproduct with the
largest economic impact in the modern oleochemindlstry! being formed in different
processes such as glycerides transesterificatlooh@lysis, hydrolytic cleavage under pressure
and saponification with alkali€s. It is also produced by dedicated processes sucthes
synthesis from propefi®r the fermentation of simple sugdr$he production of biofuels and
biolubricants from biomass is much expanding (afldoantinue to grow) so that the production
of bio-glycerol, in the past considered of greaugafor a successful closing of the economic
balance of the lipid-utilization process, is noveeading the request. The risk that large amounts
of glycerol are produced and will accumulate asaateshas speed-up the industry and academia
research towards the identification of new oppaties for using such byproduct either directly
(as fuel even in the same biodiesel productiontgigror by converting it into useful derivatives.
A lot of interesting products are obtainable frolycgrol. Some of these are shown in Scheme
6.1.



Chapter 6
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Scheme 6.1: Various products obtainable from glycerol

From glycerol it is possible to obtain new interiagels to use in the production of fine
chemicals (e.g. dihydroxyacetone, glyceric acidiupic acid and 1,3-propanediol) either by
fermentatio”i®or using chemical rout&s(Scheme 6.1).

Glycerol carbonate, a stable colorless liquid, @spnts an important derivative of glycerol that
shows low toxicity, good biodegradability and higbiling point. For its properties it finds
several applications in different industrial sestagspecially as a polar high boiling solvent or
intermediate in organic syntheses (i.e., monomeh@ synthesis of polycarbonates and other
polymeric materials in the plastic fi¢fdas well as in the synthesis of very valuable mestiates
such as glycidot? which is employed in textile, plastics, pharmacealtiand cosmetics
industries), as a precursor in biomedical applicegi and as a protection group in the
carbohydrates chemistry. It is also used as a coengdn membranes for gas separation instead
of ethylene and propylene carbondtéis the synthesis of polyurethafi&and in the production

of surfactanté® As a chemical intermediate it reacts readily witttohols, phenols and
carboxylic acids with loss of Cas well as with aliphatic amine with carbon dixig:covery.
Finally, glycerol carbonate and its derivatives tanused as electrolytes and solvents in lithium
ion batteries and it is considered a green sulbstitr important petro-derivative compounds as
ethylene carbonate or propylene carbohte.
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Development of successful routes to produce glycsahonate from renewable raw materials
will be an important issue for different industriséctors, since a valuable product could be
obtained at high volumes and low prices, competity compounds derived from petroleum.
The new economical and environmental tendenciepastighis approach and promote the
interest in the development of new innovative psses for the manufacture of chemical
products that will efficiently cover market needsder a sustainable conception of industrial
productiont’

The main methods for the preparation of glycerobonate are based on the reaction of glycerol
with (a) a carbonate source (phosgene, a dialkylaceate or an alkylene carbonate), (b) urea,
and (c) carbon monoxide and oxygen. Traditionatlyclic carbonates have been prepared by
reaction of glycols with phosged®!® but due to the high toxicity and corrosive natofe
phosgene alternative routes such as transestédficaactioR’ of dialkyl or alkylene carbonates

to obtain cyclic carbonates have been exploredg@eh?).

o]

M

Cl Cl , B, cat.

-2 BH " Ql
o]
H——OH /<
COy , cat. O
H——0OH i
o]

H——OH “H,0
H o
1 3 CHOH
o
I\/O , SC-COg cat.
H
_ H-}-on
H—OH
H

Scheme 6.2: Synthesis of glycerol carbonate by phosgenatippgupart). Direct carboxylation
(middle part) or transesterification of glycerawler part)

For instance, ethylene carbonate, a commercialuatodlith interesting physical properties (low

toxicity, low evaporation rate, biodegradabilityigh solvency, etc.) has been widely used as

carbonate source for preparing glycerol carboffatdhe transesterification between glycerol

and ethylene carbonate is generally performed withalkaline bas# For instance, using

sodium bicarbonate, at 130°C, the yield of glyceratbonate reached 81% after 30 mins.

However, the main problem associated with thesalysis is the requirement of a final
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neutralization step. For doing this, at the endhef reaction, a mineral acid (phosphoric acid,
sulphuric acid, benzenesulphonic acid, etc.) iseddb the system to neutralize the catalysts,
followed by distillation under reduced pressure tfog recovery of glycerol carbonate from the
reaction mixture, which contains reactants, saltsl groducts. Despite the fact that
heterogeneous base catalysts should allow easyasiepaand recycling of the catalyst by
filtration avoiding the neutralization step anduethg waste formation, there are few examples
for the synthesis of glycerol carbonate by traresétation of ethylene carbonate and glycerol
in the presence of solid catalysts. Thus, Sugitalehave performéed the transesterification
reaction in the presence of aluminium oxide aslgsttaWhen the reaction was carried out at
135-140 °C under reduced pressure with progressweoval of ethylene glycol, glycerol
carbonate was obtained with 99% yield.

One alternative approach that avoid the formatiotm® highly boiling ethylene glycol is the use
of dimethyl carbonate (DMC) as a carbonate sourc&ICDcan be manufactured by
environmental safe industrial methods and potdptimdm CO, and renewable sourc&s.

Likewise, glycerol carbonate has been also obtaifiein glycerol and DMC by a
transesterification catalyzed by lipases. Kim ef®ah the year 2007 demonstrat€hndida
Antarctica (CALB, Novozym 435) lipase as the first enzymatiample for the synthesis of
glycerol carbonate. He suggested addition of mdéeaieves to scavenge the methanol which is
generated during the reaction to promote the madibwards the product side, i.e., in other
words the reaction was accelerated. There wereldrelg with this kind of reaction using lipase
as it was cost-effective and by high temperatuee lthase was deactivated and it was not
environmentally friendly since it involved usage TfIF. However, one can know from this
literature that the molar ratio between glyceradl @®MC taken into account plays an important
role in the product formation. Also variation ofotion temperature had a considerable affect on
the synthesis of the product.

Recently, Kyung Hwa Lee et & .suggested a solvent-free reaction in which DMC used as
the substrate as well as the solvent. But glyceralat miscible in DMC; hence, silica-gel was
used as solid support to glycerol. When glycerated silica gel was supplied, the
transesterification rate by immobilized lipase wagre than tenfold increased than that of free
glycerol. The optimum conditions were determinedd®ws: molar ratio of DMC to glycerol
was 10 and the reaction temperature was 70°C iprésence of glycerol-coated silica gel with a
1:1 ratio. The Novozyme 435 biocatalyst and sitied could be reused by the repeated batch
operation. Glycerol carbonate was successfullyl®gized with the conversion of more than
90% for 48 h in the solvent-free transesterificatsystem.
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But, also other catalysts, like Ca0,G0; and imidazolium-2-carboxylate, have been used unde
different reaction conditions to produce glycerationate. Rokicki et &l. used KCO; as an
efficient catalyst to produce glycerol carbonatanfrglycerol and DMC at 75°C obtaining a
guantitative amount of the expected product. Anailsfy, Ochoa-Gomez et al. in 2009 reported
the preparation of glycerol carbonate using Catasatalyst. The calcination of CaO increased
dramatically its activity due to the removal of hgxide from its surface. But at high
temperatures the recycled CaO was deactivated froma to time. In 2003, Holbrey et al.
reported® the synthesis of a compound named, imidazoliunarbaxylate, which has been
used® recently by Prashant et al. as a catalyst to medlycerol carbonate. It is noteworthy that
high conversions and yields have obtained only uibdsic conditions and, generally, catalytic
activity increases with catalyst basic strength.

Nevertheless, among the alternative pathways talyme® glycerol carbonate have to be
mentioned also the direct reaction of glycerol wit, or carbon monoxide and oxygen, in the
presence of Cu(l) as catalytthe reaction of glycerol and ethylene carbonatsuipercritical
CO,, in the presence of zeolifésind use of urea as source of the carbonate gaopicess this
latter patented®® in 2002. More recently, the glycerolysis of uregctfeme 6.3) has been
performed” by Aresta et al. under catalytic conditions. Imtjgalar, c-zirconium phosphate has
shown a good activity as catalyst affording 80%caifiversion of glycerol under mild reaction
conditions; 3 h at 418 K, using equimolar amourithe two reagents (glycerol and urea) with a
catalyst load of 0.6-1.5% w/w with respect to ghpteThe catalyst could easily recovered and

reused in subsequent cycles of reaction.
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Scheme 6.3: Synthesis of glycerol carbonate by glycerolysisitaa
Since, despite the intense activity in IL chemistoydata have been reported related to the use of
ILs as solvents and /or catalysts in synthesislydegol carbonate by reaction of glycerol with
DMC, during the course of this thesis attempts Haeen carried out to use ILs as catalysts in
this process. To this aim, several neutral or blisicsynthesized in this thesis, have been tested
(IMor; JIN(CN)Z, [Mor; JINCN)], [HME;JIN(CN)z, [HMEyJ[Tf,N], [Mor A[TfoN],
[MIM ; J[N(CN),]) and their activity has been compared with thdt teadition ILs
([BMIM][Tf ,N], [BMIM][PF g]).

6.2 Results and Discussions

To test the ability of ILs to act as catalysts fre ttransesterification of DMC with glycerol,
preliminary experiments were carried out at 120°@aigMor; J[N(CN),] as solvent and
performing the reactions under different conditiohable 6.1. On the basis of the data reported
in Table 6.1., it was possible to establish thatréraction performed using 0.5 of IL and 3 eq mol
of DMC gave the highest conversion. Since, we camxctude that similar results could be
obtained at lower temperatures the same reactiencaaied out at 40, 60, 80, 120 and 140°C
(Table 6.2). At 140°C (bath temperature), the raj@ickening of the reaction mixture evidenced
a degradation process, therefore subsequent igatetis were performed at temperatures not
higher than 120°C. Nevertheless, considering thdChas a boiling point of 90°C to avoid the
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progressive depletion of this reagent, the reastjperformed at temperatures above 80°C were
carried out in double-reflux holding flasks.

Table 6.1: Different conditions using [MQE][N(CN),] at 120°C for 13h

Amt of IL (g) Some additional Conversion %
conditions
0.5 Glycerol-coated NR
with silica gef

5 mol% of 3.2 equivalents of NR
[Mor; J[N(CN),] DMC

0.5 1 equivalent of 20%
DMC

0.5 3 equivalents of 92%
DMC®

&Silica-gel was used because DMC as well as gly@eohot miscible.
P3.2 equivalents of DMC is preferred because bpRME is 90°C and the
reaction temperature is 120°C.

Table 6.2: Different reaction temperature

120°C 140°C

Time (h) 40°C 60°C 80°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 % ageprackict conversion percentages.

Finally, the progress of the reaction perfednat 120°C (bath temperature) was evaluated

stopping the process at different times (Tablea®@ Figure 6.2.).
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Figure 6.1: A plot showing conversion yields at various tempmes

Table 6.3: Different time of reaction with the same IL: [M@{N(CN),] at 120°C

Time of the Amount of IL Conversion  Conversion %
reaction (h) (9) ratio

7.5 0.5 45:43 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 tfi#C NMR spectra registered after 7.5, 10, 13 and 24 h.

238



Chapter 6

7743

DI

. ' L l lmL
L
A

=127

I ° 1oh ’ l I

d 24h
M 1 1 bl .Amh

155 150 145 140 135 130 125 120 115 110 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35
Chemical shift (ppm)

Figure 6.2: C-NMR of glycerol carbonate at 7.5, 10, 13 and 2dhien [Mor J[N(CN),] is catalyst.

(a) reaction between glycerol and DMC for 7.5 h @12, (b) reaction between glycerol and DMC for 10 h
at 120°C; ¢) reaction between glycerol and DMC for 13 h at°’2@nd ¢l) reaction between glycerol and
DMC for 24 h at 120°C

The peak 77.43 is related to the CH carbon of thdymt, whereas that 72.79 corresponds to the
reagent CH carbon. With the increase in time irtefnom 7.5 to 13 h we can observe a drastic
increase in the product signals (77, 66.4 and @p®) and a simultaneous decrease in the
reactant peaks (72 and 62.5). It is to note thatirihrease in time interval from 13 to 24 h does
not give any significant increase in the produekle Hence, we decided to carry out all the

remaining reactions for 13 h only.

[e)

H )\

H-+OH o
(6]
[Mor; 4JIN(CN),] [¢)
H OH + H3 C)J\CH3 —>

H+OH 13 h, 120°C

H

OH

Scheme 6.4: Formation of glycerol carbonate using ILs
Subsequently, the catalytic ability of this IL wa®mpared with that of other ILs performing a

series of reactions under identical conditionsgesd concentrations, temperature, time) using a

parallel reactor system. Data are reported in Télle
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Table 6.4: Various catalysts showing their respective corigassat 120°C

ILs Ratio yield %
Product: Reagen
[Mor; J[N(CN);] 9.5:05 92
[Mor; JJIN(CN),] 4.7:05 90
[Mor, ][Tf,N] NR NR
[HME ;1 J[N(CN);] 0.5:0.6 Less than 50%

[HME  J[Tf,N] NR NR

[mimy J[N(CN),] 85:04 95%
[bmim][Tf,N] NR NR
[bmim][PF] NR NR

NR= no reaction. All the reactions were carried foutl3h.

[Mor; J[N(CN),] and [mim J[N(CN),] appeared to be the best ILs. The decreasingytiatal
activity order is as follows: [mim][N(CN);] > [Mor; J[N(CN);] > [Moryd[ N(CN); >
[HME 1 J[ N(CN),.

To the basic nature of the dicyanamide-based lesattribute the catalytic effect of these ILs.
However, we cannot exclude that the no reactivitpsesved in bistriflimide- and
hexafluorophosphate-based ILs can contribute thsohdbility of glycerol in these media.

In Figure 6.3, are reported the NMR spectra ofrdaetions performed in [M@g[N(CN),],

[Mor, J[ N(CN),] and [mim J[N(CN)].

77
/ [Mor1, 4]IN(CN)2]
DMSO
o #
1/ / l L L J‘ AMJA
77
-~ [Mor1,gJIN(CN)2]
L X | i

- .
[MIML,eJIN(CN)2]
o N L a— “‘

T T T T T T T T T T
80 75 70 65 60 55 50 45 40 35
f1 (ppm)

Figure 6.3: Comparison of various ILs in the product formatiff.is byproduct at 74 and (#) is
unreacted glycerol
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By comparison in Figure 6.5 is reported the NMRdpum of glycerol carbonate recently
published by Aresta et al.

*
i * glycerol
# glycerol carbonate
¢ by-produet

N
) e p
_ IJ lL \H e L

86 B0 75 70 65 60 55 50 45 40 35 30 25 PPm

Figure 6.4: CNMR suggested by Arresta et al. 13C NMR (100 MHLIOD) spectrum of the
reaction solution after the 5th cycle and extractaf the formed carbonate: the mixture is

essentially formed by three species, i.e. glycéfpl residual glycerol carbonate (#) and the
byproduct (¢).

Considering the conversions obtained in the invatgi) dicyanamide-based ILs and the specific
properties of these media (including toxicity datfylor; J[N(CN),] was used to test the
recyclability of the systems; product was extracieth ethyl ether (or distilled under reduced
pressure) and the IL was reused. At least 4 resycteild be performed without significant

reduction of the conversion (Table 6.5 and Figu63.6

Table 6.5: Recycle of IL [Mog J[N(CN),] at 120°C for 13h

No. ofthe cycle | Ratio of the Conversion %
reactant to the
product formed
15 Cycle 9.5:0.5 More than 90 %
2" Cycle 9.4:0.6 More than 90 %
3% Cycle 5.9:0.2 More than 90 %
4" Cycle 9.4:1 More than 90 %
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recycle NMR
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Figure 6.5: C-NMR is shown for various recycles of [Ma{N(CN);] in the glycerol carbonate
formation. One can observe that there is no draktimge from % cycle to &' cycle. Hence, one
can say [Mor J[N(CN),] 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 wasalbbtained from Sigma-Aldrich and
were used as present. The ILs like [M@IN(CN)], [omim][Tf,N], [omim][PFs] [Mor, J[Tf,N],
[Mory J[N(CN)], [HME; [N(CN),],[HME [Tf.N] and [mim J[N(CN),] were used. The
synthesis of [MorJ[N(CN),] is explained in chapter 2, whereas the synthesis
[Mory J[N(CN),] is explained in chapter 3 and the synthesis oME4J[N(CN), and
[HME J[Tf,N] are explained in chapter 2,3 and 4.

6.3.2Synthesis of glycerol carbonate

In a 100 criflask equipped with a magnetic stirrer, condemser thermometer, glycerol (12.61
g, 0.1369 mol), DMC (12.33 g, 0.4107 mol) and tekested IL (1 g or 0.5 g, depending on the
conditions of the reactions) were placed. The garesification reaction progress was monitored
by collecting samples of the reaction mixture abdesving the changes of the signal derived

from the cyclic carbonate carbonyl group (1796 $nby means of NMR. At the start of the
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reaction there were two separate layers but aérigeof the reaction we can see just layer. The
formation of a sole phase can be taken as the @ntl @f reaction. In cases of [N]™ and [Pk]~
based ILs there were two separate layers at thieagavell as at the end of the reaction. The
product was extracted using diethyl ether thougbugh this procedure we could extract less
than 50% of the formed product. A significant amipboh product remained in the IL. Better
recovery could be obtained by distillation of threguct at 137°C (0.5 mm of Hg).

H NMR (400 MHz, DMSO-d6)3 (ppm) 5 5.29 (t, 1H, B), 4.81-4.76 (m, 1H, B), 4.48 (dd,
1H, OH,), 4.28 (dd, 1H, OB8,CH), 3.65 (ddd, 1H, B,0H), 3.50 (ddd, 1H, B,0H).

13C NMR (CDCI3, 75 MHz): 156.7, 77.8, 66.6, 61.6 @bycerol carbonate).

Below we can see the FTIR spectrum for glycerol caab®in [Mog J[N(CN),].
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Figure 6.6: FT-IR spectrum of glycerol carbonate
FT-IR (film): 3401 (s. OH), 2931 (n. CH2), 1796 (NC@)O), 1403 (s. CH2), 1181 (s. CH),
1054 cm® (s. OH).

6.4 Conclusions

From the above results, one can state that the losfanamide-based ILs are able to act as
solvent-catalyst in glycerol carbonate synthesis by reactmf glycerol with DMC. In
[Mor; J[N(CN),], it is possible to obtain a practically completenversion in 13 h. Under
comparable conditions no reaction was observednmr][Tf,N] and [bmim][PFk]. Moreover,

[Mor; J[N(CN),] was recycled 4 times without any change in d@isiytic conversion activity.
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