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1

An Introduction to Ionic Liquids

1.1 Prologue

The benefits of using salts in their liquid form as electrolytes or reaction media
have long been recognized. For example, Faraday developed his laws of electrol-
ysis in the 1830s using molten metal halide salts. However, most researchers
would rather avoid using solvents that require heating to hundreds of degrees.
Therefore, while ‘high-temperature molten salts’ are extremely useful for certain
applications, they are not in widespread use in research laboratories or industry.
In contrast, ‘ionic liquids’ – and we will discuss the definition of these below– are
proving to be very exciting for a very wide range of applications atmoremoderate
temperatures. Particularly over the last decade, scientists working inmany differ-
ent areas of research have started to realize the special properties of ionic liquids
(ILs) and to embrace the promise of these new materials. As more applications
are discovered, and more families of ILs are developed, so the field continues
to grow. Thousands of papers on ILs are now published every year, and, more
importantly, increasing numbers of researchers are experimenting with ILs and
discovering firsthand how their unique properties can help their work.
So here we are, just over 100 years since the first ‘room-temperature ionic

liquid’ was discovered, at a point where these materials are now proving so
promising and widely applicable that it is important for a broad range of
scientists and engineers to have an appreciation of the basics of ILs. Thus, the
purpose of this book is to serve as an introduction to the key concepts and
applications of ILs for those venturing into this field for the first time. Hopefully,
the book will also inspire further curiosity and enthusiasm for exploring these
exciting and very unique materials.
Our goal in this book is to provide a thorough introduction to the field

appropriate to the level of a finishing undergraduate science student or a begin-
ning postgraduate student. Our emphasis is on illustrative examples and the
background chemistry sufficient to understand the fundamentals of ILs and their
applications. For further reading, we have referenced more extensive reviews
where they exist. To provide background on fundamental concepts and methods
that may not be readily accessible in standard textbooks, we have included
Concept Toolbox items as breakout text boxes in various places throughout the
chapters. This first chapter provides a broad overview of the field, the materials

Fundamentals of Ionic Liquids: From Chemistry to Applications, First Edition.
Doug MacFarlane, Mega Kar and Jennifer M Pringle.
© 2017Wiley-VCH Verlag GmbH & Co. KGaA. Published 2017 byWiley-VCH Verlag GmbH & Co. KGaA.



2 1 An Introduction to Ionic Liquids

involved, their properties, and their applications, of which more details can be
found later in this book.

1.2 The Definition of an Ionic Liquid

The phrase ‘ionic liquid’ was coined only relatively recently to refer to ambient-
temperature liquid salts, and the definition has since been the subject of much
discussion and some evolution. The most useful practical definition of an IL is

‘A liquid comprised entirely of ions.’

We can delve into this a little deeper. By this definition, is an IL different from a
molten salt?The answer is: ‘No’ – the term ‘molten salt’ refers to the liquid phase
of a crystalline salt, for example, NaCl. ‘Ionic Liquid’ covers that, but also covers
a broader range of possibilities. Imagine a mixture of the two salts Na[fsi] and
[C3mpyr][NTf2] (see Table 1.1 for an explanation of abbreviations). This mixture
of salts is a liquid at room temperature and is properly called an IL by our defini-
tion. In fact an IL could contain a very large number of different ions. Note that,
in common usage, the term ‘molten salt’ has also come to meanmixtures of salts,
although the term itself clearly indicates a single compound.
In principle (in fact an important thermodynamic principle), the IL obtained

by mixing Na[fsi] and [C3mpyr][NTf2] is exactly the same as that obtained by
mixing the appropriate quantities of Na[NTf2] and [C3mpyr][fsi]. The points of
origin are irrelevant in defining the IL; only the quantities of the individual ions
present are important. In fact, such ILs with very high concentrations of Na or Li
salts are proving to be highly effective as electrolytes for Na and Li batteries [1].
Some definitions of IL add a temperature range, such as ‘below 100 ∘C’, to the

definition but this is not necessary. In fact, it is limiting to do so, since it can
blinker our perspective on which compounds or mixtures may be useful for cer-
tain applications. Indeed, there are many, quite valuable, applications of ILs at
temperatures above 100 ∘C, for example, the preparation of MnOx water oxida-
tion catalysts by electrodeposition at 130 ∘C [2]. The key requirement for this
is that the IL be a liquid at 130 ∘C. It is convenient if it is also liquid at room
temperature, but it is not necessary for this to be the case and one should cer-
tainly not exclude from consideration compounds havingmelting points>100 ∘C
for an application such as this. Similarly, a definition that includes ‘a salt having
a melting point below 100 ∘C’ (or some other temperature such as room tem-
perature) is also an unnecessary restriction because in some cases the melting
point may be practically difficult to find and measure. The supercooling of liq-
uids below their equilibrium melting points is a well-known phenomenon, and
in some cases the liquid becomes so viscous that the crystalline phase never forms
on a practical timescale. This is particularly true of mixtures of salts, which we
have agreed are perfectly good ILs, because themelting points of individual com-
pounds is often sharply depressed inmixtures.Wewill discuss themelting points
of ILs in Chapter 2, andmulticomponent phase diagrams and behavior further in
Chapter 5. With all of this in mind, referring to a melting point in our definition
of an IL becomes unhelpful.
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Table 1.1 Glossary of structures and nomenclature abbreviations used in this book.

Quaternary cations Abbreviation Structure

Alkylmethylimidazolium [Cnmim]+

N N
R

+

Alkyldimethylimidazolium [Cndmim]+

N N
R

+

Alkylmethylpyrrolidinium [Cnmpyr]+

N+

R

Alkylmethylpiperidinium [Cnmpip]+

N+

R

Ammonium [Nn,n,n,n]+

R
N+

R

R
R

Phosphonium [Pn,n,n,n]+

R
P+

R

R
R

Ether-functionalized [NR,R,R,2O1]+ , etc.

N+
R

R

RO

Cholinium [Ch]+
HO N+

Sulfonium [SR,R′ ,R′′ ]+

S+

R

R″ R′

Guanidinium [Gdm]+

C

+
NH2

H2N NH2

(Continued)
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Table 1.1 (Continued)

Anions Abbreviation Structure

Tetrafluoroborate [BF4]−

B–

F

F

F

F

Hexafluorophosphate [PF6]−

F
P–

F

F
F

FF

Trifluoroacetate [tfa]−

F3C

O

O–

Triflate [OTf]− or [CF3SO3]−

S

O

O

O–F3C

Bis(fluorosulfonyl)imidea) [fsi]− or [N(SO2F)2]−

S
F

N–

S
F

O

O

O

O

Bis(trifluoromethanesulfonyl)imidea) [NTf2]− or
[N(SO2CF3)2]− S

O

O
N–

F3C S

O

O

CF3

Dicyanamide [N(CN)2]− or [dca]−

N

N–

N

Tetracyanoborate [B(CN)4]−

B–

CN

CN

CN

NC

Fluoroalkylphosphates [fap]−, [efap]−, etc.
C2H5

C2H5

C2H5

F

F

F

P–

Dihydrogenphosphate [H2PO4]− or [dhp]−

P

OH

O–

OH

O
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Table 1.1 (Continued)

Anions Abbreviation Structure

Hydrogen sulfate [HSO4]−

S

O

O–HO

O

p-Toluenesulfonate or tosylate [Tos]−
SO3

–

Tetrahydroborate or borohydride [BH4]−

B–

H

H

H

H

a) Also referred to as ‘amides’.

The meaning of the word ‘ion’ in this definition also needs some discussion.
Species such as Cl− are obvious, as are simple molecular ions such as [NO3]−.
Things becomemore subtle when we consider metal coordination complex ionic
species such as [AlCl4]−, which were used extensively during the early work on
ILs, as reviewed briefly in the following. These are certainly ionic as written, and
as long as they continue to stay bound in the real liquid, for long times, then they
fit our definition. However, there is always an equilibrium process by which such
complex species are formed, and therefore we must always recognize the pres-
ence, in equilibrium, of some amount of the component species. In the case of
[AlCl4]−, this might be Al3+ and Cl−; as long as these components involved are
also ionic, we still have an IL, although with more complex ‘speciation’ than is at
first apparent. This speciation, and how it responds to variables such as temper-
ature, can influence the IL’s properties significantly.
In the case of Co(H2O)62+, which sits in equilibrium with H2O and Co2+, the

situation is more complicated; [Co(H2O)6][NO3]2 is a simple hydrate salt that
melts into a stable liquid at 55 ∘C.Where the other species are neutral (e.g., H2O),
we have non-ionic components intruding into our IL and at some stage we must
begin to think of the liquid as a mixture rather than a pure IL (recall that our def-
inition includes the word ‘entirely’). It becomes important to consider where the
dividing line lies between a ‘pure’ IL, meaning containing only the ions we think
are present, and a ‘mixture’ of ions and other species. MacFarlane and Seddon
proposed some time ago that a practical approach to this problem be adopted
based on the fact that very few of any of our laboratory chemicals are absolutely
pure – in fact, 100% purity is a practical impossibility. So, in reality, wemay accept
something as ‘pure’ if it is at least 95% of the desired compound– or perhaps 99%
for high-quality/sensitivity work. Another perspective, which underlies much of
our laboratory chemistry, is that we consider something to be pure if the level
of contaminants (often starting with water and the ever-present dissolved N2
andO2) is not sufficient to significantly affect its properties; this requires thought,
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judgment, and discussion of what is ‘significant’. This, quite reasonable, practical
approach avoids pedantic arguments about whether something does or does not
fit our definition of an IL. This also allows our definition to cover a host of very
interesting and important complex-ion species.
Therefore, to summarize, throughout this book we will simply refer to an IL

as being any ‘liquid that is comprised entirely of ions’, with the word ‘entirely’
being used in a practical rather than absolute sense. Although our definition
now includes the classical field of molten salts, we will focus mostly on the
ambient-temperature ILs that have become of immense interest in the last
20 years.
Other types of liquid systems that may be considered related to ILs but fall

outside of our definition, and are not covered here, are liquid mixtures of ions
with molecular species or ions with water. These complex liquid systems have
been discussed in a number of recent reviews and books [3–7].

1.3 A Brief Perspective

In this book we will discuss many of the different types of ILs now available and
the applications being developed. However, it is also important to appreciate the
origins of this field and the path through different ion chemistries that has led
us this point. As our definition above highlights, it is a mistake to put ILs and
high-temperature molten salts into two separate classifications and treat them as
different fields. While this book primarily concentrates on those species that are
air- and water-stable and liquid at room temperature, because those are the focus
of the majority of present research reports, other salt families also have much to
teach us [8, 9].
Thefirst ‘discovery’ of a room-temperature IL is often attributed to PaulWalden

whomade ethyl ammoniumnitrate, which is a protic ionic liquid (a class of IL dis-
cussed further below) [10]. He recognized that the low melting point (13–14 ∘C)
was a result of the larger organic cation that decreases the degree of ion associa-
tion compared to an inorganic salt. It is also likely that liquid organic salts were
recognized by organic chemists with annoyance long before Walden, when they
probably described them as ‘intractable oils’ and disposed of them.
Remarkably, the ability of ammonium salts to dissolve cellulose was first

recognized in 1934 [8, 11]; the use of ILs for processing biomass (which com-
monly includes cellulose) is now an important and extensive area of investigation,
discussed in more detail in Chapter 6.
Angell and his group began to investigate ambient-temperature systems in the

1970s [12], and then in the 1980s chloroaluminate-based salts were developed
that combined pyridinium or imidazolium cations with the tetrachloroaluminate
anion ([AlCl4]−), again demonstrating the value of a large organic cation in reduc-
ing the melting point [9, 13, 14]. Depending on the composition, some of these
salts are liquid at room temperature and primarily found application in batteries
andmetal electrodeposition.However, the composition of thesematerials is quite
complex as, depending on the relative concentrations of the two components,
they can also form multivalent species such as [Al2Cl7]− and have either (Lewis)
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acidic, neutral, or basic properties. These ILs (and their starting materials) are
also very moisture sensitive, with [AlCl4]− hydrolyzing to form corrosive HCl,
which severely limits their application.
One of the most significant advances in the evolution of ILs came with the dis-

covery of air- and water-stable species in 1992 [15] byWilkes and his group.This
report combined the 1-ethyl-3-methylimidazolium cation ([C2mim]+, which is
still one of the most widely used cations today) with [BF4]−, [NO3]−, [NO2]−,
and acetate anions. We now know that some fluorinated anions (e.g., [BF4]− and
[PF6]−) are in fact susceptible to hydrolysis [16], particularly at increased tem-
peratures, and produce HF. Nonetheless, the significantly improved stability that
these anions impart compared to the chloroaluminates is highly beneficial.
From this point in time, the field of ILs expanded rapidly, both in terms of

the different ions used and in the range of applications being investigated. These
applications include those on a research lab-scale and also an industrial scale;
the commercial use of ILs has been under development since the late 1990s [8].
Table 1.1 shows the structures and common abbreviations of the most widely
used IL ions. It can be seen that there are a variety of different fluorinated anions
in use because these commonly produce low melting points, relatively low vis-
cosities, and good electrochemical stability.This is primarily a result of the charge
delocalization over the anion (because F is so electronegative). The relationship
between the chemical structure of ILs and the different physical properties (vis-
cosity, melting point, etc.) is discussed throughout this book. The [NTf2]− anion
is a classic example of a fluorinated anion [17, 18], and for the same reasons as
this is attractive for IL electrolytes, it has also been widely used in the battery
community for many years (originally just as the lithium salt, Li[NTf2]).
The cations used to make ILs are still predominantly nitrogen-based, although

phosphonium cations are becoming increasingly common and can impart bet-
ter stability [19, 20]. Methods for synthesizing common nitrogen-based ILs are
discussed in Chapter 4. Another emerging family of ILs comprises ‘solvate ionic
liquids’, which are concentratedmixtures of salts and a solvent –most commonly
lithium salts and oligoether (also known as ‘glyme’) solvents [21, 22]. The multi-
ple oxygens on the glyme strongly solvate the lithium ion, essentially forming
a [Li(glyme)]+ cation that is balanced by the counter-ion from the lithium salt
(most commonly [NTf2]−). Thus, they have a relatively ionic nature and simi-
lar behavior to ILs (e.g., low vapor pressure) despite the presence of a molecular
component. Not all concentrated mixtures of lithium salt and solvent form ‘sol-
vated ILs’, that is, if the coordination of the Li+ is not strong enough. In that
case, the physical properties of the mixture would not be consistent with a pure
cation/anion combination and would therefore fall outside our definition of an
IL. However, many concentrated mixtures do form ‘solvated ILs’ and these show
great promise in various battery applications [21, 22].
While much of the early work on ILs/molten salts was driven by interest

in their use as electrolytes, the potential benefit of these materials to ‘green
chemistry’ – on a lab scale and in industry – has also been an important driving
force. However, ILs should not be claimed as ‘green’ solvents simply because they
have negligible vapor pressure (and thus do not emit the toxic vapors of many
volatile organic solvents). Factors such as biodegradation, toxicity, and recycling
of the IL must also be considered. The ‘12 Principles of Green Chemistry’
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[23] also include parameters such as reducing the number of reaction steps,
minimizing overall energy consumption, and decreasing the amount of materials
used, which are as important for designing green engineering processes; all
of these must be considered before classifying the use of an IL as ‘green’. The
toxicity and biodegradation of ILs is discussed further in Chapter 9.
Finally, one other frequently proclaimed feature of ILs is their ‘tunability’. Once

we understand that we can use large charge-diffuse ions to decrease the melting
point of high-temperature molten salts, then we realize that there are an extraor-
dinarily large number of ions that we can choose from to make our IL.Therefore,
if we know which properties the different ions will produce, we can ‘tune’ the IL
to suit our application (e.g., choosing a fluorinated anion to increase the electro-
chemical stability or decrease miscibility with water). The phrase ‘task-specific’
ionic liquid is sometimes used, which originally referred to the use of function-
alized alkyl groups to improve the partitioning of specific metal ions into the IL
phase from water [24], but this terminology has since expanded in scope. The
use of IL mixtures to achieve the desired properties allows a further dimension
in tunability, and this is discussed further in Chapter 5. In general, however, we
are still some way from being able to design a cation/anion combination from
first principles to optimize a specific physical property. The reasons for this will
likely become clearer as we progress through this book and the complexity of
the relationships between the chemical and the physical properties of ILs is dis-
cussed further. In the future, computational techniques for modeling ILs, which
are introduced briefly in the following and in Chapter 5, are likely to bring signif-
icant benefit toward ‘designing ILs to suit the task’.

1.4 Aprotic Versus Protic ILs

Thus far we have discussed ions that do not contain any labile (or transferable)
protons; these are called ‘aprotic’ ILs meaning ‘not protic’. On the other hand, ILs
can actually be formedby proton transfer fromaBronsted acid to aBronsted base,
and these are termed ‘protic ionic liquids’ (PILs). This family has some unique
characteristics that need additional consideration with respect to how they fit
within our definition of an IL.
The physical properties of PILs can depend very strongly on the relative

strengths of the acid and base, as this determines the extent of proton transfer to
form the salt:

HA + B−−−−⇀↽−−−−[BH+][A−] (1.1)

The free-energy change associated with the proton transfer process, as well as
the relationship between this and ΔpK a (the difference between the pK a values
of the acid and base), has a direct influence on properties of the liquid such as its
vapor pressure, which in this case is nonzero at most temperatures, and its ‘ion-
icity’ (as discussed further in Chapter 5). This is because the free-energy change
determines the extent of proton transfer and thus the amount of free acid and base
present in the PIL. It was this problem that prompted Seddon and MacFarlane
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to propose the 95% (or 99%) guideline discussed above as a practical definition
of when these could be called ILs. The presence of these neutral species affects
the melting point (one could think of these as impurities within the PIL). Also, it
can be difficult to remove all traces of water from PILs, as extended drying under
vacuumwill remove the volatile acid or base components, shifting the above equi-
librium and changing the composition.
It is important to note that the acid/base stoichiometry in a PIL does not have to

be 1 : 1; in fact, it is quite hard to achieve genuinely 1 : 1 stoichiometry.The actual
composition can impact significantly the chemical and thermal properties of the
liquid [25, 26]. Such off-stoichiometry compositions must also be considered to
be mixtures in most cases – the melting behavior of mixtures is also discussed
further in Chapter 5.

1.5 An Overview of IL Applications

When considering all the different applications of ILs, of which there is an
ever-growing number, it is useful to relate these back to their unique properties.
We often introduce ILs as having properties that can include ‘low melting
point, negligible vapor pressure, good electrochemical and thermal stability,
and tunable structures’, and so forth, although it is very important in such an
introduction to note that not all ILs have all of these properties. So how do
these characteristics translate to application, and which properties still need the
most investigation and improvement? The following provides some examples of
particular properties attracting certain applications.
The lowmelting point of ILs drives interest in their use as pharmaceutical salts,

where the cation or anion is an active pharmaceutical ingredient [27–29]. The
low melting point removes the concern of a salt crystallizing into an alternative
polymorph (crystal structure) from that which has been trialed and patented,
as the formation of polymorphs has significant medical and legal implications.
Having the drug in a liquid form may also make it easier to be administered to
patients. This application of ILs is discussed further in Chapter 9.
The ionic nature of ILs also means that they provide quite unique solvation

environments compared to conventionalmolecular solvents, and this is exploited
in a variety of different synthetic reactions, materials processing/extraction, and
gas separation (as discussed further in Chapter 6).There is also extensive interest
in their use for biomass processing. Biomass is a complex mixture of materi-
als that can include cellulose, hemicellulose, keratin, lignin, chitin, and so on,
depending on its source, and it is a valuable sustainable resource. However, these
material mixtures are notoriously insoluble in molecular solvents, which makes
their chemical processing difficult. ILs are being investigated for both the disso-
lution of a variety of different biomaterials and for their processing into higher
value products [29, 30]. For biotechnological applications, the ability of ILs to
dissolve and stabilize enzymes and proteins, DNA, and RNA is also extremely
valuable. Note, however, that in these applications often the IL must contain a
small amount of water, and therefore they are sometimes referred to as ‘hydrated
ILs’. These applications are discussed further in Chapter 9.
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Unique solubilizing properties, coupled with good electrochemical stability,
also underlie the use of ILs for rare-earth processing and recycling [31].
Rare-earth metals are used in significant quantities globally as they have
unique magnetic, luminescent, and electrochemical properties, but supplies are
increasingly becoming limited. ILs are promising for two techniques – as an
ionic extractant for the separation of rare-earth salts, and as the medium for the
subsequent electrodeposition of the pure rare-earth metal. The electrodeposi-
tion of rare-earth metals requires very electrochemically stable, aprotic media,
and until recently this process has primarily utilized high-temperature molten
salts. The use of ILs for the electrodeposition of a variety of metals is discussed
in Chapter 7.
Excellent electrochemical stability is arguably one of the most important

characteristics of some ILs, as evidenced by their extensive use in electrochemi-
cal devices, for electrowinning, water splitting, and so on [32–34].Water splitting
describes the electrolysis of water into hydrogen and oxygen. This is of great
interest for the large-scale production of hydrogen as a fuel, particularly if the
energy for the electrolysis can be provided by the sun (i.e., photoelectrochemical
water splitting). Central to this process is an efficient electrocatalyst for the water
oxidation reaction, as it is the kinetics of this reaction that is the more limiting
factor. ILs have been used as a medium for the synthesis of good water-splitting
catalysts such as MnOx, where x is typically between 1.5 and 2 [2]. Although
these deposition and oxidation processes are still under investigation, one of
the key properties of the IL here appears to be the structure that it imparts
to the liquid phase (and the liquid/electrode interphase) during the reaction,
which influences the thermodynamics of the process. The use of ILs to enhance
the water oxidation reaction (i.e., decrease the overpotential) is also central to
their use in metal–air batteries. The use of ILs in electrochemical processes and
devices is discussed in Chapters 7 and 8.
In addition to the synthesis of water-splitting catalysts mentioned previ-

ously, ILs have, of course, found application in a wide range of other synthetic
reactions – organic, inorganic, biological, and so on. Again, related to the unique
properties of ILs, the benefits of their use are multifold. Most simply, the ability
to dissolve materials that are insoluble in common organic solvents is highly
advantageous, while their ionic nature helps in stabilizing nanoparticle disper-
sions during synthesis. At a more sophisticated level, the term ‘ionothermal
synthesis’ describes the use of ILs as both the solvent and as a structure-directing
tool [29, 35].This has been widely utilized for the synthesis of a range of valuable
materials including molecular sieves, metal–organic frameworks (MOFs),
reduced graphene oxides, and polyoxometalates, during which the nature of
the IL used can impact the resultant material structure. In this application, the
low vapor pressure and good thermal stability of ILs also provide an important
advantage: such reactions use temperatures up to 200 ∘C, and therefore if
water is used (i.e., in ‘hydrothermal synthesis’), this requires the reaction to
be performed in an autoclave. In contrast, the ionothermal reaction can often
be carried out in ordinary equipment. However, while the templating effects
of ILs for the synthesis of these materials are intriguing, full understanding
or control of the self-assembly processes that underlie such synthesis requires
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further investigation. The nature of the IL and their structure (in the liquid
phase and at solid/liquid interfaces) also influence the synthesis of a variety of
nanoparticles [36]. The structural ordering of ILs, as well as its impact on some
synthetic processes, is discussed in Chapter 3.
Other synthetic applications of ILs include the use of chiral ILs in stereos-

elective synthesis, where they can be used as the catalyst or as the synthetic
medium [37]. Here, the most important and unique property of the IL is the
ability to incorporate a chirally pure moiety into the ionic structure, the source
of which may be natural (e.g., amino acid-based ILs) or synthetic. Chiral ILs also
have application in chromatography and spectroscopy, for example, as NMR
chiral shift reagents.
In addition to chiral catalysis, ILs can also be used for heterogeneous, homo-

geneous, and biocatalysis (whole-cell and enzyme-catalyzed). This is a very
wide-ranging application of ILs and is the focus of multiple books and reviews
[38–40], and is discussed further in Chapter 6. In this application there are
two important material classes: supported ILs, that is, the use of a porous solid
support to immobilize an IL containing a dissolved homogeneous metal catalyst,
and ‘solid catalyst with IL layer’, where a heterogeneous catalyst is coated with
an IL to improve the properties [40]. In terms of the application of ILs in the
liquid form, these are commonly used in a biphasic system with another solvent.
In this application, the solubilizing properties of the IL are the key.
Although it is not yet a large field, it is interesting to note the use of ILs as heat

transfer fluids, as this is an example of an application that benefits from the rel-
atively high heat capacity and good thermal stability of ILs. For this application,
low vapor pressures, viscosity, and corrosivity are also important requirements.
Nanoparticles can also be added to the IL to improve the heat capacity and ther-
mal conductivity [41, 42].
In the field of energetic materials [43], the huge structural variability of ILs is

a great advantage, as are their low vapor pressure, wide liquid range, and good
thermal stability. Energetic materials are those with a large amount of stored
chemical energy that can be released by, for example, shock, heating, or apply-
ing friction, and are thus used as explosives, propellants, and so on. As one class
of such materials, ‘hypergolic ILs’ refer to ILs designed to ignite when in con-
tact with a suitable oxidizer. These ILs are being designed as a replacement for
hydrazine, which is highly toxic and difficult to handle, for use in propellants.
Nitrogen-containing heterocyclic cations (e.g., substituted alkyl ammonium, imi-
dazolium, or triazolium cations) are commonly combined with anions such as
nitrate, dicyanamide, nitrocyanamide, cyanoborate, azide, or aluminum borohy-
dride (which contain energetic groups –NO2, –N3, –CN, etc.). Although these
salts are often solid at room temperature, and even above 100 ∘C, they still fit
within our definition of ILs and are the subject of a significant number of research
efforts.
The use of ILs in tribology, that is, as lubricants to reduce the wear and friction

between two moving parts, benefits primarily from their low vapor pressure,
good thermal stability, synthetic versatility, and the ability to interact strongly
with different surfaces. This includes, in some cases, forming surface films that
are composed of IL degradation products. Another possible advantage is the
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ability to control the viscosity, which is an important determinant of lubrication
performance, by using IL mixtures. There is a very large potential commercial
market for this particular IL application. Cations with long alkyl chains are
frequently used, as these have structural similarity with the common base
oils, typically with fluorine- and phosphorous-containing anions, for example,
[NTf2]− or diphenyl phosphate [44, 45]. ILs can also be mixed with the base
oils that are currently used; the IL thus replaces the normal additives. This also
reduces the cost associated with the IL, as less quantity is needed while still
maintaining the efficacy of lubrication [46]. However, achieving miscibility of
the IL with these relatively nonpolar materials can be a challenge.
Finally, another application for ILs with significant commercial potential

is their use in sensors. Here we are primarily referring to electrochemical
sensors, where the wide electrochemical window and nonvolatility of ILs are a
considerable advantage. Often, for this application the IL is used to modify an
electrode surface (e.g., glassy carbon, platinum, or graphite) or used as a layer on
a quartz crystal microbalance. Two important uses of IL-based sensors are the
detection and quantification of gases and of biological species. For both chemical
and biological sensing, the ability to optimize the solubility of the target analyte
by tuning the nature of the IL ions is very important [47, 48].

1.6 Key Properties and Techniques
for Understanding ILs

The above discussion gives an indication of how different applications benefit
from the properties of ILs. To further develop such applications, it is important to
fully understand the origin and unique characteristics of ILs.This understanding
will then allow us to design anions and cations that impart further improvements
in IL properties and performance. In this section we introduce the key proper-
ties of ILs that we are commonly most interested in and the techniques that are
available for probing them.

1.6.1 Viscosity

One of the holy grails of IL research is achieving lower viscosities, as this
would enable further improvements in the performance of electrochemical
devices through improved ion transport, make lab-scale use easier, simplify the
design of fluid handling for commercial processors, and so on. The viscosity
of ILs is relatively high compared to other solvents – at least 10 times higher
than water and often significantly greater (think of the consistency of oil or
even honey). This is a result of the strong intermolecular interactions: van
der Waals forces, hydrogen bonding, and Coulombic forces. The viscosity of
neat ILs and their mixtures is discussed further in Chapter 5. Mixing ILs with
molecular solvents is a very effective way of reducing the viscosity, but this
generally comes at the expense of an increase in vapor pressure, flammability,
lower electrochemical stability, and so on. As with many of the other properties
of ILs, experimental measurement of the viscosity requires a clean and dry
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IL and measurement under an inert atmosphere. This should be taken into
consideration when selecting the viscometer to be used, as should be the sample
size required (which, for ILs, we normally want to be as small as possible) and
the Newtonian or non-Newtonian behavior of ILs.[49]. If the IL behaves as a
Newtonian fluid, that is, the viscosity does not change with sheer rate, then the
viscosity can be accurately measured by rolling-ball, capillary, or rotational (e.g.,
cone and plate) viscometers. To assess the non-Newtonian viscosity of an IL (or
of an IL containing an additional dissolved or suspended species as this often
introduces non-Newtonian behavior), a rotational viscometer is to be used.
Further, magnetic resonance velocity imaging is a recently reported technique
that allows magnetic resonance images to be collected within the cone and plate
viscometer [50]. This allows further information about the rheological behavior
of ILs with and without suspended nanoparticles to be obtained.The rheological
behavior of ILs may also be related back to the effect of ordering of the liquid
structure of ILs [51, 52], which is discussed further in Chapters 3 and 5. Finally,
it is useful to note that the viscosity of ILs decreases relatively rapidly with
temperature, and this effect can be utilized for ease of handling in the lab or in
larger scale commercial reactor design.

1.6.2 Vapor Pressure

Negligible vapor pressure is arguably the physical property of ILsmost commonly
referred to as beneficial for application but one of the least investigated. For
example, how does this depend on the nature of the IL and what exactly do we
mean by ‘negligible’? (Note that we should never say ‘no vapor pressure,’ as this
is a thermodynamic impossibility, except at absolute zero kelvin). Contrary to
the initial understanding in the field, Earle and coworkers famously showed
that some aprotic ILs are, in fact, distillable and therefore must have a signif-
icant vapor pressure [53]. One technique for quantifying this as a function of
temperature is a combination of the Knudsen effusion apparatus and a quartz
crystal microbalance [54, 55]. Note that our discussion of vapor pressure of
aprotic ILs is fundamentally of different origin from the vaporization of PILs,
which occurs by evaporation of the constituent acid and base (see Eq. 1.1) as
neutral molecules into the gas phase. Aprotic ILs are now believed to exist in
the gas phase as strongly associated ion pairs (Figure 1.1), which is supported
by both experimental and computational studies [56, 57]. Information about
the enthalpy of vaporization of ILs also helps us to understand the strength
of interactions between ions in the liquid phase. More comprehensive studies
of the vapor pressure of different ILs and an understanding of the gas-phase
structures are seen as important areas of future study.

1.6.3 Melting Point

The other often-reported property of ILs is the low melting point, the origin of
which is discussed in Chapter 2. However, we still have to learn much before we
can quantitatively understand how different ions affect this property and how
we can therefore design new low-melting species. The most common technique
for measuring the melting point is differential scanning calorimetry (DSC).
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Figure 1.1 Illustration of the difference between the volatilization of PILs, where neutral
species evaporate into the gas phase and aprotic ILs that exist as tightly bound ion pairs in the
gas phase. (Adapted from Earle et al. 2006 [53]. Reproduced with permission of Nature
Publishing Group.)

Measurement of melting point can also be complicated by the tendency of many
ILs to supercool and form glasses, which is another property that is significantly
affected by impurities in the IL.

1.6.4 Nanostructure

A more complex characteristic of ILs is the formation of nanometer-level
structure in the liquid phase. This is not commonly described as an advantage
but is certainly quite special and can have a significant influence on the properties
and behavior of ILs (and reactions in ILs). As discussed in detail in Chapter 3,
this is still a young area of study, in which techniques such as X-ray and neutron
diffraction are predominantly used to reveal the nanometer-level detail [58].
The structure of ILs at surfaces, including at solid surfaces such as inorganic
nanoparticles in the IL, and at interfaces (liquid/liquid or liquid/gas) is even
more complex but equally important, as it impacts the behavior of ILs in many
applications.

1.6.5 Thermal Properties

There is a range of thermal properties that are important for IL applications.Most
important and most widely referenced is their thermal stability; unfortunately,
this is often overestimated. Commonly, thermal gravimetric analysis (TGA) is
used, where the IL is heated at a controlled rate and the decrease in mass of the
sample analyzed. The onset of decomposition is then taken from the intersec-
tion of the initial baseline with the tangent of the plot over the region of most
rapid weight loss. However, weight loss of the IL will have occurred before this
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‘onset’ point; it has simply not been allowed sufficient time to become significant
at the heating rate used, because the experiment is normally relatively fast (e.g.,
10 ∘Cmin−1).More useful data is themaximumrecommended operating temper-
ature of that IL belowwhich degradation is negligible, quantification of the rate of
decomposition, and an understanding of the decomposition products [59]. This
latter information can be obtained by a TGA coupled to a mass spectrometer or
by using pyrolysis mass spectrometry. This is discussed in Chapter 5.
The thermal conductivity of ILs is of great importance to their application as,

for example, heat transfer fluids. However, there has been little experimental
measurement or theoretical prediction of this property [60]. The most common
experimental approaches to this measurement involve either placing the IL
between two parallel plates, one of which is then heated, or inserting a heating
wire into the sample. The thermal conductivity is then calculated from either
the heat flow from the upper plate through the IL to the cooling plate, or the
heating rate of the wire.The appropriate mathematical relationship must then be
used to take into account the setup geometry used and separate out the thermal
conductivity and thermal diffusivity of the IL.
The heat capacity of ILs (the quantity of heat required to raise the temper-

ature by 1∘C) is also crucial for their application as heat transfer fluids and is
another property not widely studied [61, 62], or predicted [63]. DSC and modu-
lated DSC are the most commonmethods of measurement, although other types
of calorimetry can also be used. The heat capacity generally increases linearly
with the molar mass of the IL, but for mixtures of ILs this becomes more com-
plex. The heat capacity and thermal conductivity of ILs are discussed further in
Chapter 5.
In many applications, such as the use of ILs in batteries or synthesis, it is very

important to know about the potential for ‘thermal runaway’ during heating,
which can cause explosions. If the heat produced in a reaction or, for example,
at an electrode surface is greater than the capacity for the IL to remove that
heat, then the system will self-heat and thermal runaway can occur. The likeli-
hood of this happening for different ILs can be measured by accelerating rate
calorimetry (ARC).This is a seldom-used technique but one that provides crucial
information regarding the safe use of ILs. In this method, the IL is heated in small
temperature steps, and at each step the instrument detects whether an exother-
mic process is occurring, that is, heat is being released, as opposed to the IL being
able to stabilize at that temperature. In one study [64], for a series of [C2mim]+
ILs, no self-heating was observed with the [BF4]−, [NTf2]−, or diethylphosphate
anions, which is the behavior desired for their use as solvents or electrolytes.
However, ILs with the [fsi]−, [B(CN)4]−, and tricyanomethanide anions exhib-
ited exothermic self-heating behavior and an accompanying pressure increase,
with onset temperatures of 165, 316, and 230 ∘C, respectively. What this means,
in a practical sense, is that, if these ILs are exposed to temperatures in excess of
these ‘onset temperatures,’ then extreme temperature and pressure rises could
spontaneously occur and, for example, sealed battery packs may burst open.This
ARC technique can also be used to assess the thermal runaway characteristics
of IL electrolytes containing lithium salts and common Li-ion battery electrode
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materials and compare the behavior to that of the commercially used carbonate
electrolytes. This has confirmed [C2mim][fsi] to be the worst IL among those
tested, and indicates that not all ILs are better (in this regard) than the carbonate
solvents [65].

1.6.6 Electrochemical Properties

Finally, it is primarily the electrochemical properties of ILs that enable their
extensive use in batteries, supercapacitors, fuel cells, solar cells, electrowinning,
and so on. By ‘electrochemical properties’ we are predominantly referring to
good electrochemical stability and relatively high ionic conductivity.The specific
behavior of ILs in batteries, their interfacial stability, and the formation of a pas-
sivating ‘solid electrolyte interface’ are discussed in Chapter 8. Characterization
of the electrochemical stability of ILs is usually performed using cyclic voltam-
metry, as discussed in detail in Chapter 7. Here, in terms of the thermodynamics
of the process, it is the structure of the cation and the anion that defines the
oxidative and reductive stability of the IL: the most positive or negative potential
that the IL can be exposed to without an electron-transfer reaction occurring,
resulting in reduction of the cation or oxidation of the anion. However, the
kinetics of these reactions and, thus, the behavior of the IL in actual applications
depend on factors such as the nature and morphology of the electrode surface,
the strength of interactions at the IL/surface, the structure of this surface layer
(and how far these layers penetrate into the bulk IL), temperature, IL viscosity,
and conductivity.
The arrangement of an IL at an electrode surface is defined by the ‘electric dou-

ble layer’, which describes how the potential decreases with the distance from
the electrode surface. It is this phenomenon that forms the basis of double-layer
capacitor operation, but understanding the potential profile across ILs is also
very important for other electrochemical devices. Analyzing the structure of ILs
at electrode surfaces (and how this changes with the potential of the surface) is
extremely complex. Ideally, such analysis would be performed in situ (i.e., allow-
ing us to look at the structure of an IL within an actual battery, fuel cell, etc.), but
using ex situ experiments such as atomic force microscopy (AFM) to gain a pic-
ture of the arrangements of ILs on different solid surfaces (charged or uncharged)
can also be extremely informative [58, 66].

1.6.7 Conductivity and Ion Transport

Theperformance of ILs in an electrochemical device is influenced not only by the
structure but also, very importantly, by the dynamics of the ions. Achieving a high
rate of transport of the electroactive species to and from the electrode surface
is crucial, and this is where ionic conductivity, diffusion rate of the electroac-
tive species, and the transport number become relevant. The ionic conductivity,
measured by electrochemical impedance spectroscopy (EIS), tells us about the
average transport of all charged species – the IL, plus any other dissolved elec-
troactive ions such as lithium salts. To obtain more species-specific transport
information, cyclic voltammetry (CV)-based techniques can be used to mea-
sure the diffusion rate of just the electroactive species through the solution [67].



1.6 Key Properties and Techniques for Understanding ILs 17

This parameter is primarily affected by the viscosity of the IL. CV analysis is
also used to assess the metal deposition/stripping behavior of ILs containing, for
example, dissolved Li or Na salts. Measurement of the transport number (the
fraction of charge carried by, for example, the Li+ ion in an IL/Li salt battery elec-
trolyte solution) can be calculated from the steady-state current produced after
holding a potential across the electrolyte for an extended period [68].
It is also interesting to note that the conductivity of ILs can tell us about

the extent of ion pairing or aggregation in the liquid. It is a result of this ion
aggregation that the conductivity of ILs is often not nearly as high as we might
expect if we were to simply consider the high concentration of ions – if these
ions were all free to move independently, the ionic conductivity would be much
greater than we actually observe.We can also compare the conductivity obtained
from standard electrochemical measurements (which measure the migration
rate of species in an applied electric field and thus is applicable only to charged
species) with that predicted fromNMR diffusion measurements (which measure
the diffusion of all species, charged or not). If we use the Nernst–Einstein
equation to predict the conductivity based on the diffusion data from NMR
experiments, then the difference between this value and the actual conductivity
(which is always lower) tells us about the extent of ion aggregation in the IL [69].
This ion aggregation parameter is commonly referred to as the ‘ionicity’ and is
discussed in detail in Chapter 5.

1.6.8 Computational Techniques

There are many theoretical approaches that can help us to understand the
chemical and physical properties of ILs. This field has benefited enormously
from improvements in program sophistication and computer power (which is
necessary for the study of large systems) since the first computational studies
of ILs [70]. The techniques used for understanding and predicting the physical
properties of ILs can generally be grouped into five categories [71], with roughly
increasing levels of complexity:
• those that correlate the physical properties of an IL with molecular volume or

density,
• those that correlate the molecular structure of ILs using ‘molecular descrip-

tors’ (electronic, geometric, etc.), with their properties, (e.g., the quantitative
structure–property relationship QSPR approach),

• molecular dynamics (MD) simulations [72], which allow, as the name suggests,
investigation of themolecular/ionic structure and interactions in an IL and also
their dynamics (i.e., transport),

• ab initio theory [73], where quantum chemistry principles are used to study
the energetics and structure of the ions and clusters of ions from first principles
using electronic wave functions, and

• a combination of the third and fourth techniques, termed ab initioMD [74].
We will discuss the application of computational techniques to investigation

of the physical properties of ILs throughout the book, for example, for melting
point in Chapter 2, liquid-phase structure in Chapter 3, and transport properties
in Chapter 5.
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One of the key difficulties of this field is that no single technique is accurate for
the simulation of all short- and long-range interactions, for the incorporation of
all enthalpy and entropy factors, for accurate simulation of the force fields (the
energy functions used to describe the potential energy of the system), and for
looking at the dynamics of the IL. Thus there is always a trade-off between high
accuracy and the scale of simulation that is feasible, i.e., how many ions can be
studied within a given amount of expensive computer time and over how long
a time period. It is therefore up to the researcher to select the most appropriate
technique for their research while being aware of the associated limitations of the
technique.What is also important is to relate the results of theoretical predictions
back to the results of any experimental measurements available.

1.7 New Materials Based on ILs

As the field has progressed, a variety of IL-related materials have been devel-
oped, where the IL is a starting point but has been designed to exhibit solid-like
mechanical properties for applications where this is desirable. In the following,
we look briefly at some of these important material classes and give suggestions
for further reading on these subjects.
IL-based polymer electrolytes are arguably one of the most commercially

viable applications of ILs (at least in the near future). This is driven by a rapidly
expanding battery market, for example, for large-scale stationary storage, elec-
tric vehicles, support for domestic photovoltaics and portable electronics, and
improving the safety of these devices. Here we are predominantly referring to
IL-based electrolytes incorporating Li+ salts, although next-generation batteries
based on other ions, such as Na+, are under development. ILs can potentially
be used to replace the flammable and volatile organic solvents currently used in
commercial Li ion batteries, and also avoid the use of Li[PF6] that decomposes to
produce highly toxic HF. The use of ILs, in their liquid form, in electrochemical
devices is discussed in Chapter 8. The benefit of using an IL within a polymeric
or otherwise solidified system is that it prevents leakage, for example, if the
battery is damaged, and provides a mechanical barrier to the growth of lithium
dendrites that can cause short-circuiting and fire. The most common class are
those formed by IL addition, effectively as a plasticizer, to a polymer/Li salt
system such as PEO/Li[NTf2] [75]. When the IL becomes a major component,
these materials are also commonly referred to as gels or ionogels. However, the
extensive field of solid or gel IL-based electrolytes also encompasses polymerized
ILs, zwitterionic gels (where the cation and anion are covalently tethered), those
solidified using inorganic nanoparticles, and ILs with alkoxy-silane functional
groups attached to the cation. Central to the development of all of these material
classes for use in lithium batteries is achieving sufficient transport of the
target Li+ ion. Low transport rates is one of the primary limitations of present
solid-state IL-based battery electrolyte materials and the focus of an extensive
research effort [76, 77].
The development and use of IL-based gels is not restricted to the battery

field – other types of IL gels have application in electrochemical devices (fuel
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cells, electrochromics, supercapacitors, etc.), in catalysis, and in separation and
analysis, for example, as the stationary phase for gas chromatography [78]. The
combination of ILs and polymers is also widely used in applications such as CO2
separation [79], polyelectrolyte membrane fuel cells [80, 81], and actuators [33].
The concept of ‘IL-based gels’ encompasses a wide range of materials, including
two-phase heterogeneous mixtures of IL with polymers, ceramics, carbon-based
materials, metal nanoparticles, or macromolecules. Central to all of this research
is the desire to maintain or even improve the desirable properties of the IL,
such as the wide electrochemical window, low volatility, and ion conduction,
while also achieving the advantages of a solid-state material such as mechanical
strength, reduced leakage, increased device stability, or even the incorporation
of additional functionality such as catalysis [82].
Polymerized ILs, or poly(ionic liquids), are another approach to combining the

advantageous properties of ILs and polymers [83, 84]. Analogous to many of the
applications of IL-based gels, these can be used as electrolytes in batteries, fuel
cells, supercapacitors, and so on, as gas separation membranes, and also as solid
supports for catalytic materials [78].The synthesis of these materials is discussed
in Chapter 4.
A further class of solid-like IL-based material is obtained by impregnating

the IL within porous solid supports such as silica, activated carbons, porous
glasses, or MOFs [85, 86]. This encompasses materials known as ‘supported
ionic liquid phase’ (SILP) catalysts [87], which are based on thin films of ILs on
high-surface-area solid supports: these are used to immobilize transition-metal
catalysts. The properties of the IL-impregnated material depend on the amount
of IL on the surface: that is, whether it is present as a monolayer that may be
covalently bound to the surface, or as a multilayer. Multilayer systems allow the
dissolution of additional species, such as catalysts, acids, or nanoparticles. The
primary applications of ILs coated on solid supports are catalysis, for example,
using transition metals, enzymes, acids, or nanoparticles within the IL, and
separation technologies such as gas purification and CO2 separation. ILs on a
surface, or confined into a small space [88], can behave quite differently from the
bulk IL.Therefore, understanding the properties and structure of ILs on surfaces
is crucial for developing their application [58, 89].
ILs on solid supports, such as silica columns, can also be used as stationary

phases for chromatographic applications [90–92]. Gas and liquid chromatogra-
phy both benefit from the low vapor pressure and thermal stability of ILs, while
the nature of the cation and anion can be used to adjust the retention behavior of
the column and even allow separation of both polar and nonpolar analytes. Capil-
lary electrophoresis, where the IL is again supported on a column, andmass spec-
troscopy techniques such asmatrix-assisted laser desorption/ionizationMALDI,
where the IL provides the matrix, are other analytical applications.
Finally, in our discussion of porous supports, it is interesting to note that ILs

are also good precursors for the synthesis of carbon-based materials. Heating
the IL (protic or aprotic, or polymerized ILs) at high temperatures results in car-
bonization. This can produce carbon-based materials with well-controlled mor-
phology and heteroatom doping, such as the incorporation of N atoms within the
carbon structure. The heteroatoms are very important for achieving the desired
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catalytic properties for the carbon structures. ILs with cross-linkable groups,
such as nitriles, are particularly good for this application, as cross-linking occurs
during heating and helps in producing well-controlled morphologies and a more
even distribution of the N dopants [32, 93, 94].

1.8 Nomenclature and Abbreviations

The full names of many ILs are very long and unwieldy, so a range of more simpli-
fied names and acronyms are commonly used. Table 1.1 summarizes the common
names, structures, and recommended abbreviations that are used in this book.
Following recommended inorganic nomenclature, acronyms such as [dca]− are
in lower case letters in square brackets. Charges are shown on isolated ions but
not when part of an ion pair. Atomic ions are shown without brackets.
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2

The Structure of Ions that Form Ionic Liquids

2.1 Introduction

In a sense, the field of ionic liquids (ILs) has evolved from the high-temperature
inorganic molten salt field chiefly because some organic salts exhibit a much
lower melting point (Tm) than their inorganic relatives. The reasons for this
lowering have been the subject of much interest for several decades. As intro-
duced in Chapter 1, concentrated research in the IL area started with the
chloroaluminates, and a large amount of the activity was focused on developing
new electrolytes. In chloroaluminate salts, the organic cation is paired with
anions formed from equilibrium mixtures of Cl− and AlCl3, forming [AlCl4]− at
different ratios depending on the acidity required. This ratio also changes the
Tm; for example, [C2mim]Cl/AlCl3 melts can be liquid down to −98 ∘C, whereas
[C2mim]Cl melts at 82–87 ∘C [1].
Subsequently, as the possibility of air- and water-stable ILs was recognized,

research predominantly focused on the design of novel ions to produce elec-
trolytes with low viscosities, high conductivities, wide electrochemical windows,
and good stability against hydrolysis. This focused attention on ions with strong
charge delocalization, less possibility of hydrogen bonding, and lower symme-
try, and these features are also beneficial for decreasing Tm. The benefits of
fluorination of the anion for lowering the viscosity, decreasing Tm, and improv-
ing the electrochemical stability was also recognized early [2, 3]. Thus, as more
IL families were developed, our understanding of the relationship between the
cation/anion structure and the Tm of ILs has evolved. Extensive investigations
of the single-crystal structures of ILs, supported by sophisticated computational
studies, have also been used to investigate the effect of different structural
features on the liquid range of ILs, such as functional groups, aromaticity, fluori-
nation, and ionic charge. Although a predictive approach from first principles is
still elusive, the broad principles are now well understood. This chapter explores
the different influences on Tm in terms of the structure of the ions and how these
are reflected in common IL families. We begin by reviewing the interactions
between ions that impact on the thermodynamic origins of the melting point.
Subsequent sections then delve more deeply into the various molecular and
structural factors that determine the underlying thermodynamic quantities.
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2.2 Ionic Interactions and the Melting Point

Theprimary factor that separates ILs from any other type of liquid is the strength
of the interactions between the independent species. We briefly review the types
of interaction that can exist between atoms and molecules, because ILs often
exhibit all of these at once.
In a very simple liquid made up of only atoms– for example, liquid argon– the

forces of attraction are very weak and of short range. Well-separated atoms
attract each other because of Van der Waals forces originating from instanta-
neous dipoles that appear on the atom due to the fluctuating electron density
around each atom. These tend to reinforce the corresponding fluctuations on
the neighboring atoms, thus creating a weak attractive force that is well modeled
by a −1/r6 function (Figure 2.1a). The attraction draws the molecules together in
the liquid state, until at close range the electron clouds themselves begin to quite
sharply repel each other. This repulsive force is quite ‘hard’, that is, it appears
rather suddenly as atoms approach each other – think of two colliding billiard
balls – and is well modeled by a 1/r12 function. The atoms will then position
themselves near the minimum of the potential energy plot shown in Figure 2.1a.
However, the energy of attraction at this point is quite small and dies away
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rapidly as the molecules move apart as a result of thermal motion. Thus the
liquid vaporizes very easily, that is, at low thermal energies (low temperatures).
The electron distribution in more complex molecules such as CH3OH creates

a permanent electric dipole, and this adds a further component of interaction
between such molecules: dipole–dipole interactions, well described by a 1/r3
function. This creates a stronger interaction and a higher boiling point.
In contrast, ions have permanent charges and the electrostatic interaction

between these is much stronger – it falls off only as 1/r according to Coulombs
Law; in other words, this is a much longer range interaction. The strength of the
interaction not only pushes the boiling point to very high values but also pulls
the ions into the most geometrically efficient packing in space possible in order
to achieve the lowest possible energy – in other words, into an ordered crystal
structure. KCl is an interesting example here, as both atoms are isoelectronic
with Ar (i.e. they have the same number of electrons) and are not very different
in size, so its liquid state looks much the same as Ar(l) yet the melting point is
770 ∘C compared to −189 ∘C for Ar.
So it seems that ionic liquids are destined to have highmelting points because of

their superstrong interactions. However, simple organic salts such as ethylammo-
nium nitrate, which are liquid at room temperature, have been known for more
than 100 years. This simple compound introduces some key effects that weaken
the interaction and lower the melting point of such salts, and these include the
following:

1) The effect of ion size: both ions are molecular ions and are therefore larger
than the simple K+ and Cl− ions discussed previously. This pushes their
minimum energy position to larger separations, weakening their electrostatic
interactions and decreasing their melting points. For example, the Tm of KCl
is 770 ∘C, whereas that of [EtNH3]Cl is 115 ∘C.

2) The effect of charge delocalization: in the nitrate ion, the negative charge is dis-
tributed partially over all of the oxygens.This further weakens the interaction
and decreases the melting point. For example, compare the Tm of [EtNH3]Cl
(115 ∘C) with that of [EtNH3][NO3] (13 ∘C).

There is a further and very important effect in achieving lowmelting points that
ismore a feature of the crystalline state of a salt, as opposed to its liquid phase: ion
asymmetry (in this text we use the term asymmetry to broadly describe a lack of
symmetry; this is not intended to indicate chirality as described in organic chem-
istry by the term “asymmetric carbon”). The [EtNH3]+ ion is a bent molecule of
low symmetry (Cs) and hence is difficult to pack into the most efficient crystal
structure. This reminds us that the melting point is a thermodynamic point that
reflects aspects of both the liquid and the solid phase; we explore these thermo-
dynamic details in the next section.

2.2.1 Thermodynamics of theMelting Point

Thermodynamically, melting occurs when the free energy of the liquid state
equals that of the crystalline state – each is changing with temperature, as shown
in Figure 2.2. The stable phase at any temperature is represented by the lowest
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TmTemperature

Free
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Figure 2.2 Free-energy change
with temperature for a solid and
a liquid.

line in Figure 2.2 (the lower or more negative the free energy G, the more stable
the phase), and Tm is the point where the two lines cross, being the point where
the two phases can coexist (or be in equilibrium with each other). Below this
temperature, it is always possible to lower the overall free energy by forming the
crystalline phase, although the metastable ‘supercooled’ liquid is often observed
for potentially long periods due to the difficulty in nucleating the crystalline
phase. Note that the gradient of these lines varies for different materials, and
between different ILs. Therefore, in computational approaches to predicting Tm
that are based on enthalpy, a steep slope around Tm means that small errors in
G can result in significant errors in the predicted Tm.
The free energies (G) are by definition equal at the melting point:

Gs = Gl (2.1)

Hence expanding these in terms of their component quantities at the melting
point gives

Es + PVs − TSs = El + PVl − TSl (2.2)

whereT =Tm; P is the external pressure; and S,V , and E are the entropy, volume,
and energy of each of the phases (s= solid and l= liquid). Beyond the electronic
energy of the molecules, the energy of the solid state is made up of the lattice
energy plus other terms including the vibrational energy.
On rearranging, we can write

ΔEm + PΔVm − TmΔSm = 0 (2.3)

or

Tm =
(ΔEm + PΔVm)

ΔSm
(2.4)

where the thermodynamic quantities are now the change on melting.
Probably the most familiar of these terms is ΔVm, which is the volume expan-

sion (inmost cases, with the notable exception of ice to water which contracts) on
moving from a solid to a liquid. Recognizing that stable interaction energies are
negative, and that the more negative the energy E, the stronger the interactions,
in most cases ΔEm is positive; that is, interactions become weaker in the liquid
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state. In part, this is true becauseΔVm is positive, and this indicates that the ions
move apart and interact less strongly. So the first two terms in Eq. (2.3) are posi-
tive, or nonspontaneous, for melting.Therefore, melting occurs on warming only
when the term TΔSm becomes large enough to equal the other two terms.
Thermodynamically all is explained! However, to understand how molecular

structures determine these terms, we need to delve a little deeper.
We can now look further at what makes up ΔSm. It is partly about motional

degrees of freedom that are not ‘switched on’ in the crystalline state: that is, rota-
tions and translation. It also has contributions from ‘configurational freedom’,
that is, the system of ions has only one, or a few, possible arrangements in the
unit cell, whereas there aremanyways of arranging the ions in the same volume in
the liquid state.The larger the number of uniquely positioned ions in the unit cell
(typically the result of the lower the symmetry of the ions and therefore the more
difficult it is to pack them simply in a crystalline lattice), the lower the entropy
(per ion) in the crystalline state and the larger its increase on melting. Thus, a
large ΔSm produces a low Tm.This illustrates that melting is a strong function of
the molecular structures, especially in the crystalline phase. It is also important
to be clear that Tm is very much a reflection of factors governing the geometry
and interactions of the crystal phase rather than the liquid that it becomes when
it melts.
To summarize, Tm of a salt is strongly a reflection of its free energy, which is

influenced by three important factors: intermolecular forces, molecular symme-
try, and rotational and configurational degrees of freedom.Therefore, if our goal
is to design a low-melting IL, there are a number of structural features that can
be introduced, and each of these will be discussed in more detail in the following
sections:

1) Decreased lattice energies through the use of larger andmorewidely separated
ions;

2) Decreased lattice energies due to decreased localised charge density, that is,
use of ions with more diffuse charges;

3) Decreased hydrogen bonding;
4) Reduction of ion symmetry to frustrate crystallization;
5) Increased conformational degrees of freedom.

Finally, note that the lattice energy of a crystalline solid is, by definition, the
energy of formation of the crystal from ions infinitely separated in space, and
therefore it is normally negative (indicating an exothermic reaction).Thus, when
we talk about a decrease in lattice energy, this indicates a less negative value, that
is, the solid is energetically less stable.

2.3 Effect of Ion Size and Crystal Packing

The above discussion has shown that the lattice energy is key to understanding
how different ion structures influence Tm. The lattice energy is made up of a
number of parts, and the total lattice energy can be thought of as a combination
of the energy of long-range electrostatic interactions, Ees and that of short-range
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interactions, Esr. Of course, the overall attractive effect of the lattice is still present
to some extent in the liquid phase of the IL. However, the combination of the ran-
dom thermal motions and orientations of the ions, as well as the volume increase
that it produces, creates a fractional change in Ees at melting, and this makes up
a part of the ΔEm discussed previously.
The short-range interactions that make up the lattice energy are relatively

easy to identify and understand when a crystal structure is available. For
organic salts, these short-range interactions include attractive components
such as 𝜋–𝜋 interactions, hydrogen-bonding interactions, and Van der Waals
interactions (including dispersion/London forces). These interactions make a
more significant contribution to the Tm of ILs with large organic cations than in
simple inorganic salts. Many crystallographic studies of low-melting salts focus
on the qualitative investigation of short-range contacts, which is very useful
for identifying the impact of, for example, different functional groups on the
ionic interactions. However, one cannot fully understand the lattice energy of
a crystalline system by scrutinizing only these short-range interactions, as this
is only one part of the story – it is important to also consider the long-range
electrostatic interactions.
To obtain the total energy contained in electrostatic interactions, we need to

sum all of the electrostatic interaction energies between each pair of ions, how-
ever distant they are from each other, Figure 2.3. The magnitude of the electro-
static force of interaction between two ions is given by Coulomb’s Law:

Fe =
keq1q2
r2

(2.5)

where ke is Coulombs constant, q1 and q2 are, respectively, the charge on ion 1
and ion 2 (e.g. the cation and anion of the IL), and r is the distance between the
charges.
This shows that the interaction force weakens as a function of 1/r2 (i.e. with

increasing separation). Since the Coulombic forces can be both attractive
(between oppositely charged ions) and repulsive (between same-charge ions),
the sum of these (i.e. the total Coulombic force experienced by any ion within a
sea of other ions) is a complex combination of positive and negative terms.

Figure 2.3 Within a sea of ions, there will
be a combination of attractive forces (e.g.
between cation and anion) and repulsive
forces (e.g. between cation and cation).
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For some simple crystal structures, this sum can be solved analytically, while
for others it can be worked out using numerical methods. In all cases, the result
is a total energy that is attractive and that is slightly larger by a factorM than the
energy of interaction between a single ion pair.Thus the total electrostatic energy
is given by

Ees =
Mqcationqanion
4π𝜀0 dmin

(2.6)

where dmin is the distance to the nearest counter-ion, q is the charge on the ion,
𝜀0 is permittivity and the factor M is known as the Madelung constant [4]. M
is typically between 1 and 2 for salts with singly charged ions. Note that Ees is
negative since qanion is negative.
This equation also demonstrates mathematically that bulkier ions, with a larger

separation between the ions, should theoretically have lower Ees and thus a lower
Tm – as was introduced earlier. For example, compare NaCl (Tm = 803 ∘C) with
an average cation–anion distance of 2.81 Å [5] with [C2mim]Cl (Tm 82–87 ∘C)
that has an average distance of Cl− to nearest ring carbon of ∼3.55 Å [6].
However, there is an additional factor that becomes significant in Eq. (2.6):

as the size of the molecular ions increases, typically the Van der Waals forces
between the ions also increase, which will contribute to an increase in Tm, that is,
the opposite effect from the influence of Coulombic interactions. Includedwithin
the category of Van der Waals forces are dispersion (or London) forces. These
weak intermolecular interactions arise from the existence of instantaneous fluc-
tuating dipoles, and these increase (i.e. produce a larger attractive force) as the
ions become larger. The short-range Van der Waals forces are particularly sig-
nificant when an alkyl chain of about butyl or longer is present, as the efficient
packing of these produces quite a strong interaction in the crystalline phase.Once
again, the melting of such a crystal involves the loss of much of this interac-
tion due to the random motions in the liquid, and therefore this can generate a
large contribution to ΔEm. Combining this trend with the opposite effect of size
and shape on the electrostatic component overall produces a minimum in the
Tm versus alkyl chain length relationship in many families of ILs. For example,
Figure 2.4 shows this trend for families of alkylmethylimidazolium [BF4]−, [PF6]−,
and Cl− salts. At the start of this series, alkyl chains longer than methyl also
result in less symmetrical cations and higher conformational degrees of free-
dom– this increases the ΔS of melting and therefore further decreases Tm. A
minimum is reached around butyl, where the IL often becomes glass-forming in
these experiments, that is, it becomes too viscous during cooling to readily form
the crystalline phase, but instead becomes a glass at some lower temperature Tg.
Glass-forming behavior is discussed in more detail in Chapter 5. The effect of
longer alkyl chains on Tm manifests itself at decyl and longer. The effect of alkyl
group size is more complex with branched chains, as discussed further in the
following, because of the additional steric effects.
When considering the influence of alkyl chains, note that some ILs, particu-

larly those with long alkyl chain substituents on either the cation or anion, can
align to form liquid crystals (which are quite distinct from the plastic crystal
phases discussed in Chapter 5). There is an increasingly large field of research
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Figure 2.4 Effect of alkyl chain length, n, on the temperature at which different [Cnmim]+ salts
become liquid. This transition temperature represents either the Tg (mostly likely those data
points below about −50 ∘C, marked with hollow symbols) or Tm. (Data from López-Martin et al.
2007 [7].)

devoted to the development of ionic liquid crystals, motivated by the unique
combination of ionic conductivity and the distinct mesophase behavior that they
can exhibit [8–10]. Liquid crystals and plastic crystals are discussed further in
Chapter 5 when we look at other thermal properties of ILs.

2.3.1 Quantifying theMadelung Constant

The electrostatic part of the lattice energy is an interesting geometric problem
that has challenged mathematicians for many years, and we can look at this in
more detail to understand the influence of ion packing on Tm. If we consider
a central ion and its ‘shell’ of neighbors (Figure 2.3), the interactions with the first
shell are definitely attractive. However, some of this is canceled out by the next
shell, which are inevitably of the same sign as the central ion and therefore pro-
duce a repulsive interaction. As the electrostatic interaction is very long-range,
one has to continue adding and subtracting terms in this sum over many shells
before a convergence to a definite number appears. The result is often expressed
as the Madelung constantM introduced in Eq. (2.6), which relates the total elec-
trostatic energy to the binding energy of a single ion pair. In other words, the
crystal lattice energy is some multiple of the simple ion-pair energy. M has to
be greater than 1 because otherwise the crystal would fly apart into ion pairs.
Therefore, we can think of M as a measure of how the stability of the lattice of
ions compares with that of the isolated ion pair. Stable crystals have M> 1, and
the larger this constant, the more stable the crystal structure.
The Madelung constant is a geometric parameter, that is, it depends on the

geometry and symmetry of the unit cell only, and thus depends only on how
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the ions are arranged in relation to each other within the solid and not on their
chemical nature. When a single crystal of a salt has been successfully analyzed
by X-ray diffraction, the Madelung constant can, in principle, always be calcu-
lated by choosing an ion as the origin and then summing all possible electrostatic
interactions with the surrounding ions at increasing distances from the origin.
This produces a Madelung series, which is effectively an infinite series of contri-
butions to the total electrostatic interactions with that ion.
The value ofM turns out to be in the range 1.2–2 for salts with singly charged

ions [4]. For organic salts in which the ions are larger and situated further apart,
Ees can be lower because the ion-pair binding energy is decreased and M is
reduced because of the nature of the crystal lattice. Thus, large ions of low
symmetry will tend to have lower values of Ees.
Izgorodina et al. [4] have determined theMadelung constant for a range of salts,

providing examples of how ion packing, polymorphism, and charge delocaliza-
tion impact the total electrostatic energy, and the correlation to Tm. For example,
the effect of increasing the length of the alkyl chain on the cation is reflected in the
Madelung constant; M for [C1mpyr][NTf2] is 1.358 (Tm = 132 ∘C) compared to
1.285 for [C4mpyr][NTf2] (Tm =−18 ∘C). Therefore, with the longer alkyl chain,
the ionic lattice is less stable because of the effect on the symmetry of the crystal
structure [4].
The arrangement of ions in the crystal structure is an important determinant

of M. For example, [NMe4][BF4] crystallizes in a simple cubic system with very
uniformly arranged ions with respect to all of their neighbors, as shown in
Figure 2.5. As a result of the highly symmetrical packing, M is 1.686, which is
only slightly lower than that of NaCl (M= 1.748). In contrast, in propanthaline
bromide ([Prop]Br, a pharmaceutical salt) the charged atoms are positioned in
clusters in the unit cell, with distinct ion pairing also present (i.e. one counter-ion
in much closer proximity than any other, Figure 2.5).This lowersM considerably,
to 1.486, thereby lowering the stability of the lattice and decreasing Tm. All else
being equal, a large value ofM corresponds to the highest symmetry distribution
of ions. Consistent with a decrease in the stability of the crystal structure, Tm of
[Prop]Br (167 ∘C) is much lower than that of [NMe4][BF4] (443 ∘C) [4].

2.3.2 Computational Prediction of theMelting Point

As Tm of an IL is an important dictator of its potential application, there is strong
incentive to be able to predict this property by considering the cation and anion
structure and comprehensively understanding how the different structural fea-
tures and interactions determine Tm. The success of such predictions would cut
down the synthetic time required for exploration of new families of compounds
by directing researchers to the most promising out of the vast number of pos-
sible IL families. However, it is clear from our initial discussions that there is a
complex combination of influences onTm, whichmakes prediction very difficult.
In fact, this is one of the most challenging IL properties to predict, particularly
across different IL families. The range of possible approaches to this problem,
as well as their relative merits, is covered in a number of recent comprehensive
discussions [11, 12].
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Figure 2.5 Packing diagrams for [NMe4][BF4] viewed down the c-axis showing (a) full unit cell
contents (the [BF4]− ions are shown with their measured disorder) and (b) charged atoms only
(N+ shown in blue, charge center of [BF4]− shown in orange) [4]. Packing diagrams for [Prop]Br
as viewed down the c-axis showing (c) full unit cell contents and (d) charged atoms only (N+

shown in blue, Br− shown in red). (Izgorodina et al. 2009 [4]. Reproduced with permission of
American Chemical Society.)

A further complication in this field of research is that many ILs do not crys-
tallize, or that the reported Tm values have been distorted by the presence of
impurities or by inconsistent or inappropriatemeasurement techniques.This has
resulted in a range of reported Tm values for the same salt, which creates a prob-
lem for establishing correlations between theory and practice.
Much of the computation predictions in this area are based on attempt-

ing to correlate a measured Tm with ‘descriptors’, which are a characteristic
feature of the IL that result from its structure. Such descriptors can be geo-
metrical, electronic, thermodynamic, quantum chemical, and so on. Once a
good correlation between Tm and the chosen descriptor is established using
a trial dataset, this correlation can then, in principle, be used to predict the
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Tm of new salts. This quantitative structure–property relationship (QSPR)
approach has been quite successful in identifying trends within IL families,
such as the effect of increasing alkyl chain length on the transition temperature
shown in Figure 2.4 [7]. However, the technique is dependent on finding good
descriptors that are correlated to Tm and on having reliable datasets.
There are a variety of mathematical techniques, such as artificial neural net-

works, that can be employed to correlate properties such as Tm with specific
structural variables [12, 13]. A molecular-structure-based ‘group contribution
method’ has been used to calculate the Tm of ILs by summing all of the contri-
butions, and the frequency at which these occur, from functional groups on the
cation and anion. This approach has allowed the estimation of Tm for a diverse
range of ILs, with an average deviation of 7% [14].
The thermodynamic relationships introduced at the start of this chapter have

also been used as the basis for computational predictions [15] based on the fact
that, ifΔSm andΔHm can be accurately calculated, thenTm can then be predicted
from

Tm =
ΔHm

ΔSm
(2.7)

This approach has been demonstrated for a range of different ILs using
a volume-based approach to calculate the enthalpy of fusion and an addi-
tional technique known as conductor-like screening model for real solvents
(COSMO-RS) to account for the different interaction enthalpies [15]. The
entropy was calculated based on considerations of ion symmetry and a simpli-
fied picture of the total torsional freedom within the IL. The first demonstration
of this approach took into account only the most stable conformer in the liquid
state, for simplicity, but the relatively good accuracy was still achieved.
Such computational studies have also shown how the influence of alkyl chain

length onTm can be related back to this balance between enthalpy and entropy of
fusion [16]. With shorter alkyl chains (C2 and C4), the trends in fusion entropies
appear to dominate (Tm decreases). However, at longer chain lengths (C10, C12,
C14) the trend in fusion enthalpy dominates (increasing with chain length, as a
result of increased Van der Waals interactions, giving rise to an increase in Tm).
Simulations have also shown a good correlation between the ratio of ion-pair
binding energies to dispersion forces and Tm [17]. This can be rationalized on
the basis that this ratio is similar to the ratio of the enthalpy to entropy change
involved in the melting process, discussed previously. A further discussion to
computer modeling of ILs is given in Chapter 5.

2.4 Charge Delocalization and Shielding

Decreasing the electrostatic interactions between cations and anions can be
achieved not only by making them larger and less symmetrical but also by
decreasing the charge density through the use of ions with a more diffuse
or sterically shielded charge. The very popular [NTf2]− anion is an excellent
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example of this [2], where the electronegative oxygen and fluorine help draw
the negative charge away from the central nitrogen and decrease the strength of
interactions with surrounding cations. Resonance stabilization further enhances
this charge delocalization by sharing the net charge among several atoms. This
is demonstrated in Figure 2.6, which shows a map of the charge density over

Dicyanamide NTf2

(a) (b)

Figure 2.6 (a) Charge density on the dicyanamide (left) and [NTf2]− (right) anions. The blue
and red colors represent negative and positive charge density, respectively. (Izgorodina 2011
[18]. Reproduced with permission of Royal Society of Chemistry.) (b) Space-filled structure
showing the steric shielding of the N+ (shown in blue) in the N-methyl-N-butylpyrrolidinium
cation.
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the [NTf2]− and [dca]− anions: the negative electron density, shown in blue, is
not just located on the central nitrogen but is spread across other atoms in the
anions. Thus, salts utilizing these anions are commonly low-melting and fluid.
Other examples of commonly used anions with significant charge delocalization
are shown in Figure 2.7.
Physically shielding the positive or negative charge, for example by use of bulky

alkyl groups, also restricts close contact between the charged centers and thereby
decreases the lattice energy. For example, using a space-fillingmodel (Figure 2.6b)
to look at the structure of the pyrrolidinium cation, which commonly imparts a
low Tm and viscosity, shows how well shielded the positively charged nitrogen
atom is within the surrounding alkyl substituents.

2.5 Ion Asymmetry

As we saw in the previous discussion on the Madelung constant, Tm of an IL is
very much related to how closely the ions pack together in the solid state, which
depends on the strength of interactions between them and also any steric hin-
drance. Therefore, ion structures that inhibit the formation of a crystalline and
fully ordered state, or prevent them from forming close contacts, can reduce Tm.
One common way to achieve this is to use asymmetric ions, such as imidazolium
cations substitutedwith two different lengths of alkyl chain. However, when com-
paring the Tm values of such salts, it is important to remember that a larger
ion size will also decrease Tm (by decreasing the Coulombic forces, as shown
in Eq. 2.6), so there are multiple effects at play here. Bonhote et al. [2] noted
the influence of symmetry in their seminal paper on a series of hydrophobic ILs:
[C1C1im][NTf2] and [C2C2im][NTf2] saltsmelt at higher temperatures than those
with unsymmetrical cations. Other examples of the role of symmetry are evi-
dent in the comparison of [C4mim]+ and [C4mpyr]+ salts, the latter of which is
a more symmetrical cation and generally forms slightly higher melting salts [19].
Similarly, tetraalkylammonium [NTf2]− salts, which commonly show higher Tm
values with the symmetrical cations (e.g. [N1,1,1,1]+ and [N2,2,2,2]+) but only Tg
values with the less symmetrical species (e.g. [N6,1,1,1]+) [20].
The crystal structures of a series of imidazolium carborane ILs also show the

importance of asymmetry in the cation in restricting packing and lowering Tm
[21]. The large carborane anions, with diffuse charges (Figure 2.7), experience
lower electrostatic interactions than salts with smaller, more charge-dense,
anions. Thus, the suggestion from this is that in the IL the packing efficiency
may become the most important factor determining Tm when the alkyl chain
substituents on the cation are varied. Consistent with this hypothesis, the
calculated molar volumes from the crystal structures with different cations
follow an inverse trend with Tm, that is, a more loosely packed crystal (more free
volume) gives a lower Tm. This study [21] also observed disorder in the cation
within the crystal structure, which was taken as a further indication of the poor
packing efficiency of the imidazolium cations.
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Concept Toolbox: Disorder in Crystals

In discussions where the crystal structure is referred to as ‘disordered’, this indicates the
presence of atoms occupying more than one crystallographic site. Thus, either the atom
is moving between these two sites during collection of the X-ray structure (normally per-
formed at low temperatures to minimize such disordering), or the cation/anion has crystal-
lized in slightly different orientations within different repeat units. In both cases, analysis
of the crystal structure shows an average of the atomic positions and the disorder can
be represented by ‘thermal ellipsoids’ that show the size and direction of the disorder at a
chosen level of probability (often 50%). In a well-ordered structure, these ellipsoids should
all be similar in size and spherical, but for the atoms that are more disordered, such as the
C8 and the chloride in Figure 2.8 [22], they are elongated. This disorder is a common fea-
ture of IL-forming salts, where different cation or anion orientations can be energetically
very similar and thus there is only a small energy barrier to small movements (sometimes
called librations), or bond rotation, or rotation of the whole ion (without moving its loca-
tion in the lattice), or structural isomerization. This disorder has an effect on bothΔHm and
ΔSm such that the overall effect on Tm is not immediately predictable.

C3

C2

C1

C4

C5

C6

C7 C8

Cl1

N1

Figure 2.8 The structure of
[C3mpyr]Cl shown with 50% thermal
ellipsoids (hydrogen atoms are
shown by spheres of set size, as these
are placed in geometrically fixed
idealized positions) [22].

The benefits of asymmetry in decreasing Tm can also be imparted through the
anion. For example, the (2,2,2-trifluoro-N-(trifluoromethylsulfonyl)acetamide,
[tsac]−, anion (Figure 2.9) is an asymmetric analog of the commonly used [NTf2]−
anion and can produce significantly lower values of Tm: 64 ∘C for [Me4N][tsac]
compared to 130 ∘C for [Me4N][NTf2], and 24 ∘C for [C1mpyr][tsac] compared
to 105 ∘C for [C1mpyr][NTf2] [23]. However, this effect is not consistent
throughout the series: the Tm trend in the imidazolium salts shows the opposite
behavior (−1.5 ∘C for [C2mim][tsac] compared to −15 ∘C for [C2mim][NTf2]).
This reminds us that there is a complex range of factors that influence the
melting point of a salt, including molecular weight and ion size.
The 2,2,2-trifluoromethylsulfonyl-N-cyanoamide anion ([tfsam]−, Figure 2.9)

is another example of an asymmetric anion where the charge delocalization was
proposed to be greater than in the [dca]− anion and close to that of [NTf2]−
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Figure 2.9 Examples of asymmetric charge-delocalized anions.

but with the advantage of asymmetry to hinder crystal packing [24]. In addition
to slightly lower Tm values, this anion can also produce lower viscosities than
the [NTf2]− anion. Similarly, with the same cation ([C2mim]+ or [N2,2,2,2]+), the
[fpfsi]− (Figure 2.9) anion imparts a lower Tm than the [NTf2]− anion [25].
The (fluorosulfonyl)(trifluoromethanesulfonyl)imide ([ftfsi]−) anion has also

been developed to further reduce the symmetry of the [NTf2]− anion, produc-
ing a complete suppression of the melting point. Only Tg values ≤−100 ∘C
were observed for a range of pyrrolidinium salts [26]. An experimental and
computational study of the crystal structure of the K[ftfsi] salt shows that this
anion can exist in three possible geometries (syn, gauche, and anti) and also
displays polymorphism [27]. As discussed further below, such an increase in the
conformational degrees of freedom also contributes to a lower Tm (and/or Tg).

2.6 Influence of Cation Substituents

Although increasing the length of the alkyl chain substituents on the cation can,
up to a point, decrease Tm (Figure 2.4), the presence of branched alkyl chains
instead of linear ones is not generally beneficial. For example, in [CXmim][PF6]
salts (where X indicates a four-carbon alkyl substituent), the Tm trend is
t-butyl> s-butyl> n-butyl, with the branched chain having a Tm > 150 ∘C, which
is higher than that of the linear one [28].
Comparison of the Tm of a range of [PF6]− salts (Figure 2.10)[29] demonstrates

some of the trends we have discussed thus far. For example, comparison of ILs 5
and 6 shows an increase in Tm as a result of alkyl chain-branching. Comparison
of ILs 10, 11, and 12 shows that for alkyl chain lengthsmore thanC4,Tm increases
with the length of the alkyl chain.
Comparison of salts 2 and 3 and salts 5 and 8 shows a further interesting

trend not yet discussed – the effect of methylation at the 2-position of the
imidazolium ring. This has the surprising result of significantly increasing Tm
(and viscosity).This effect is seen across a range of different imidazolium ILs (and
is peculiar to this type of molecular structure), and its origin has been debated
extensively in the IL literature. The hydrogen at the 2-position is relatively
acidic and can therefore take part in significant H-bonding. Probing its effect,
methylating at the 2-position on the imidazolium ring is found to have a much
more significant influence on Tm than methylating at the 4- or 5-position of the
ring. Generally, extensive hydrogen bonding is considered to increase Tm and
therefore blocking this position was originally predicted to decrease Tm. In fact,
the opposite is observed [2], and the suggested reasons for the increase in Tm
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Figure 2.10 Cation structure and Tm values for the salts when paired with the [PF6]− anion.
(Reichert et al. 2007 [29]. Reproduced with permission of American Chemical Society.)

(and the accompanying increase in viscosity) include loss of entropy, restricted
ion movement/rotation, and changes in the ion association (e.g. ion pairing or
aggregation) [30–32]. The effect of substitution at the 2-position is also seen in
the di-imidazolium [NTf2]− ILs, discussed in Section 2.9, where substitution
increases the Tm by over 120 ∘C [33].
Of course, the substituent on the cation is not limited to simple alkyl chains.

The use of alkyl chains incorporating different functional groups such as amino
(–NH2) groups, for example, for task-specific ILs, is discussed further in Chapter
4. One popular choice is the addition of an ether group into the side chain, which
can be advantageous for decreasing the viscosity. Exploration of such families is
also of interest because the incorporation of ether groups can improve the selec-
tivity of materials for CO2 separation, for example, from CO2/CH4 or CO2/N2
gas streams. However, while the influence of this functional group on viscos-
ity is relatively consistent, there is not such a clear effect on Tm. A crystallo-
graphic comparison of [C4dmim]Cl and [C4dmim][PF6] with [C201dmim]Cl and
[C201dmim][PF6] has shown that the ether-functionalized ILs have significantly
different structures and higher Tm (by 57 and 21 ∘C, respectively) [34]. However,
tetraalkylammonium and tetralkylphosphonium salts have shown a reduction in
Tm when an ethoxy group is used [35]. Therefore, the overall effect seems to
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depend on the number of appended ethoxy groups on each cation and any differ-
ence in the total molecular weight.

2.7 Degrees of Freedom and Structural Disorder

In our earlier discussion, we introduced the concept of conformational degrees
of freedom and how this can contribute to a low Tm. Conformational flexibil-
ity, in either the cation or anion, or both, can influence Tm and the overall phase
behavior of the salt.The [NTf2]− anion is a well-studied example of this, as shown
in Figure 2.11. It has two lowest energy conformations – one in which the CF3
groups are arranged on opposite sides of the anion, with C2 symmetry (i.e. the
anion can be superimposed by rotation by 180∘ around one axis), and the other
in which the CF3 groups have rotated around so that they lie on the same side
of the anion, with C1 symmetry (i.e. no symmetry axis of rotation). The C2 con-
former is more energetically favored, but only by ∼4 kJ mol−1 [36], and so the
energy barrier to rotation between the two structures is quite small. If a salt crys-
tallizes in a less energetically favorable conformation, then this would form a less
stable lattice and thus decrease Tm. The availability of more than one energeti-
cally similar solid-state structure can also frustrate crystal packing, increasing the
likelihood of glass formation. Further, if there are multiple possible (and energet-
ically accessible) confirmations of the ion in the liquid state, but it is locked into
one conformation in the solid, then this will contribute to a larger ΔSm and thus
a lower Tm.
Of course, analogs of the [NTf2]− anion can also exhibit this kind of confor-

mational flexibility. For example [27], computational studies of the [ftfsi]− anion
(Figure 2.9) show that the three most probable conformations are separated
by less than 3 kJ mol−1. Similarly, many cations can also exist in a range of
geometries, and one example is the two different envelopes and one twisted
conformation of the N,N-alkylmethylpyrrolidinium ring [37]. Computational
techniques allow the calculation of the energies of different ion conformations
and thus the ease with which interconversion occurs (the energy barrier associ-
ated with the relevant bond rotations). Such calculations can produce a ‘potential

Figure 2.11 Two conformers of the [NTf2]− anion.
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energy surface’– a 3D plot of the energy of the molecule versus its geometry
(bond angles) [37].

2.7.1 Polymorphism

Structural disorder within the crystalline state is sometimes reflected in
polymorphism, which means that the salt can crystallize in more than one
crystalline form. The relatively weak inter-ionic interaction energies in ILs,
compared to crystalline ionic salts such as NaCl, increases the occurrence
of this phenomenon, as there are smaller energy differences between these
crystallographic forms (e.g. the easy bond rotation that interconverts between
the two conformers of the [NTf2]− anion, discussed previously). Recognizing the
existence of polymorphs is particularly important in the development of active
pharmaceutical ingredients (APIs), as each form is individually patentable and
can have different medical effects. Polymorphs can have different melting points
as a result of differences in packing and molecular conformations. However,
one of the polymorphs will usually be the more thermodynamically stable, and
the less stable form may spontaneously convert to the more stable form under
the right conditions. Crystallization of an IL into different polymorphs can
depend on many factors, including the solvent used, the concentration of the
crystallization solvent, the presence of impurities, the temperature and pressure
regime, and the substrate. Polymorphism in various imidazolium salts has been
well studied [38], starting with an early investigation into the polymorphs of
[C4mim]Cl which showed that it is the difference in alkyl chain conformation that
results in polymorphism and inhibition of crystallization (i.e. supercooling) [39].
Remembering that the Madelung constant M is a measure of the total elec-

trostatic interaction energy in a crystal, it is clear that this should be different for
different polymorphs of a salt – they have different crystal structures and thus dif-
ferent lattice energies. Indeed, for the polymorphs of [C4mim]Cl, the Madelung
constant of the monoclinic form is lower than that of the orthorhombic form
(1.345 vs 1.379) [4]. As a smallerM indicates a less stable crystal structure, this is
consistent with the monoclinic form being the less stable polymorph [39].

2.8 Short-Range Interactions – Hydrogen Bonding

Returning to our discussion of lattice energy and how important this is in deter-
mining the Tm of ILs, remember that this parameter is made up of a combination
of the energy of long-range electrostatic interactions Ees and that of short-range
interactions Esr. Traditional ionic compounds result in highly stable crystalline
lattices (i.e. a high lattice energy) because of the strong Coulombic attractive
forces between ions of different charge. We have discussed previously how
factors such as ion size and symmetry can decrease these long-range interactions
(those that do not involve orbital overlap). In ILs, the usually bulky organic
cations with asymmetric charge distribution result in inefficient packing and
weaker Coulombic forces, which lowers the lattice energy. However, the use of
a bulky organic ion can also increase the occurrence of short-range interactions,
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such as hydrogen bonding, 𝜋–𝜋 stacking, and Van der Waals forces, that
increase the lattice energy. As the name suggests, short-range interactions are
significantly stronger at small ion/molecule separations and, unlike long-range
interactions, these decrease rapidly with distance.
Analysis of the single-crystal structures of ILs can help reveal the different

short-range interactions in the solid state. This is useful for a number of rea-
sons: (i) Identifying particularly strong interactions that result from, for example,
functional groups, can help in the development of lower melting ILs by avoid-
ing the use of such groups during IL design. Such a strategy has been termed
‘anti-crystal engineering’ [40]. (ii) Quantifying the interionic interactions helps
to explain the impact of different ionic structures on the physical properties, such
as Tm or viscosity, of the liquid. (iii) The interactions identified in the solid state
can inform study of the liquid-phase structure, in particular the formation of
mid-range structuring, which is discussed further in Chapter 3.
Hydrogen bonding is a type of short-range interaction that affects both the

solid and liquid forms of an IL. In some cases, these short-range interactions can
make an important contribution to their physical properties and liquid phase
structuring. However, detailed analysis of the impact of hydrogen bonding is
complex because the strength of a hydrogen bond depends on both the distance
and the angle between the donor and acceptor (Figure 2.12), and as yet there is no
absolute and widely accepted definition, or cutoff parameters, to classify a hydro-
gen bond. The International Union of Pure and Applied Chemistry (IUPAC,
the global authority on chemical naming standards) has compiled a range of
criteria [41]. There is also some disagreement regarding the nature of species
that can hydrogen-bond, for example, whether certain electronegative atoms or
even 𝜋 systems should be included. A general definition of a hydrogen bond is
an X–H· · ·Y interaction, where X and Y are electronegative atoms, the distance
between X and Y is less than the sum of the Van der Waals radii of X and Y, and
there is an angle for X–H· · ·Y of >90∘. However, there have been multiple alter-
native criteria recommended and applied to IL characterization [13, 30, 42, 43].

Acceptor

Angle criterion

Donor

Hydrogen

Distance criterion

Figure 2.12 Strength of a hydrogen bond has both distance and angle criteria.
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The hydrogen bonding within ILs may be further complicated by the fact that
it often involves interactions between charged species (e.g. R3N–H+· · ·Cl−),
prompting the term ‘doubly ionic H-bonds’ [13].
One of the original motivations behind the development and use of fluorinated

anions was to reduce or eliminate hydrogen bonding in ILs, which otherwise can
have a detrimental effect on viscosity. The first clear proof of this concept was
shown in the single-crystal analysis of [C2mim][PF6] [44], which exhibits little
hydrogen bonding (or 𝜋–𝜋 stacking) and is therefore dominated by electrostatic
interactions.
A crystallographic study of different imidazolium [NTf2]− salts, where the

cation was substituted to various extents to tune the extent of hydrogen bonding,
showed that hydrogen bonding could account for up to a tenth of the total
interaction energy [45]. Furthermore, the extent of hydrogen bonding changes
the configuration of the anion: the [NTf2]− anion is in its more energetically
favorable trans form when there are no constraints from hydrogen bonding, but
in the salt with hydrogen bonding it is found in the cis conformation.
It is hard to identify clear trends between Tm and the extent of hydrogen

bonding in ILs because electrostatic interactions and packing efficiency often
dominate [2, 29], quantification of hydrogen bonding is complex [13], and Tm is
also affected by parameters such as molecular size. Differences in the extent of
hydrogen bonding in ILs are generally more significantly reflected in Tg than Tm.
Tg can be lowered by reducing the strength of electrostatic, Van der Waals, and
hydrogen-bonding interactions, and by increasing repulsive forces. The extent
of hydrogen bonding for different anions depends on the basicity –more basic
anions (i.e. made from weaker acids) will be stronger hydrogen-bond acceptors,
while more acidic cations will be stronger hydrogen-bond donors: for example,
the imidazolium C2-H is relatively acidic. This is also particularly evident in
protic ionic liquids (PILs), which intrinsically involve weak Bronsted acid cations
and where the hydrogen bonding is more significant.
PILs have many of the same general relationships between ion structure

and Tm as aprotic ILs: for example, steric hindrance to efficient packing is an
effective route to lowering Tm, and delocalization of charge on the ions also
helps. However, the hydrogen bonding can be more extensive within PILs than
aprotic ILs: in addition to acid strength, they are normally based on N—H
donors, rather than the weaker C—H hydrogen-bond donors [13]. For the
ethylammonium series of PILs, the trend in Tm and Tg has been shown to be the
same as that in hydrogen-bonding strength: [EtNH3][SCN] > [EtNH3][HSO4] >
[EtNH3][NO3] > [EtNH3][HCO2] [46]. However, establishing quantitative cor-
relations between the structure and Tm of PILs in general, either experimentally
or theoretically, is very difficult [12, 13].
Finally, when considering short-range interactions it is important to remember

that 𝜋–𝜋 stacking can also significantly increase Tm. For example, pyrrolidinium
salts of the p-toluenesulfonate ([Tos]) anion are solid at room temperature for
this reason [47]. Another example, this time from the active pharmaceutical fam-
ily, is mepenzolate saccharinate, where both cation and anion are aromatic. This
has a high Tm (188 ∘C) despite a low Madelung constant (1.18), which normally
indicates a low-stability crystal structure, and hence would suggest a low Tm.
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This demonstrates a strong influence of short-range interactions, in this case 𝜋–𝜋
interactions, in addition to the electrostatic interactions.

2.9 Dications and Dianions

There is an increasing range of ILs that utilize two cations tethered by an alkyl
chain, and the development of these families is driven primarily by the observa-
tion that these dicationic ILs can exhibit better thermal stability than ILs with
one cationic group [48]. However, remembering the relationship between lattice
energy and ionic charge (Eq. 2.6), it is clear that Tm will increase as the charge on
the ions increases. Tg is also often higher [49].
As for the mono-charged species, which have been the subject of the dis-

cussion up to this point, dicationic ILs (Figure 2.13) exhibit trends in Tm with
structure variations of the cation. In dicationic ILs, both the length of the alkyl
chain substituent on the cation and the length of the linker can be varied. As
for mono-cationic ILs, changes to the ring type or alkyl chain substituent, the
addition of functional groups, and use of different anions can alter Tm and/or
Tg by influencing the molecular symmetry, the extent of hydrogen bonding
and 𝜋–𝜋 stacking, the conformational flexibility (degrees of freedom), and the
strength of the Coulombic forces.
In general, a longer alkyl chain linkage results in a lower Tm, which is likely

related to increased conformational flexibility, although there are exceptions to
this trend. Analysis of the single-crystal structure of the di-pyrrolidinium cation
with a three-carbon linker ([C3(mpyr)2]Br2) shows that it can adopt four different
conformations [48]. This type of cation flexibility could also result in the forma-
tion of polymorphs.

(1) Tm = –51.5 °C
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N+ N+
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(3) Tm = 30–32 °C

(5) Tm = 86–88 °C

(4) Tm = 36–38 °C

(2) Tm = –61.0 °C

Figure 2.13 Structures of example dications, and the Tm of the salts using [NTf2]− anions.
(Payagala et al. 2007 [33]. Reproduced with permission of American Chemical Society.)
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As for the mono-cationic ILs, the multiple different influences on Tm makes
it difficult to establish definitive predictions based on IL structure. However,
generally for the di-imidazolium salts studied by Payagala et al. [33], Tm
increased depending on the anion such that [NTf2]− < [BF4]− < [PF6]− <Br−,
[TfO]−, which is consistent with a decreased charge delocalization and with
the trend observed in dication salts utilizing other cation types. A study by
Lee et al. [50] revealed a slightly different Tm trend for some di-imidazolium
salts, which showed that a higher Tm for the [PF6]− salt may be related to the
presence of more hydrogen bonding. Also consistent with the mono-cationic
ILs, methylation at the 2-position of the imidazolium ring results in an increase
in Tm [33, 48].
Dicationic ILs also demonstrate the significant increase in Tm, which can arise

from 𝜋–𝜋 stacking, for example, by comparison of the di-imidazolium versus
dipyrrolidinium ([C3(mim)2]Br vs [C3(mpyr)2]Br) salts. The crystal structure of
the di-imidazolium salt, which melts at 162 ∘C, shows 𝜋–𝜋 stacking, whereas
the dipyrrolidinium salt, with no 𝜋–𝜋 stacking, melts at 51 ∘C [48]. Similarly,
the addition of rigid aromatic substituents on di-imidazolium [NTf2]− ILs results
in a significant increase in Tg [49]. However, comparison of the [NTf2]−-based
IL 2 and IL 4, in Figure 2.13 [33], shows that the di-pyrrolidinium has a much
higher Tm, which may be due to the butyl substituent. Therefore, it is important
to consider the influence of all the different structural features when trying to
understand or predict Tm. Reducing the symmetry can also decrease the Tm of
these salts, as shown in Figure 2.13, but the magnitude of this effect depends on
the type of cation and the difference in size (and therefore the extent of asymme-
try) between the two halves.
Analogous to the incorporation of ether groups into the side chains ofmonoca-

tionic ILs, whichwediscussed earlier, polyether chains can be used to separate the
two cations [51]. This can reduce Tg without notable influence from the length
of the chain linker. In contrast, the introduction of polyfluoroalkyl side chains
on the cations can increase Tg [51]. Aromatic spacers can also be used to form a
range of di-cationic ILs with Tm values in the 50–60 ∘C range [52]. Furthermore,
instead of using two anions to balance the charge, anions with a doubly negative
charge can be used. However, this is a much less studied approach and, generally
speaking, can be expected to produce elevated melting points.
Finally, it is worth noting that tri-cationic ILs can also be synthesized [52],

although Eq. (2.6) again reminds us that thesewill be even highermelting than the
singly and doubly charged species. Their widespread use has, to date, been hin-
dered by high viscosities, although their good thermal stability is advantageous
and they may find application as stationary phases. There is, in principle, some
interesting synthetic flexibility that comes with having three different cationic
groups within the structure, and their physical properties can be manipulated
through alterations to the structure of the component ions.
Aside from ILs utilizing transition metal-based anions, the majority of which

are high melting, there are a few examples of ILs with dianions. These ILs suffer
from the same increase in Tm as the dication species. In the case of anions,
unlike the dications, the doubly negative charge is often located on the same
part of the molecule, and therefore unless the charge is well delocalized, this
will lead to a significant increase in electrostatic interactions and a high Tm.
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Boron clusters ([B10Cl10]2− and [B12Cl12]2−) are interesting examples of charge
delocalized anions and, when paired with two imidazolium or phosphonium
cations, some form salts with Tm values below 100 ∘C [53]. However, as for
the dication ILs discussed previously, their viscosity is relatively high. Use of
imidazolium groups with long (C16 or C18) alkyl chains, in combination with
these boron cluster anions, produces liquid-crystalline behavior.

2.10 Tm Trends in Other IL Families

Finally, we can consider how these general ‘design guidelines’ for low-melting
points manifest themselves within other types of ILs. While the majority of IL
cations are still ammonium-based, phosphonium cations are increasingly being
recognized for their good thermal and electrochemical stability. The structure
of the most widely used tetraalkylphosphonium cations reflects the benefit
of asymmetry to produce Tm values below room temperature; in the general
structure [PR1,R2,R3,R4]+, at least one of the alkyl groups is normally different from
the others (longer or shorter). The use of long alkyl chains also results in steric
shielding of the positive charge, further helping to reduce Tm. Thermal analysis
of phosphonium salts with a wide variety of anions (organic and inorganic)
supports the conclusion that Tg is influenced by the charge on the anion, plus
the size, shape, and symmetry of the phosphonium cation [54].
Sulfur can also be used to supply the positive charge for IL cations, most com-

monly as trialkylsulfoniums (as opposed the cyclic variety, called thiolaniums).
In the [SR1,R2,R3]+ family, where R is methyl or ethyl, Tm and Tg decrease with
increasing alkyl chain content [55]. It is reasonable to assume that, as for the imi-
dazolium salts discussed previously, the trend in Tm with alkyl chain length will
go through a minimum, which reflects that optimum balance between attrac-
tive and repulsive long- and short-range interactions (Coulombic forces, Van der
Waals interactions, etc.) and frustrations to crystal packing, although this has not
yet been demonstrated.
The development of metal-containing ILs is an increasingly large field, with

potential use in catalysis, electrochemistry, separation, and magnetic applica-
tions. The metal can be incorporated into the cation or the anion and can be
transition metals, main group, lanthanides, or actinides. As discussed in Chapter
8, incorporation of alkali metal ions, for example, in ‘solvate ILs’, is also very
important for various battery technologies. A review of Tm values for more than
200 different ILs with a metal coordination complex as the cation has revealed
many of the same structural trends inTm as for non-metal ILs [56].These include
an optimum in the length of the alkyl chain substituent, a decrease in Tm with
increased degrees of freedom and length of linking group, and a strong depen-
dence on the nature of the anion.
Finally, as introduced in Chapter 1, ILs can be designed to be energetic

materials – a term that encompasses materials with a large amount of stored
chemical energy. This energy can be released under conditions of, for example,
heat, friction, or shock, and these ILs are thus designed for use as explosives,
propellants, and so on. In terms of achieving a low Tm, the design rules for these
materials parallel those of ‘traditional’ ILs. They commonly utilize N-containing
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heterocyclic cations (e.g. substituted alkyl ammonium, imidazolium, or tri-
azolium cations) with anions such as nitrate, dicyanamide, nitrocyanamide,
cyanoborate, or azide. However, the presence of energetic functional groups
(—NO2, —N3, —CN, etc.) within the structure often increases Tm through
increased hydrogen bonding [57].

2.11 Concluding Remarks

The evidence of the Tm trends emerging from a variety of different types of ILs
allows us a final recap of the important points covered in this chapter. Thus, in
summary, the melting point of a salt depends on the following:
• the size of the ions – decreasing electrostatic interactions, as a result of larger

ions, decreases Tm;
• the number and strength of interactions between the ions, both short-range

and long-range, including Coulombic forces (decreased by charge delocaliza-
tion), hydrogen bonding, Van der Waals forces, and 𝜋–𝜋 stacking;

• packing efficiency – less efficient packing, for example, as a result of asymme-
try, results in a lower lattice energy and thus a lower Tm;

• the conformational flexibility of the anion or cation – a higher flexibility, and
hence increased conformational degrees of freedom, yields a lower Tm as a
result of an increase in the entropy of melting and steric hindrance to the for-
mation of a close-packed crystal structure.
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3

Structuring of Ionic Liquids

3.1 Introduction

Ionic liquids (ILs) in their liquid form are, by definition, structurally dynamic and
thus do not exhibit the kind of short- and long-range static ordering seen in crys-
talline ionic solids. However, as we will see, ILs are quite unique liquids, as they
appear able to exhibit structure over short, and even long (nanometer), length
scales. This structuring is dynamic – constantly changing with time– but never-
theless can impart ILs with very interesting and unusual properties.
Chapter 2 discussed the interactions within the solid phase of ILs that

determine their melting point. When considering the ‘structuring’ of an IL in
the liquid phase, it is interesting to start once again with the solid state of the
material – in which the concept of structure is easier to understand– and then
ask to what extent these structural motifs change or disappear upon melting. For
example, strong ion pairing within the crystal structure might be indicative of
strong ion pairing within the melt. In this discussion, as in Chapter 2, we must
consider both short-range and long-range interactions. Long-range electrostatic
interactions will dictate the formation of an arrangement of alternating charges.
However, hydrogen bonding (short-range interactions) can also have a significant
impact on the orientation and/or organization of some ions in the liquid phase.
Other important interactions within the IL are dipole–dipole interactions and
London (dispersion) forces, introduced in Chapter 2. The relative contributions
of these interactions, some of which are energetically in competition, depend on
the nature of the cation and the anion and also on temperature. Furthermore,
as we will see later, the length of the alkyl chain on the cation can have an
extraordinary effect on IL structuring, sometimes resulting in bi-continuous
morphologies such as the formation of polar and nonpolar, hydrophobic and
hydrophilic domains. This structuring phenomenon is still poorly understood
and somewhat controversial. It has been the subject of many sophisticated
experimental and theoretical investigations, the essence of which is introduced
here. These studies also show that the occurrence of significant structuring
in ILs can have a dramatic impact on the physical properties, and therefore
utility, of ILs. For applications from catalysis to materials synthesis, and from
electrochemistry to material separation, understanding the structure of ILs in
the bulk liquid or at an interface is undoubtedly very important [1–5].
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It is also important to keep in mind that in these discussions of structuring,
there are both timescales and length scales involved. In other words, the ‘struc-
ture’ in the liquid phase is either a snapshot of how it looks at any one moment in
time or a time-averaged picture, depending on the technique being used to probe
this phenomenon– it is always dynamic.The rate of change of this ordering, that
is the dynamics, will also depend significantly on temperature. Furthermore, the
extent and type of ordering depend on the length scales under consideration.
Thus, we can consider ordering in terms of simple ion pairs (angstrom length
scales), increasing in size to possible aggregate or ‘cluster formation’, up to the
possibility of ‘domains’ or ‘nanostructuring’ where the length scales are of the
order of nanometers. At the farthest end of this scale is the formation of liquid
crystals, where the length scale of the orientational order can be long enough to
be observed by optical microscopy.

3.2 Ionicity, Ion Pairing and Ion Association

One of the intrinsic structural features of ILs at the angstrom level, which varies
with the nature of the cation and the anion, is the extent of ‘self-association’.This
indicates the extent to which the ions are ‘free’ rather than bound as neutral ion
pairs, or as charged or uncharged large aggregates.The possible presence of neu-
tral structures that exist on a timescale longer than just a few collisions raises the
question of quantifying the role of these neutral species. This question of “how
ionic the ionic liquid is” can be understood in terms of a quantity known as ‘ion-
icity’ [6]. This is covered in more detail in Chapter 5, where its impact on the
transport properties is discussed. In this chapterwewill consider the implications
for structuring.
The concept of ionicity has grown primarily from the experimental observa-

tion that the ionic conductivity of many ILs is not as high as one would expect
(as calculated from the Nernst–Einstein equation) based on the mobility of the
ions measured by nuclear magnetic resonance (NMR). This is rationalized by
the presence of significant ion pairing or the formation of neutral aggregates,
given that these neutral species will not contribute to ionic conductivity even
though they are diffusing. Quantification of this ion-aggregation effect, and how
it impacts the relationship between conductivity and viscosity, can be achieved
to a good approximation using a Walden plot (see Chapter 5) [6]. A low ionicity
value corresponds to strong self-association – in other words, the IL has a less
ionic nature and thus less of the advantageous features that we commonly asso-
ciate with ILs (low vapor pressure, high ionic conductivity, good thermal stability,
etc.). So our aim as IL chemists, in order to make ‘good ILs’, is to achieve high
ionicity.
Ionicity can be related to the Lewis basicity of the anions, the Lewis acidity of

the cations, and the Van der Waals interactions between the two. Lower Lewis
acidity/basicity correlates with higher ionicity – for example, in [C2mim]+ based
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Figure 3.1 Gas-phase geometry of [P4,4,4,4][Cl]
by molecular orbital theory calculations.
(Fraser et al. 2007 [8]. Reproduced with
permission of Royal Society of Chemistry.)
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ILs, the order of ionicity has been concluded to be in the following order:

[BF4]− > [N(CF3SO2)2]− > [CF3SO3]− > [CF3CO2]−

> [CH3SO3]− > [CH3CO2]−

which is the opposite to the order of the Lewis basicity [7].This trend is also sim-
ilar to that of the decomposition temperature, showing that high ionicity is ben-
eficial for thermal stability in this imdazolium family. The role of Lewis basicity
probably reflects the strength of the H-bonding interaction between the slightly
acidic imidazolium C(2)-H proton and the anion.
Van der Waals forces within ILs are another source of attraction between ions

that can increase ion aggregation and thus decrease ionicity. The impact of this
is evident in comparison of ILs with different cations but the same anion: the
larger [C4mim]+ cation produces ILs with lower ionicity than [C2mim]+ [7]. At
the extreme end of this scale, a number of phosphonium ILs have been shown
to be very highly associated – so much so the term ‘liquid ion pairs’ was coined
[8].Modeling of the gas-phase structure of [P4,4,4,4][Cl] shows how significant this
association can be, demonstrating that the chloride ion can approach as close as
3.8Å to the positively charged center (Figure 3.1) [8]. In comparison, the radius
of the whole cation is 6.3Å. In other words, the chloride ion is present within
the alkyl chain environment and van der Waals interactions between the alkyl
chains on neighbouring cations can then create long lived aggregate of several
ions.
In protic ionic liquids (PILs) the concept of ionicity is also related to acid/base

strength, but in this case we are referring to Bronsted acidity rather than Lewis
acidity. Remember that during the formation of a PIL, a proton is transferred from
a Bronsted acid to a Bronsted base and the extent of this transfer (i.e. the equi-
librium position) determines the relative amount of ionic versus neutral species.
Therefore, for PILs the ionicity depends on the difference in proton energy levels
between the Bronsted acid and its conjugate base: the larger the gap, the more
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stable the ionic species and the higher the ionicity of the PIL [9]. Quantitatively,
this may be related back to the aqueous pKa values of the component acid and
base, which is covered further in Chapter 5.The longer range ordering of the PIL
phase is further discussed below.
Theobservation that some ILs are distillable [10] clearly indicates that ion inter-

actions can be strong enough to form neutral ion pairs in the gas phase. This has
been supported by computational studies [11, 12]. Furthermore, when ILs are
analyzed by mass spectroscopy, we often see peaks corresponding to clusters of
ions [11, 13]; depending on the IL and the technique used, thesemay be formed in
situ in the spectrometer, or they could represent the species present in the liquid
phase. Some computational studies of ILs have rejected the idea of long-lived ion
pairing within the liquid phase [14]; however, many properties, for example, con-
ductivity, can still be affected by relatively short-lived, but frequently occurring,
ion-pair interactions.
When considering ion pairing, the concept of partial charge transfer between

ions may also be important. It has been noted that the differences between
conductivity and mobility measurements, used to calculate ionicity, may also
be explained (at least partly) by charge transfer between the ions [15]. If orbital
overlap between IL ions occurs, this could result in partial charge transfer and
thus only fractional charges on the ions. In other words, the cation does not have
a full +1 charge, and the anion does not have a full −1 charge. In fact, simulation
and experiment suggest that scaled total charges of ±0.7–0.9 give the best fit.
This is important for accurately modeling ILs: current practice is to incorporate
charge-transfer schemes within the models used. Without these, prediction of
the strength of short-range electrostatic interactions and cohesive energy (and
hence viscosity) are too large [12].
At longer length scales, the formation of aggregates or clusters in ILs allows

the idea of close correlation of a cation or anion with more than one neighbor of
the opposite charge, for a significant length of time. However, as for the concept
of ion pairs, the definition of an ionic cluster when it is located within a sea of
ions (i.e. in the neat IL system) is somewhat open to interpretation. It implies that
these close associations are present for a significantly longer time than warranted
by the overall dynamics of the system. Thus, the analytical techniques used to
probe clustering need to have a suitable time resolution. The concept of ionic
clusters becomes easier to envisage, and relevant to different applications, when
considering the dissolution of ILs into other solvents [16].

3.3 Short-Range Structuring

Hardacre et al. [17] were the first to show clear experimental evidence, using neu-
tron diffraction, of the nature and extent of local charge ordering in the liquid
phase of an IL. For some ILs – particularly those with short alkyl chains – this
may be the full extent of the ordering. However, there is increasing evidence that
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(a)

(b)

Cl– [PF6]– [NTf2]–

Figure 3.2 Probability distributions of (a) the anions and (b) the imidazolium cations around
an imidazolium cation derived from the EPSR model for liquid [C1mim]Cl, [C1mim][PF6], and
[C1mim][NTf2]. For anion distributions in the top panel (a), the contour level was chosen to
enclose the top 5% of the molecules, while for the cation distributions in lower panel (b), the
contours enclose the top 20% of molecules each in the distance range 0–9 Å. (Hardacre et al.
2007 [18]. Reproduced with permission of American Chemical Society.)

in many ILs the structuring may extend beyond the first few solvation shells, as
discussed further in the following. In a neutron diffraction experiment, the IL is
placed in a beam of neutrons and the structure deduced by the diffraction pat-
tern – this is analogous to the concept of X-ray diffraction (XRD), but neutrons
are diffracted by the nuclei in the samplewhereasX-rays are diffracted by the elec-
tron clouds. Thus, the two techniques are often used to complement each other.
The neutron diffraction pattern of [C1mim]Cl shows that the ion interactions
result in coordination shells similar to those in the single crystal, with significant
hydrogen bonding between the chloride and the hydrogens on the imidazolium
ring.Using studies such as these, simulations (using empirical potential structural
refinement, EPSR) can produce spatial density plots that show the probability of
finding counter-ions in any particular location around the central ion (Figure 3.2).
This provides valuable insights into the local ordering within an IL. For example,
comparison of the Cl−, [PF6]−, and [NTf2]− salts of [C1mim]+ shows that the
cation–cation and cation–anion separation increases with the size of the anion.
Further, the charge ordering is lessmarked in the [NTf2]− species, consistent with
a decrease in the strength of interactions as the negative charge is more diffuse.
Of these three salts, the liquid structure of [C1mim][NTf2] is also the least similar
to the solid-state structure. It is likely that the coexistence of different conformers
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of the [NTf2]– anion (cis and trans, as discussed in Chapter 2) also contributes to
this less charge-ordered structure [18].

3.4 Structural Heterogeneity and Domain Formation

Moving to increasing length scales, beyond that of the shell of nearest neighbors,
the discussion of structuring in ILs relates to whether there is any structuring
occurring at all and, if so, what is itsmorphology.The possibility that neat ILsmay
self-assemble to form nanostructures similar to micelles (e.g. spherical assem-
blies, with cationic head groups pointing outward and aliphatic chains pointing
inward) has been discussed [19]. Considering the structure of many IL cations,
it is clear there is often an ‘ionic part’ (e.g. the imidazolium ring) and an alkyl
part (the alkyl chain substituents), and therefore it is conceptually possible that
these might arrange themselves so that the liquid is segregated into polar and
nonpolar domains – as occurs, for example, with surfactants in water. Alterna-
tively, and more widely accepted in the IL literature at present, the IL anions
and cations, especially those with long alkyl chains attached, may self-assemble
into layers, channels, and other 3D networks. Thus, the IL is ‘structured’ in the
nano-dimension, forming a bi-continuous morphology (i.e. made up of two con-
tinuous domains), although it is always important to keep in mind that these are
dynamic systems continuously changing with time.Thus, depending on the ana-
lytical techniques used to probe this structuring, we get either a snapshot or an
average picture of the structure.
Computational modeling also provides important insights into the structuring

of IL phases, and this is discussed further in section 3.7. For example, a snapshot
of the structural heterogeneity in ethylammonium nitrate, [EtNH3][NO3],
achieved through computational modeling of neutron diffraction data
(Figure 3.3) illustrates the localized arrangement of charged and uncharged
groups, which leads to the proposed bi-continuous morphology [20].

(a) (b) (c)

Figure 3.3 Snapshot presenting the fitted ethylammonium nitrate bulk structure at thermal
equilibrium (298 K). From left to right, the front face of the 3D simulation box of (a) 500
[EtNH3]+ cations and 500 [NO3]− anions, (b) apolar –C–C– domains only (–NH3 and NO3
omitted), and (c) anionic 500 [NO3]− only (the 500 [EtNH3]+ omitted). Atom coloring is C (gray),
H (white), N (blue), O (red). (Hayes et al. 2011 [20]. Reproduced with permission of Royal
Society of Chemistry.)
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Many of the conclusions of nanoscale ordering of ILs are based on XRD
techniques [21]. The use of different experimental techniques to probe IL
structuring is discussed further in Section 3.6. Experimental techniques such as
X-ray and neutron diffraction can indicate the presence of a structure within the
liquid phase, through the appearance of diffraction patterns, but clarifying the
morphology of the liquid that produces these analytical features (e.g. spherical
micelles vs layering, etc., and the length scale of this ordering) is complex. One of
the first examples can be seen in the neutron diffraction analysis of [C1mim]Cl,
which showed the packing and interactions in the first two or three coordination
shells to be similar in the solid and liquid. However, as one would expect, the
length scale of these interactions (i.e. the distance between the ions) increased on
melting [17]. There is as yet no evidence of longer scale structuring (i.e. domain
formation) in this IL, or in general for aprotic ILs with alkyl chain lengths less
than four.
From the peaks in X-ray scattering data, a correlation distance D (or some-

times denoted d) can be obtained using Bragg’s law, Figure 3.4. In an IL, this
is taken to represent the distance between the polar head groups. The current
understanding is that if the structure of the IL is completely homogeneous, with
no ion arrangement that persists for a significant length of time, then this peak
would not appear. If, however, the ions are arranged in a structure that is rela-
tively long-lived – andmost likely this is an structure where the nearest neighbor
cations are separated by arrangement of the long alkyl chains – then D tells us
about this cation–cation separation and thus the dimensions of the structural
heterogeneity. What is still under discussion, however, is the spatial extent of
this segregation, that is, whether these interactions are strong enough to result
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Figure 3.4 Dependence of D spacing on the length n of the alkyl chain on the cation [21].
(Russina et al. 2012. Reproduced with permission of American Chemical Society.)
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in ‘domains’ that persist throughout the IL. The conclusion of long-range order
is still a subject of debate, as the presence of an X-ray scattering peak may only
indicate local structuring, especially for cations with relatively short alkyl chains
[22, 23].
Investigations of a range of different ILs have shown a linear relationship

between the length of the alkyl chain length n on the cation and the correlation
distanceD [21, 24, 25]. For example, in Figure 3.4 the linear relationship between
D and the chain length for imidazolium and piperidinium [NTf2] ILs is evident
[21]. It is also clear that there is a difference between the dimensions of the
structural heterogeneity with the aromatic or non-aromatic cations. D is smaller
in the non-aromatic ILs, for the same length of alkyl chain; also, the rate of
increase upon moving to larger alkyl chains is smaller (i.e. the gradient of the
line is lower). A similar trend has been observed for tetraalkylammonium [NTf2]
salts.
In PILs, X-ray analysis of 20 different anion/cation combinations has shown

varying degrees of intermediate-range order. Within the nitrate and formate
families, linear relationships between D and the length of alkyl chain have
been observed. Intermediate-range ordering was observed even with the C2
chain, becoming stronger (more intense diffraction peaks) as the length of the
alkyl chain increased [25]. However, the addition of methoxy groups into the
side chain of the nitrate salts was detrimental to structure formation. This is
consistent with the analysis and modeling of [EtNH3][NO3] (Figure 3.3) and
ethanolammonium nitrate using neutron diffraction [20].
Finally, at the extreme end of self-assembly into these ordered structures is the

formation of liquid-crystalline phases when very long alkyl chain substituents are
used.These materials were introduced in Chapter 2 and have been well reviewed
in Ref. [26]. The type of mesophase formed depends on the nature of the cation
and the anion but all have more clearly defined order than the sort of structur-
ing in the liquid phase that has been discussed thus far. Therefore, their optical
properties can be revealed by optical microscopy techniques and their thermal
properties, that is, the transition from solid to liquid crystal to liquid, by differ-
ential scanning calorimetry.

3.5 Hydrogen Bonding and Structure

Although hydrogen bonds are short-range interactions, in an IL with a significant
number of hydrogen bond donor and acceptor sites on the cation and anion, there
is the possibility of forming a hydrogen-bonded network. If the IL is structured
into polar and nonpolar domains, then this hydrogen-bond network would likely
be predominantly in the polar domains. As in solvents such as water, the presence
of significant hydrogen bonding in an IL will contribute another driving force
toward structure formation and will also significantly impact the physical prop-
erties [27]. For example, the relatively high boiling point of water (compared to
other compounds of similar molecular weight that cannot form hydrogen bonds)
is attributed to the formation of hydrogen-bonded networks. However, even in
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significantly hydrogen-bonded PILs, electrostatic attraction and inductive forces
dominate.
When we discuss hydrogen bonding in ILs and the impact of these interac-

tions on structuring, it is important to remember, as discussed in Chapter 2, that
quantification of hydrogen bonding is difficult, subjective, and sometimes con-
troversial. For example, there are no widely accepted distance or angle criteria.
While there is now an abundance of proof of hydrogen bonding in the solid-state
structures of various ILs, determining the presence and impact of these interac-
tions in the liquid state is more challenging. In the liquid state, hydrogen bonds
are continuously being broken and formed as the ions move, and their dynamics
depends on temperature [28].
The first clear evidence of hydrogen bonding in an aprotic IL was obtained

through X-ray analysis of the solid [C2mim]I and IR analysis of the liquid state
[29]. Hunt et al. [30] have subsequently summarized the relative hydrogen-
bonding ability of anions (by experimental measurement of the Kamlet–Taft
parameter 𝛽, which is interpreted as a measure of the hydrogen-bond-accepting
ability) in the following order:

[OAc]− >[Me2PO4]− >[MeSO3]− >Cl− >[NO3]− ≈[MeSO4]−

>[N(CN)2]− >[OTf]− ≈[BF4]− >[NTf2]− >[PF6]− >[SbF6]−

Hydrogen bonds are directional because they result from the near-linear align-
ment of the available electron density of the donor atom’s orbitals and the vacant
orbitals of the acceptor atom. However, in the analysis of single crystals of ILs, an
exactly linear arrangement is usually not observed because of competing inter-
molecular forces and packing arrangements. Furthermore, as hydrogen bonds are
directional, they can encourage certain anion–cation orientations that are actu-
ally unfavorable in terms of the Coulombic forces (e.g. they reduce symmetry
or decrease packing efficiency) but create a more energetically favorable system
overall. For example, in solid imidazolium [NTf2]− salts the relative composition
of cis versus trans isomers can depend on the extent of hydrogen bonding, which
adds an additional constraint to the anion orientation and can result in the for-
mation of the less energetically favorable cis orientation [31]. Hydrogen bonding
may also be more favorable at lower temperatures than at higher temperatures
where dispersion forces become more dominant. The contribution of hydrogen
bonding to the total interaction energy is also generally more significant in protic
rather than aprotic ILs.
At longer length scales, the presence of hydrogen bonding between ions, and

networks of these hydrogen bonds, can impact the formation of domains within
the liquid. As a result of stronger hydrogen bonding in PILs compared to aprotic
ILs, domains of hydrophobic and hydrophilic regions can formwith smaller alkyl
chain cations, for example, [EtNH3][NO3] (Figure 3.3).
Finally, it is worth noting the impact that hydrogen bonding within the IL

may have on dissolved solutes and their reactivity [3]. If the IL anion is a strong
hydrogen-bond acceptor, then this will compete with the hydrogen bond being
donated by the cation to an added solute. Thus, ILs with more basic anions
are observed to be weaker hydrogen-bond donors to the added species [3]. As
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a result, hydrogen bonding within an IL can impact the solute solubility and,
therefore, the performance of the IL as an extraction solvent, reaction medium,
and so forth. Furthermore, the ability of a solute to hydrogen-bond will likely
encourage its partitioning into polar domains within the IL, or even contribute
to the formation of these domains.

3.6 Experimental Probes of Structure

X-ray techniques are the most widely used approach for experimental investiga-
tion of the structuring within ILs. Scattering of the X-ray beam occurs as a result
of the electron density in the IL and is most intense for heavy elements (many
electrons). This scattering allows a diffraction pattern to be obtained; the pri-
mary information contained in this is the repeat length of periodicity,D, obtained
from the peak position using Bragg’s law. In crystalline solids, this periodicity is
the distance between the crystal planes. In Chapter 2, we discussed the use of
single-crystal XRD to probe the solid-state structure of ILs. If single crystals are
available, 3D structural information can be obtained (although determining the
exact position of very light elements such as hydrogen still has some associated
uncertainty). Similarly, in liquids the periodicity, which results in a peak in the
diffraction pattern, must result from a source of structure – not crystal planes,
but instead short- and/or long-range ordering of the forms discussed above. Since
the X-ray scattering events that contribute to the diffraction pattern occur on a
very short timescale, XRD provides a snapshot of the liquid structure. Thus, var-
ious X-ray techniques, such as small- and wide-angle XRD, have been used to
probe the short- and long-range ordering within ILs [32].
Extended X-ray absorption fine structure (EXAFS) is another X-ray technique

that has been used to probe bulk structure, primarily with molten salts, and it is
also valuable for observing the structure around dissolved species. In this tech-
nique, the X-rays are of a very narrow energy range, chosen to allow ionization
of a specific atom, and thus this technique is element-specific. Information about
the local structure of molecules/ions around that type of atom, and even about
the oxidation state of the atom, can thus be obtained.The X-rays used are of suf-
ficient energy to penetrate into the bulk IL, and thus it is a good technique for
looking at speciation, particularly for metal ions. The speciation of metal ions
in a liquid (i.e. the coordination structure around the metal ion in the various
species that may be present) controls their reactivity and thus impacts the use of
ILs for separation, electrodeposition, as electrolytes, and so on. Although the spe-
ciation of metal ions in aqueous solutions is an enormously well-studied field, the
situation in IL media will be quite different and there is much to learn about spe-
ciation in this context. The use of ILs with dissolved metal ions, such as lithium,
for electrochemical applications is discussed in Chapter 8.
Neutron diffraction techniques can provide complementary evidence to XRD,

and constitute another valuable set of tools for probing liquid-state structures,
although the requirement for a neutron source can be a practical limitation.
The samples can also normally be heated or cooled as required, to perform the
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analysis at a specific temperature. Similar to XRD, the IL is placed in the neutron
beam, and the angles at which the neutrons are deflected or scattered allow
a diffraction pattern to be recorded, from which structural information can
be extracted – often supported by computational simulation. However, unlike
X-rays, which are scatted by electrons in the material, the neutrons interact with
the nuclei in the sample. Additional information can also be obtained by H/D
isotopic substitution, where different parts of a molecule are selectively deuter-
ated. Because of the neutron in deuterium, these isotopes have different neutron
scattering cross-sections, and therefore if we partially deuterate different parts
of the cation, for example, just the alkyl chain or just the imidazolium ring, and
look at the differences in the diffraction patterns of the different materials, we
can obtain further information about the relative contribution of each group to
the scattering pattern and, thus, spatial correlations [22].
The diffraction patterns obtained are commonly fitted using an empirical

potential structural refinement, EPSR process; this essentially takes all known
parameters (e.g. the chemical structure) and predicts the arrangements of
molecules/ions that would produce the obtained diffraction pattern. Thus, 3D
plots that show the probability distribution of, for example, anions around
a cation (see Figure 3.2) [18], can be produced. Visualization of the local
structuring in ILs using this technique has clearly shown the expected charge
ordering (i.e. alternating cations and anions), which is predominantly driven by
electrostatic interactions.
Both X-ray and neutron diffraction can also be performed as reflectometry

experiments to probe surface structures, and again these techniques provide
complementary information. In X-ray reflectometry, the X-ray contacts a thin
layer of IL on a solid surface (e.g. a silicon single crystal wafer, as this provides
an extremely flat and uniform surface) at a low angle, and collection of the
reflected rays allows extraction of information about the density profile of the IL
normal to the surface. Similarly, neutron reflectometry can also provide surface
structuring information, and H/D isotopic substitution comparisons are very
useful.
As well as probing local structuring in ILs, neutron diffraction can be used to

investigate the conformation of ions within the liquid. The presence of confor-
mational equilibria in ILs can impact the structuring and also reduce the melt-
ing point. For example, in [C4mim]+ salts the n-butyl chain can exist in trans
or gauche conformations. In the solid state, this can produce polymorphs, as
introduced in Chapter 2, while in the liquid state there will be an equilibrium
between the two structures, the position of whichwill depend on the nature of the
anion, temperature, and so on. Similarly, the [NTf2]− anion can orient in either
cis or trans conformations. Neutron diffraction of [C1mim][NTf2] in the liquid
state shows that the anion is predominantly present in the trans orientation [33],
whereas in the solid it is present as the cis form [34]; this is rather unusual – in
other [NTf2]− salts it is present in the trans orientation. Therefore, returning to
the initial discussion, this is an example of an ILwhere the liquid structure is quite
different from the solid structure.
Raman spectroscopy can also be used to probe the different orientations

of ions and is a more accessible technique as it does not require a neutron
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Figure 3.5 Raman spectra of [ethylimidazolium][NTf2] at 20 ∘C and 140 ∘C. The fitting
(Lorentzian) components corresponding to the cis and trans contributions are shown in red
(solid line) and blue (dashed line), respectively, and the structures of the conformers are
shown on the left. The spectra show that the relative population of trans conformer decreases
(and cis increases) with temperature. (Martinelli et al. 2011 [35]. Reproduced with permission
of John Wiley & Sons.)

source. For example, the two [NTf2]− anion conformations give clearly dis-
tinguishable fingerprints, and variable temperature Raman can be used to
show the change in population of the cis versus trans orientations with heating
(Figure 3.5) [35].
IR and Raman spectroscopy are also convenient techniques for investigating

hydrogen bonding in ILs [27] and, again, computational studies can provide
important support for the interpretation of these spectra. IR spectroscopy has
also been used for the detection of ion pairs, and this is where recognizing
the timescales of different analytical techniques becomes important. The IR
spectra of [C2mim][NTf2] show CH stretch modes for the hydrogens on the
imidazolium ring (H2, H4 and H5), the frequency of which depends on the mode
of interaction with the anion. Thus, analysis of these interactions, supported by
computational techniques (density functional theory), indicates the presence of
ion pairs in the IL on sub-picosecond timescale, and that the extent of ion pairing
(as opposed to a more evenly distributed ‘network structure’ of interactions)
increases with temperature [36]. However, microwave dielectric spectroscopy,
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which probes longer lasting interactions, shows no evidence of long-lived ion
pairs in this IL [37]. This latter technique probes the dielectric response of the
IL over a picosecond to nanosecond timescale; likewise, for the ion pairs to be
detectable by NMR spectroscopy, they would have to exist for microseconds to
milliseconds. Thus, it has been concluded that any ion pairs in this IL likely only
exist for a few picoseconds [38].
While NMR has can be used to investigate the dynamics of ILs, it can also be

used to probe local inter and intramolecular hydrogen-bonding and 𝜋–𝜋 inter-
actions. How these interactions translate to long-range ordering is open to inter-
pretation. Returning to the discussion of ionicity, remember that it is the dis-
crepancy between the diffusion rate of ions, measured by pulse field gradient
NMR (‘diffusion NMR’), and the measured ionic conductivity that signifies the
extent of ion aggregation. Further, 2D NMR can probe, for example, the inter-
actions between imidazolium rings, revealing significant local structuring and
the possible formation of polar domains in an aprotic IL [39]. In PILs, different
NMR techniques have been used to probe both the dynamics and organization,
showing that the extent of ion pairing and proton dissociation depends on the
nature of the cation and the anion [40]. In PILs, the 1H chemical shift of the
transferred proton (termed 𝛿N–H, as it has been transferred to an amine base)
can also provide information about the energy and extent of proton transfer [41].
This indicates the structure of the IL in terms of the acid/base equilibrium and
has implications for the performance of the PIL as a proton conductor for fuel cell
applications [41].

3.7 Simulation Approaches to Understanding Structure

As we have seen in our discussions of IL structuring thus far, the use of computa-
tional techniques has played an important role in interpreting experimental data
and allowing us to obtain a clearer picture of the different interactions within
ILs that lead to their organization [32]. The ongoing rapid increase in computer
power and simulation sophistication is likely to assist these contributions to con-
tinue to increase.
As for experimental investigations of structuring, in computational studies

both length scales and timescales must be considered. Quantum chemical
methods are the most limited in terms of the number of atoms that can
be included in the simulation. Hence, these techniques are generally used
to provide information only on local interactions, for example, inter-ionic
hydrogen bonds but not the presence of extended hydrogen bonding networks.
However, quantum chemical calculations are the most accurate for obtaining
this information, as they are based on the electronic properties of the ions. Such
techniques can provide, for example, information on the preferred orientation
of cations around anions, and vice versa, and which conformations are most
preferred (e.g. the different polymorphs of [C4mim]+ noted earlier). However,
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these simulations are limited to ion pairs or small clusters, and often only in the
gas phase or in an ‘effective medium’ (see Chapter 5) as a surrogate for the real
surroundings.
For computational studies of bulk IL structuring, atomistic simulations are

required –most commonly molecular dynamics (MD) (see Concept Toolbox
below for further detail on MD simulations). This uses knowledge of the
velocities in the system and, crucially, input of the charge distribution (the ‘force
field’) to produce time-dependant thermophysical properties of the IL. When
studying the structure of the liquid using MD techniques, the number of ions
simulated (determined by the boundary conditions) must be sufficient to ensure
an accurate representation of the bulk liquid. However, this is restricted by
computer time, which increases dramatically as the size of the system increases
(theoretically with the number of atoms squared, but this may be narrowed
down by appropriate experimental conditions). The simulation time must also
be sufficiently long to observe the dynamics of the ion movement and ensure
equilibration, which amplifies the computing requirements, and this is made
more challenging by the relatively low mobility of IL ions compared to more
fluid liquids.
The force field used in atomistic simulations is a significant variable, and there

is ongoing effort to develop appropriate force fields for different ILs. Having
accurate knowledge of the solid-state structure, through single-crystal XRD,
provides a very useful starting point for accurate MD simulations. Correlating
the results of the simulation with experimental data is also very valuable. As
explained earlier, incorporating terms that allow for charge transfer between
the ions is important, as without these the electrostatic interactions may be
overestimated. Further, including dispersion forces (the attractive forces between
temporary dipoles) in simulations results in a much more accurate calculation of
the total interaction energies [12, 42]. In fact, computational studies have shown
a good correlation between the ratio of ion pair binding energies to dispersion
forces and the melting point of many ILs [42]; this is rationalized on the basis
that this ratio is similar to the ratio of the enthalpy to entropy change involved
in the melting process, discussed in Chapter 2.
A key piece of information obtained fromMD simulations is the location of the

nearest neighbors, and subsequent neighbors if there is any organized structure.
This is shown as the radial distribution functions (RDF), an example of which is
shown in Figure 3.6 [43]. A totally amorphous system would give no peaks in the
RDF, as the position of, for example, the anions around the cation would appear
totally random when averaged over time. Peaks in the RDF therefore represent
an enhanced probability of finding the anion at that distance from the cation.The
first peak in the RDF shows the location of the nearest neighbor, and subsequent
peaks show the location of subsequent centers of mass. Therefore, observing the
distance overwhich peaks are observed tells us about the length scales of ordering
within the IL.
The ultimate culmination of such simulations is a 3D model of the IL in

the liquid state that allows visual representation of the formation of different
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Figure 3.6 Example of a radial distribution function plot, redrawn from a study on
[C6mim][NTf2] [43]. RDFs are taken between the central nitrogen of the anion and the center of
mass of the imidazolium cation. Black line: cation–anion, red line: anion–anion, blue line:
cation–cation. It is evident that the polar network extends over several nanometers without
losing the correlation between shells of ions of opposing sign.

Figure 3.7 Snapshots of simulation boxes containing 700 ions of [C4mim][PF6] (left,
length of box, l= 49.8 Å) and [C6mim][PF6] (right, length of box, l= 52.8 Å). Red versus green
color shows charged (polar) versus nonpolar domains, respectively, and aggregation of the
alkyl chains in nonpolar domains when the alkyl side chain of the IL is longer than or equal to
four. (Canongia Lopes and Pádua 2006 [44]. Reproduced with permission of American
Chemical Society.)

domains once the alkyl chain length becomes sufficiently long, as shown in
Figure 3.7 [44]. This structural heterogeneity and aggregation of the alkyl
chains has thus far not been observed in aprotic ILs when the alky chain on
the cation is shorter than four carbons. In contrast, PILs can show a larger
driving force for segregation, presumably as a result of increased hydrogen
bonding – for example, both experimental and computational studies indicate
nanostructuring of polar and nonpolar domains in [EtNH3][NO3] (Figure 3.3)
[20, 25].
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Concepts Toolbox: Molecular Dynamics Simulations

Molecular dynamics sets out to simulate the movements and interactions of a set of
molecules in a simulation ‘box’. Each ion/molecule is defined by a set of x, y, z coordinates
in the box (and, if needed, by some coordinates internal to the molecule to define its
orientation). The interactions (attraction and repulsions) are defined by a ‘force field’
that describes how these interactions depend on the distance between any two atoms.
The simulation is carried out by giving each ion a random velocity at time t = 0 and also
calculating the net force on each ion at that time due to its interaction with all of its
surrounding ions. Using Newton’s equation of motion (Force = mass × acceleration), the
simulation then calculates where the ions will be at some small amount of time later.
This produces a new set of positions, velocities, and interactions for all of the ions at
that time. Repeating the calculation for a further small step in time produces the next
‘snapshot’ of the system; the process is repeated over many thousands of time steps. The
size of the time step is very important; it needs to be short enough so that the calculation
can reasonably describe two atoms approaching each other, colliding, and ‘rebounding’
away from each other, step by step. Very simplistically one can think of this simulation as
being like calculating the movements and collisions of a set of billiard balls on a billiard
table – except that the balls move in three dimensions not two, attract as well as simply
collide with each other, and are not simple spheres. So the time step needs typically to
be a small fraction of a vibrational timescale, that is, on the order of femtoseconds. On
the other hand, to ensure that we observe the system long enough for it to represent the
truly long-time behavior, we need to calculate for many time steps, often up to 105 so that
up to 1 ns of system time is covered. Similarly, we also must include enough number of
ions in the box, that is, hundreds of ions, such that a full set of behaviors and interactions
can be seen in that time.

The boundary conditions are an important additional consideration: that is, what hap-
pens at the walls of the box. If the walls are impervious, this would correspond to a fixed
volume of container in a real experiment, but then the nature of the interaction with the
walls becomes a very important factor in determining the behavior of the system. Because
the Coulombic forces in an IL are of very long range (as discussed in Chapter 2) in the case
of ILs, this may become not very representative of a real bulk system. This is dealt with
by allowing the walls to be permeable, and when an ion moves beyond a wall, a new ion
is created to enter with the same velocity at the opposite side of the box. This in effect
means that there is no collision with a ‘wall’.

The issue of long-range forces is dealt with by imagining a set of identical boxes with
identical contents joined in all directions from the central box and allowing the ions to
interact with all these additional ions. A mathematical solution to adding up all of these
additional forces is available provided there is symmetry in their positions, called the
Ewald summation, and this reduces the calculation time required for this.

The force field used to describe all the interactions are the key to MD simulations. They
are usually constructed from a knowledge of the basic interaction equations between
atoms and ions and then parameterized to obtain a good prediction of known structures
and properties of real systems.

The setup of these simulations as a number of particles, N, in a box of fixed volume V and
with a fixed amount of energy E means that these are the main constants in the calculation;
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we refer to this as an NVE simulation. But there are very few real chemical systems that
are constrained in such a way. So a variety of additional computational methods are then
employed to relax one or more of these conditions. Allowing the energy to vary while the
total kinetic energy of the ions – which is proportional to the temperature – is adjusted
to be constant creates an NVT simulation. Allowing the simulation box to expand and
contract slightly to maintain the pressure constant creates an NPT simulation, and so on.

Once all of this is done, it is reasonably straightforward to calculate a number of
time-averaged properties, such as the RDF g(r) of the ions that describes how they tend
to position themselves with respect to one another. Signs of aggregation into domains
can also be revealed. Using the simple relationship between the mean radial distance
traveled and the diffusion coefficient, <r>2 = 6Dt, it is possible to calculate a diffusion
coefficient D, and using a statistical mechanics correlation function the ionic conductivity
can also be estimated.

For further reading, the article by Batista et al. is a good start [45].

3.8 Structuring at Solid Interfaces

In the bulk IL, the driving force for the formation of long-range structure
is primarily the arrangement of amphiphilic ions (i.e. with hydrophobic and
hydrophilic parts) to maximize the interactions between the polar versus
nonpolar sections and thus minimize the energy. However, forces at an inter-
face – either IL/air (or other gas), IL/liquid (molecular solvent or immiscible IL)
or IL/solid –will also have an influence on local ordering. Depending on the
nature of the interface, additional attractive and repulsive forces are introduced,
changing the arrangement of ions, which allows the minimum energy to be
achieved in the vicinity of the interface. Note, however, that the forces acting
on the bulk IL remain, and how far the ‘surface structure’ (if different from that
of the bulk) penetrates into the bulk will depend on the nature of the IL, the
surface, and other external factors: for example, changes in temperature or, for
solid surfaces, the application of potential or magnetic field gradients can have
a significant influence. Here, we will primarily consider solid surfaces, as these
are particularly relevant to the application of ILs in catalysis, electrochemistry,
tribology (i.e. their use as lubricants), and so forth. However, the orientation of
ILs at gas and liquid interfaces is another important topic that has been well
studied, for which alternative reading is available [2, 46–48].
Even at a surface, electrostatic interactions in the IL provide a strong driving

force for the formation of a structure of alternating charges to minimize energy.
Thus, depending on the charge on the surface (either as a result of its chemical
nature or from an applied potential), layering of an IL at the surface will feature
a layer of predominantly cations or anions, followed by alternative layers with an
excess of the opposite charge, extending into the bulk. However, the morphology
of these layers and how far they extend into the bulk depend on the nature of both
the IL and the surface. For example, depending on the length of the alkyl chain
length of [Cnmim][NTf2] salts on a mica surface (which is intrinsically negatively
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Figure 3.8 Side view of the first adsorbed layer of ionic liquids [C2mim][NTf2] (left) and
[C8mim][NTf2] (right) on mica. Atoms of the cation are largely in blue or black. The atoms of
the mica substrate are red, yellow, and purple. This is the result from one set of simulations –
two sets are compared in Ref. [49]. (Singh et al. 2012 [49]. Reproduced with permission of John
Wiley & Sons.)

charged),MD simulations have shown that the cationwill arrange itself with alkyl
chains either parallel or perpendicular to the surface (Figure 3.8) [49].
Much of the research into structuring of ILs at solid interfaces is driven by the

importance of understanding their interactions with small particles, as opposed
to a bulk solid. For example, silica particles in ILs can be used as gelators (e.g.
to make solid electrolytes for dye-sensitized solar cells), while metal nanoparti-
cles are used in ILs for catalysis. Importantly, the dimensions of some of these
nanomaterials may be similar to that of the heterogeneous structuring within a
bulk IL that we have discussed earlier. This may result in preferential location
of the nanomaterial within one these domains, or even alter the size or nature
of the heterogeneous domains, for example, through increased hydrogen bond-
ing, 𝜋–𝜋 interactions, polarization effects, and so on. Thus, the addition of the
particles and their effect on the IL could alter the bulk reactivity, electrochem-
ical performance, and so on, of the IL. However, experimental and theoretical
investigations of interactions at these extremely small, highly curved, or irregu-
lar surfaces are evenmore challenging than for the bulk interface. Understanding
the extent to which ordering at the bulk solid/IL interfaces can be translated to
the nano-dimension is an important and ongoing challenge.
The ability of an IL to wet a surface (determined by a balance between adhesive

forces between the IL and the surface and cohesive forces in the IL) is important
for their application as lubricants, while electrowetting (the wetting of a surface
under an applied electric field) can impact the performance of ILs in devices such
as batteries, where poor electrowetting of the electrode can increase the internal
resistance of the device.
At a charged surface, for example, an electrode, the arrangement of ions rep-

resents the double layer, which manifests itself as a measurably large capacitance
of the interface (capacitance=net charge at the interface per unit potential
drop across the interface), which has significant implications for the use of ILs
in capacitors and other electrochemical devices [2, 5], as discussed further in
Chapter 8. Understanding the electric double layer is of significant concern to the
electrochemist and requires a combination of spectroscopic and electrochemical
techniques combined with computational studies [5].
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Experimental techniques used to probe surface structure, either charged or
uncharged, require capabilities different from those used for the analysis of the
bulk: for example, X–ray and neutron techniques are performed as reflectivity
measurements. For instance, a study of [C4mim][NTf2] using high-resolution
X-ray interface scattering, supported by MD simulations, has shown that at
uncharged graphene surfaces the imidazolium IL exhibits a mixed cation/anion
layering, with a dense first surface layer and 𝜋-stacking between the imidazolium
cation and the graphene. At a chargedmica surface, the IL arranges with alternat-
ing cation/anion layering that extends much further (3.5 nm) into the bulk [50].
Experimental characterization of surface structures is challenging because,

among other things, it requires a well-characterized and chemically and mor-
phologically homogeneous surface. Thus surfaces such as mica, silica, or highly
ordered pyrolytic graphite (HOPG) are used for atomic force microscopy (AFM)
studies, but all give different surface structures. In this technique, pioneered
for IL surface analysis by the Atkin group, the AFM tip is brought toward
the solid surface through the IL. Peaks appear in the force versus separation
plots, which correspond to the distances when the tip has to ‘push through’ the
IL layers. For example, AFM has been used to study the structuring of three
different ILs on HOPG as a function of potential [51]. For all the three ILs tested,
more layers were formed as the surface became more polarized (positively or
negatively) and the surface–IL electrostatic interactions were stronger (a higher
force is required to push through the layers). The layering was tighter at positive
potentials than negative, because the anions can pack more closely than the
cations. [C2mim][eFAP] had the highest number of layers because the shorter
alkyl chain allowed the cation to pack most effectively, while [C6mim][eFAP] had
the highest push-through forces because its long cation alkyl chain increases the
cohesive forces within layers. Finally, [C2mim][NTf2] had the least number of
layers and weakest interactions [51].
Other techniques that can be applied to the analysis of IL/solid interfaces

include photoelectron spectroscopy and surface-enhanced IR and Raman
spectroscopy [52]. The electrodeposition from ILs, for example, of metals or
semiconductors, can be strongly influenced by the nature of the cation and the
anion as a result of different structuring that occurs at the electrode surface.This
can be probed by in situ scanning tunneling microscopy (STM) and AFM, while
the electrochemical capacitive behavior (again related to the structure of the ions
at the interface) can be analyzed by electrochemical techniques such as elec-
trochemical impedance spectroscopy [53]. Using these microscopy techniques,
interesting ‘herringbone’ interfacial structures of ILs have been observed.
Theoretical modeling of IL/solid interfaces is still in its infancy, hampered by

the complexity of accurately representing the electronics of both the solid and
liquid materials and also, again, being restricted by the total number of atoms
that can be included in the calculations. Much of the earlier work simulating
the ordering of ILs at interfaces focused on the liquid/air interface. However,
the ionic liquid/solid interface has important implications for charge transfer,
electrodeposition, catalysis, and so on, fueling much important research in this
area. Experimental studies have suggested either the formation of monolayers or
multilayers at solid surfaces, which likely reflects the different surfaces, charges,
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ILs, and the experimental techniques used. A recent MD simulation study has
shown a transition between multilayer and monolayer structure depending on
the charge density of the electrode, the temperature, and the size of the ions (and
thus the packing efficiency) [54]. Although this is a preliminarymodel, it suggests
that at some point, as the packing density of the electric double layer increases,
the repulsive forces between the ions exceeds the surface–counter-ion attraction
and the system moves from multilayers to a monolayer. Interestingly, this is also
the first computational study that has successfully reproduced the ‘herringbone’
structure observed by STM [53].

3.9 Ionic Liquid Structure in Confined Spaces

In addition to the structuring of ILs on top of surfaces (bulk or nano) there
may be structuring effects and changes to the dynamics resulting from the
incorporation of ILs inside materials [55, 56]. The term ‘confinement’ tends to
be applied when the dimensions of the material pores are within a factor of 10
of the dimensions of the IL ions (e.g. an IL ion size of about 1 nm within a pore
width of 10 nm). The materials may have ordered or disordered pores, in one,
two, or three dimensions (e.g. sheets, cylinders, or a network of pore voids). The
extent to which confinement in these spaces affects the structuring of the IL will
depend on the dimensions, that is, what fraction of the IL is interacting with the
surface and howmuchmay be considered as ‘bulk’. Within the narrowest spaces,
most of the ions will be interacting with an inside wall, and thus we would expect
the greatest impact on the properties and dynamics. Confinement of the IL can
change the melting point (most commonly decreasing it) by an amount that
depends on the nature of the IL, the material, and the pore size [56]. The effect
on thermal stability – the magnitude and direction of change – also depends on
the confinement material. Of course, understanding the effect of IL confinement
is challenging, as it involves analyzing ILs within materials. Spectroscopic tech-
niques, such as NMR, IR, and Raman, are the most accessible and commonly
used.
The confinement of ILs is a particularly important concept with respect to their

application in electrochemical devices where they are used in combination with
porous electrodes designed to provide increased electrochemically active surface
area [5]. For example, in electrochemical capacitors (a.k.a. supercapacitors), the
use of porous electrodes into which the IL penetrates (e.g. Figure 3.9 [57]) can
increase the amount of charge stored. Similarly, high-surface-area electrodes are
used in batteries, dye-sensitized solar cells, and so on, as discussed further in
Chapter 8. However, optimizing this variable is a complex materials engineering
challenge, as the thickness of the electrodes and the width of the pores can also
restrict ion movement and thus decrease the power output of a device. It is also,
again, difficult to elucidate any structuring of ILs within these charged materials.
Studies primarily look at the electrochemical properties of the materials, which
present an averaged picture. These are complemented, where possible, by com-
putational techniques.
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Figure 3.9 Representative snapshot extracted from the simulation of [C4mim][PF6] and
carbide-derived carbon nanoporous electrodes. Green spheres: [PF6]−; red spheres: [C4mim]+;
blue rods: carbon–carbon bonds. (Merlet et al. 2013 [57]. Reproduced with permission of Royal
Society of Chemistry.)

3.10 Impact of Structure on Reactivity and Application

Having established that ILs exhibit structuring effects ranging from short to long
length scales, and that thismay be further strengthened at interfaces, the question
now is – ‘why is this important? Andwhat use can wemake of these phenomena?’
In addition to the influence of the structure on the physical properties and

dynamics of the IL – viscosity, conductivity, and so on– structuring in the bulk
or at an interface can impact the role of an IL as a synthetic medium. There is
growing recognition of the relationship between the IL structure and their effi-
cacy for materials synthesis and organic reactivity. Given the significant interest
in using ILs for separation and dissolution applications, it is important to under-
stand the role (if any) that IL structuring has on, for example, cellulose dissolution
or solvent separation. For example,MD simulations can be used to show the pref-
erential interactions of solvents such as hexane or water with either nonpolar or
polar domains [58].
With respect to their use in synthesis, as ILs are ionic, they can have strong

electrostatic interactions with charged surfaces, which allows them to stabilize
materials with polar surfaces, such as metal nanoparticles, as they are growing.
Other interactions between nanoparticles and ILs that can allow the formation
of stable dispersions include hydrogen bonding and Van der Waals interactions.
Achieving a stable dispersion of nanoparticles is important for avoiding agglom-
eration and achieving a narrow distribution of (small) sizes. Thus these forces, in
particular the Coulombic stabilization, are beneficial for growing different metal
oxide particles, metal nanoparticles, and other heterogeneous catalyst materials
[3]. Furthermore, it is interesting to consider that the size of the nanoparticles
produced may be controlled through the size of the polar domains in the IL.This
parallels the established concept of using surfactants within molecular solvents
or water to achieve nanoparticle size control.Thus, studies using neat ILs or ionic
liquid crystals have proposed correlations between the size of the ions (and, thus,
the size of the inferred domain structures) and the dimensions of the nanoparti-
cles formed, although such investigations are still preliminary [1, 3, 59, 60]. It is
also worth noting that ILs can be used as solvents to promote the self-assembly
of amphiphiles (i.e. the assembly of materials such as lipids or surfactants into
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ordered structures such as micelles), while some ILs (termed amphiphilic ILs)
can also self-assemble into defined structures when put into water or other sol-
vents [61]. As for the other applications discussed here, such behavior depends
strongly on the nature of the ions, the length of the alkyl chain on the cation, and,
thus, the driving force for the segregation of polar and nonpolar regions.
The above discussion of nanoparticle synthesis in ILs and how it may be influ-

enced by long-range IL structuring is an example of heterogeneous (inorganic)
materials synthesis. The structuring of ILs is also believed to impact homoge-
neous (organic) synthesis and reactivity. However, the myriad different solvent
effects that influence organic reaction mechanisms, rate, selectivity, and so on,
make it very hard to specifically isolate the role of IL structural heterogeneity.
Their ionic nature, as well as the associated electrostatic interactions, can
improve reagent solubility (particularly for ionic salts); also, ion-exchange reac-
tions with reagent cations or anions can occur that are not possible in traditional
molecular solvent media. The synthetic applications of ILs are discussed further
in Chapter 6.There are few investigations that focus on a systematic investigation
of the relationship between domain size and reactivity [62], although the impact
of this feature of ILs is perhaps indirectly evidenced in prior reports of altered
reaction rates, mechanisms, and so on. If changes to the cation chain length alter
the volume of the polar and nonpolar domains within the IL, then this will also
alter the local concentration of reagents in the different domains. Further, if the
reagents and products of a reaction are preferentially partitioned into different
IL domains, then it is quite conceivable that this heterogeneous structure could
impact the enthalpy or entropy of a reaction. This is an intriguing concept and
one that is the focus of ongoing investigations and discussions in the field [3].

3.11 Concluding Remarks

Summing up, this chapter described the structures that can be present in the
ionic liquid state, arising from the subtle balance of interaction forces that each
IL represents. These structures and their variety are an important feature of ILs,
governing as they do a wide variety of their physical and chemical properties.
The wide variation in these structures is one of their unique and tunable features,
compared to standard solvents, and is a feature that holds considerable promise
for further investigation, understanding, and application.
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4

Synthesis of Ionic Liquids

4.1 Introduction

This chapter provides a guide to the synthesis of protic and aprotic ionic liquids
using different synthetic routes and methods. While many salts can be synthe-
sized using traditional routes such as alkylation and metathesis, this chapter also
describes alternative and cleaner approaches to produce such compounds where
available.
Recent progress in the development of synthetic methods for numerous

task-specific ionic liquids (TSILs) and ionic liquids (ILs) with specific functional
groups, as well as metal chelates, designed purposely for certain applications, is
also outlined in this chapter.
Finally, we discuss the unique challenges of purification and analysis of ILs for

various applications. Some of these concerns remain important in large-scale
production, and therefore there is ongoing interest in methods that intrinsically
produce high-purity materials.

4.2 Synthesis of ILs

4.2.1 Formation of the Cation: Quaternization/Alkylation

Oneway to generate IL cations from an organic base is via quaternization to form
a halide salt. The term ‘quaternization’ or ‘alkylation’ describes the reaction from
a 3- to a 4-coordinate nitrogen (or phosphorous). For instance, a tertiary amine
or phosphine (which is neutral) can be alkylated to a quaternary ammonium or
phosphonium cation, respectively, by a nucleophilic substitution reaction with
an alkyl halide, as demonstrated in Scheme 4.1a. A common example from the IL
field is shown in Scheme 4.1b, where 1-methylimidazole is alkylated with excess
1-ethyl bromide (an excess is generally used to ensure a complete reaction) to
form the 1-ethyl-3-methylimidazolium cation, with a bromide counter-ion.
While in some cases quaternization reactions can proceed without the use of

a solvent, usually a relatively polar solvent such as acetonitrile or methanol is
required for a cleaner synthesis. Often, the starting materials are soluble in such
solvents, while the desired product is not, and the precipitation/separation of the
product helps to drive the reaction. Subsequently, a simple biphasic extraction
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Scheme 4.1 (a) General mechanism of quaternization. (b) Synthesis of 1-ethyl-3-
methylimidazolium bromide [C2mim]Br.
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Scheme 4.2 General mechanism for the alkylation of 1-methylimidazole with methyltriflate to
produce 1,3-dimethylimidazolium trifluoromethanesulfonate [C1mim][CF3SO3].

(for liquids) or recrystallization (for solids) using various solvents can be used to
remove residual impurities or unreacted starting materials.
Often, the extent to which quaternization reactions proceed depends on the

alkyl chain length of the alkyl halides, the choice of halide (e.g. alkyl iodides react
more readily than alkyl chlorides), the size of the cation, and the reaction condi-
tions, for example, temperature or pressure. Generally, the longer the alkyl chain,
the longer the time required for a complete reaction to occur. Thus, often the
reaction is refluxed (i.e. heated to the boiling point of the solvent) to reduce the
reaction time. Care must be taken not to decompose the reactants during heat-
ing. Additionally, like many organic synthesis reactions, nucleophilic reactions to
form ILs often rely on the strength of the leaving group, that is, the halide – the
more electronegative the halide, the better the leaving group – so iodides are
typically better leaving groups than bromides or chlorides. Thus it comes as no
surprise that the reaction between 1-methylpyrrolidine and a short-chain alkyl
halide, such as iodomethane, is quite exothermic and so the reaction must be
carried out at low temperatures (T < 5 ∘C).
In some cases, the target IL can be synthesized in one step from the base,

avoiding the separate ion-exchange step, using an alkylating agent such asmethyl-
triflate, as shown in Scheme 4.2.

4.2.2 Anion Exchange

In many cases, the counter-anion that is generated in the quaternization reac-
tion is not the one ultimately desired. Then it is necessary to carry out an anion
exchange reaction by one of the following methods:
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4.2.2.1 Metathesis
A reaction where the halide of the quaternary salt is exchanged with a different
anion of choice is an example of a metathesis reaction. A typical mechanism is
shown in Scheme 4.3.
Metathesis reactions to form ILs are normally carried out by one of two path-

ways depending on the water solubility of the IL. If the target IL is hydrophilic,
then the reaction is commonly performed in water or polar solvents. In that case,
a range of water-soluble silver salts such as Ag[NO3], Ag[BF4], or Ag[N(CN)2]
can be used as the source of the desired anion. In such reactions, in addition to
thewater-soluble product, a water-insoluble silver halide is generated as a precip-
itate. It is precisely because silver halide salts are highly insoluble in water that the
silver salt of the desired anion is used for this reaction instead of, for example, the
sodium salt (e.g. Na[BF4]), as it allows the byproduct to be removed by filtration.
An example of a metathesis reaction is shown in Scheme 4.4 for the synthe-

sis of [C2mim][BF4] from the quaternized salt [C2mim]Br (formed in Reaction
(a)). Here, Ag[BF4] is mixed with [C2mim]Br in water to form the desired prod-
uct [C2mim][BF4] and the AgBr precipitate, which can be removed by filtration
(Reaction (b)). The IL product is obtained by removing the water following this
filtration. It is important to note that purification of the IL can be difficult, as dis-
cussed further in the following. Moreover, if the stoichiometry of the reagents in
Reaction (b) is not precisely 1 : 1, then the product may contain excess silver salt
or excess organic halide salt.
If the desired IL is water immiscible, then alternative methods of synthesis

must be used. An example of such a case is the synthesis of [C2mim][NTf2],
and this synthetic route is in fact generally useful for most [NTf2]− salts.

[Cation+] [Cation+][Anion–] [Anion–][X–] [M+] MX+

Liquid Precipitate

+

Scheme 4.3 Generalized metathesis reaction for exchanging anions.
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Reaction (b)

NN

N N+

Ag+

–

–

H2O

F

F

F

FB

Br–

N+N

Acetonitrile

Br

Br–

N N+ F

F

F

+F
AgBr (precipitate)

B

Scheme 4.4 Synthesis of [C2mim][BF4] via a two-step reaction: (a) quaternization and
(b) metathesis.
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In this case, lithium salts of the anion, such as Li[NTf2], are mixed with
the quaternary salt, such as [C2mim]Br. These two compounds form the
water-insoluble [C2mim][NTf2], which is a liquid that can be separated from the
byproduct directly or via a biphasic extraction using an organic solvent such as
dichloromethane (DCM).
Although the anion of choice can often determine the solubility of the IL, some

properties of the cation, for example, the alkyl chain length, can also alter the
solubility [1, 2]. Thus, while the IL [C2mim][BF4] is water-soluble, an IL with a
longer alkyl chain length on the cation, such as [C10mim][BF4], is not. In this case,
the synthesis can be carried out with group 1 metal salts such as Na[BF4] using a
dry organic solvent (e.g. propanol) to generate the sodium halide byproduct as a
precipitate, which can be removed by filtration [3, 4].The purity and yield of these
reactions rely on having a low moisture content of all the reagents and solvents,
and therefore the reaction must be carried out under very dry conditions.

4.2.2.2 Purification and Challenges of theMetathesis Reaction
Themain challenge in synthesizing ILs often lies in the purification. Mixing two
salts to make an IL is often easy, but to completely isolate this product from
the undesired byproducts or impurities is difficult. Compared to other areas of
synthetic chemistry, the point of difference is that traditional methods of purifi-
cation of a product, such as recrystallization or distillation, are not available for
ILs because of their intrinsic properties. Therefore, impurities that are present at
the outset or generated during the process, or the byproducts, are troublesome to
remove. Even a trace amount of impurity in an IL can have an impact on its phys-
ical and chemical properties. Therefore, to use such reactions in commercial or
large-scale applications the required purity of the IL products must be carefully
considered.
Organic chemists specialized in the field of ILs have often observed that the

key to achieving a pure IL is to start with highly pure starting materials. For
example, the synthesis of [C2mim][BF4] is a two-step sequence starting from
methyl imidazole and bromoethane (Scheme 4.4). Both the starting materials
should be purified to avoid the build-up of byproducts by the end of Reaction
(b), that is, the metathesis reaction. Most amines can be distilled over KOH or
NaOH pellets under vacuum, while many alkyl halides can be subjected to an
acid/base wash before distillation to remove any impurities. Carrying out the
quaternization step soon after purifying the starting materials is recommended,
as prolonged exposure to moisture or light can produce new impurities. Alterna-
tively, starting materials such as the amines can be stored under dark and inert
conditions until they are ready to be used. In addition to purifying the starting
materials, dry solvents and inert conditions must be used when generating the
quaternized salt. Depending on the alkyl halide used, further precautions may be
required; for instance, in comparison to the synthesis of [C2mim]Br, the synthe-
sis of [C2mim]I usually requires the reaction to be performed in the dark to avoid
the photo-oxidation of the iodide.
Generally, purification of the quaternized salt before it is used in the metathe-

sis reaction is also recommended. If a solid is generated in this quaternization
reaction, then usually recrystallization from dry ethyl acetate produces white
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crystals [5]. However, if a liquid is formed, then the IL can be washed with a
nonpolar solvent to remove impurities.
In the subsequent metathesis step, the metal salt reactant such as Na[BF4] can

leave residual byproducts such as sodium halides or excess or unreactedNa[BF4].
Moreover, the nonzero solubility of certain sodium byproducts such as NaCl in
the IL makes it difficult to isolate the product completely.
This challenge can be overcome in two main ways. One is to perform the

metathesis reaction in an organic medium such as DCM, which generates a solid
suspension of the metal salt as byproduct. This precipitate can then be removed
by filtration, and the organic filtrate can be further washed with small amounts
of water.
An alternative approach is to replace the sodium salt with a silver salt such

as Ag[BF4], which reduces the solubility of the byproduct. However, the choice
of the halide determines this solubility. Generally, the solubility decreases with
decreasing electronegativity, that is, Cl− >Br− > I−.
If the product synthesized from the metathesis reaction is a solid at some

accessible temperature (e.g. the temperature of a fridge or freezer), then recrys-
tallization can be performed. For water-soluble ILs, biphasic extraction of
the impurities using an organic solvent can also help purify the IL. Similarly,
water-insoluble ILs can often be dissolved in an organic solvent such as DCM
and then washed several times with water to remove ionic impurities.
Often, a discoloration of ILs can arise even from low levels of impurities,

and a biphasic wash is insufficient to address this, in which case the IL may
need to be further purified by the following three-step process. First, the IL is
stirred in a polar solvent, such as acetone, over activated charcoal overnight.
Second, this solution is filtered through acidic or neutral alumina. Finally, the
product is passed through a silica-based filtering aid such as Celite® and then
through a hydrophobic microporous syringe filter to remove any fine particles
of alumina. The IL is then dried under vacuum for a few days, with moderate
heating, to remove traces of water and other organic solvents [6].
While ILs themselves cannot generally be distilled because of their negligible

vapor pressure, many liquid impurities such as solvents and starting materials
can be evaporated from the IL by stirring under vacuum under mildly elevated
temperatures. Note, however, that Henry’s Law applies, that is, the volatility of
the component decreases as its concentration falls – in other words, it becomes
harder to remove the volatile impurities as their concentration decreases. Where
vacuum treatment is not entirely satisfactory, sparging with nitrogen (i.e. bub-
bling nitrogen through the IL) may be more successful.
A further problem can arise from the entrapment ofmicroparticles of insoluble

byproducts in the IL; this is a particular problem with silver salts, as these often
form as very small particles that resist complete removal by filtration. Techniques
such as centrifuging the solution and use of syringe filters with submicrometer
pores are recommended to reduce such contamination.

4.2.2.3 Ion Exchange
Another way to carry out metathesis is by using an ion-exchange resin [7, 8], as
shown in Scheme 4.5.
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[A][X1] + [Resin][X2] [Resin][X1] + [A][X2]

Scheme 4.5 Resin-based ion-exchange reaction.

In this method, a chromatography column is packed with a resin [Resin][X2],
bearing the target anion [X2]−. Passing a solution of the starting salt [A][X1]
down the column will then, in principle, result in the exchange of [X2] by [X1]
if the affinity for the column for [X2]− is not too great. Generally, ion-exchange
reactions are in equilibrium, and thus the reaction shown will be favored
only if the resin material has a higher affinity for [X1] than for [X2] [9]. If the
affinity of the resin material is marginally lower, then often a two-step sequence
of a hydroxide exchange followed by an acid neutralization is performed, as
shown in the example in Scheme 4.6. The scheme illustrates the formation of
choline acetate, in which an aqueous solution of the starting material, choline
iodide [Ch]I, is first passed through a column filled with a hydroxide-based
ion-exchange resin (such as SUPELCO1 or AMBERLITE® IRA-78) to produce
[Ch][OH] (Scheme 4.6, Reaction (a)). The freshly produced choline hydroxide
can then be reacted with excess acetic acid in water to form the required choline
acetate, [Ch][Ac] (Scheme 4.6, Reaction (b)).

Reaction (a)

OH

OH

Reaction (b)

AMBERLITE® IRA-78

OH
OH

O
O

O–
N+

OH
N+

+ H2OOH–

OH–I–

N+

N+

Scheme 4.6 Synthesis of [Ch][Ac] via a two-step ion-exchange reaction.

Note that, to achieve 100% conversion of the product from the IL precursor,
in order to avoid the presence of the precursors in the target IL, several passes
through the resin are sometimes required [10].

4.2.3 Synthesis of ILs via the Carbonate Route

Alternative and cheaper halide-free synthetic routes, such as performing the
anion exchange via a Bronsted acid, can be also used to generate ILs. For example,
[C2mim][BF4], the synthesis of which was shown previously via the metathesis
route (Scheme 4.4), can also be synthesized from the acidic starting material
tetrafluoroboric acid, HBF4, using the two-step route illustrated in Scheme 4.7.
Thus, 1-ethylimidazole can be alkylated to the 1-ethyl-3-methyl imidazolium
cation by reaction with dimethyl carbonate (DMC), as depicted in Reaction (a) in
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Scheme 4.7 Synthesis of [C2mim][BF4] via a methylcarbonate salt.

Scheme 4.7 [11]. The methylcarbonate anion in the product can then be reacted
with a Bronsted acid such as HBF4 to produce the imidazolium [BF4]− salt. The
methylcarbonate byproduct decomposes immediately to generate MeOH and
CO2 [12]. However, care must be taken in purifying such ILs, as any traces of
the original acid can cause the IL to be acidic, altering its properties. Such acid
impurities can be present if the stoichiometry of the starting acid and base is not
exactly 1 : 1, which in turn can be caused by impurities in the starting materials,
making the initial calculation of reagent quantities incorrect.
Carbonate salts such as these intermediates are usually stable in 40–60% aque-

ous or methanol-based solutions. A number of these are now available commer-
cially, obviating the need to synthesize the starting materials, for example, by
Reaction (a) in Scheme 4.7. However, removal of the solvent from the carbonate
salt can cause the salt to decompose, and therefore they should not be isolated
from their solutions during the reaction.
Another potentially cleaner process to form ILs is via the neutralization reac-

tion of a hydroxide salt of the cation with an acid to give the desired compound,
plus water as the byproduct. For instance, the synthesis of [C4mim][NO3] can
be achieved starting from [C4mim][OH] and HNO3, producing water as the only
byproduct [13].

4.2.4 Flow Reactors

Although the carbonate chemistry provides a clean, halide-free method that
can be used to synthesize certain ILs, these reactions are generally successful
only if the acids of the anions are available, as this allows the formation of only
water, alcohol, and CO2 as the byproducts. Since not all anions are available in
their acid form (dicyanamide being a good example), alternative routes must be
considered.
The recent application of microreactors to generate ILs using flow chemistry

demonstrates a promising alternative. Scheme 4.8 compares two different meth-
ods, a flow reactor (Scheme 4.8a) and the conventional quaternization reflux
reaction (Scheme 4.8b), to produce N-3-(3-trimethoxysilylpropyl)-1-methyl
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T
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External micromixer

Scheme 4.8 (a) Schematic of a microreactor used to synthesize N-3-(3-trimethoxysilylpropyl)-
1-methyl imidazolium chloride via a flow process. (Löwe et al. (2010) [14]. Reproduced with
permission of Elsevier.) (b) Conventional method of synthesizing N-3-(3-trimethoxysilylpropyl)-
1-methyl imidazolium chloride via reflux.

imidazolium chloride [14]. 1-Methyl imidazole is inserted into one pump, while
(3-chloropropyl)-trimethoxysilane is inserted into the other. Thus both reagents
are heated individually to the reaction temperature and made to meet at a
point known as the caterpillar mixer. At this point, the reaction time can be
controlled via the flow rates to produce the highest yield. In this case, a flow rate
of 27 μl min−1 at 200 ∘C for 13min was sufficient to produce a yield of >99% [14].
In comparison, the traditional method of quaternization can take up to 24 h to
generate the desired product. Moreover, care must be taken not to overheat the
reaction, to avoid decomposition of (3-chloropropyl)-trimethoxysilane.
Flow chemistry can provide many advantages over traditional synthetic

methods. The ability to heat reactions rapidly and for brief periods, for example,
to temperatures of 200 ∘C or more, decreases the reaction time, making this
process highly efficient for the large-scale synthesis of ILs. Moreover, performing
the chemistry under inert conditions prevents hydrolysis, yielding an IL with
higher purity.
However, not all ILs can be produced in the manner described above. For

example, the reaction of 1-methylimidazole with methyl trifluoromethane-
sulfonate is highly exothermic [14] if the route shown in Scheme 4.9 is used.
Löwe et al. [14] have reported the formation of the [C1mim][CF3SO3] using
a flow reactor; however, the starting material, trifluoromethanesulfonic acid,
was added very slowly to the methyl imidazole at low temperatures, as the
reaction is highly exothermic. Thus, this resulted in a long reaction time. The
reagents can be diluted to manage highly exothermic reactions, but the potential
generation of a biphasic solution creates problems for the ease of separation of
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Scheme 4.9 Alkylation of 1-methyl imidazole with methyl-trifluoromethanesulfonate to
produce 1-methyl-3-methyl imidazolium trifluoromethanesulfonate [C1mim][CF3SO3].

the IL. Nevertheless, for many ILs, microreactor-based flow chemistry is a viable
synthetic approach.

4.2.5 Solvate ILs

Recently, Watanabe and coworkers [15–17] demonstrated the formation of ‘sol-
vate ionic liquids’ by mixing, for example, 1 equivalent of Li[NTf2] with 1 equiv-
alent of tetraglyme [G4] (i.e. [CH3O—(CH2CH2O)4—CH3]) (Scheme 4.10). In
general, solvate ILs are those that consist of stoichiometric mixtures of complex-
ing solvents and certain metal salts [17]. In the case of Li salt-based systems,
the use of [G4] produces a very strongly bound complex of the Li+ ion. Weakly
coordinating anions such as [NTf2]− are completely displaced from the coor-
dination sphere of the Li+ ion, and the result in this case is a low-melting salt
[Li(G4)][NTf2]. The Watanabe group has also demonstrated that other weakly
coordinating anions such as [ClO4]− can facilitate the coordination between Li+
ions and [G4], while stronger Lewis basic anions such as [NO3]− inhibit this
coordination [18]. Clearly the chelation advantage of the tetraglyme favors the
formation of tightly bound complexes.
The concentration of tetraglyme is also important when preparing such solvate

ILs. At stoichiometric equivalence, the liquidmixtures of tetraglyme andLi[NTf2]
possess similar features to other ILs, such as low flammability, low volatility, and
a wide electrochemical window. However, ‘off-stoichiometry’ mixtures have to be
thought of as mixtures, rather than fitting within our definition of ILs, and this
impacts their physical properties. For example, the presence of excess tetraglyme
can lower the oxidative stability of themixture.Therefore, the synthetic challenge
in making these salts is primarily in ensuring that the starting materials are pure
and that 1 : 1 stoichiometry can be achieved.

O

O O

O O OLiNTf2

O

O

O

O
NTf2

–Li+

Scheme 4.10 Formation of the solvate ionic liquid [Li(G4)][NTf2] from equivalent mixtures of
[G4] and Li[NTf2].
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4.2.6 Chloroaluminate ILs

Chloroaluminates were first discovered in 1951 by Hurley and Weir [19]. Since
then, extensive work has been performed byWilkes [20] andOsteryoung [21] and
many others to understand both the chemical and electrochemical properties and
how these depend on the concentration of each species. Equations (4.1)–(4.4)
describe the two equilibrium reactions that can take place when various con-
centrations of AlCl3 are added to, for example, [C2mim]Cl. When [C2mim]Cl is
used in excess, for example, 1 : 2 AlCl3/[C2mim]Cl, then AlCl4− is generated as
the main species:

AlCl3 + [C2mim][Cl](excess) −−−−⇀↽−−−−[C2mim][AlCl4] (4.1)

As a result of the excess Cl−, such mixtures are described as basic (in the Lewis
acid/base sense).
In contrast, when AlCl3 is used in excess, for example 2 : 1 AlCl3/[C2mim]Cl,

then [AlCl4]− is initially generated (Eq. 4.2), which then further reacts with excess
acidic AlCl3 to produce [Al2Cl7]− as the main anion species (Eq. 4.3):

AlCl3(excess) + [C2mim][Cl] −−−−⇀↽−−−−[C2mim][AlCl4] + AlCl3 (4.2)
[C2mim][AlCl4] + AlCl3 −−−−⇀↽−−−−[C2mim][Al2Cl7] (4.3)

Such mixtures are described as acidic. In the electrolyte with excess AlCl3, it is
the [Al2Cl7]− species (i.e. formed in Eq. 4.3) that is the main electroactive species
that allows the electrodeposition and subsequent oxidation of aluminum to take
place over many cycles (Eq. 4.4):

4[Al2Cl7]− + 3e− → Al + 7[AlCl4]− (4.4)

Once again, in principle these are simple materials to prepare. However,
chloroaluminate-based ILs are highly hygroscopic materials and must be pre-
pared and handled under an inert atmosphere. Care must also be taken, as the
reactions with AlCl3 are highly exothermic.

4.2.7 Task-Specific Ionic liquids (TSILs)

TSILs are ILs that typically consist of tethered functionalized groups on the
cation or anion that generate additional targeted IL properties in order to achieve
a specific task. The following section covers some of the recent advances made
in synthesizing functionalized ILs of interest in various applications.

4.2.7.1 Alkoxy-Ammonium ILs
Tang et al. [22] described a method to prepare glyme or alkoxy-based ILs, in
which a functional groupwith an alkoxymoiety is tethered to the cation.The ben-
efit of such cations is their ability to chelate metal ions such as zinc, magnesium,
or sodium. Moreover, in comparison to a similar cation with four simple alkyl
groups, the substitution of an alkoxy group reduces the viscosity of the IL [23].
The preparation of a quaternary alkoxy-ammonium salt is illustrated in

Scheme 4.11 [24]. In Step 1, a polyethylene glycol monomethyl ether undergoes



4.2 Synthesis of ILs 91

O
O

O
O

O
O

OTs
OH

[Step 1]

(a) base

(b) p-toluenesulfonyl
chloride (p-OTs-Cl)/

0 °C-RT, 24 h

n
n

O
O

X

nn

NR3
NR3/CH3CN

[Step 3]

[Step 2]

LiX/Acetone
(reflux)/12 h

X–
+

Scheme 4.11 Synthesis of an alkoxy-ammonium salt.

a nucleophilic substitution reaction with p-toluenesulfonyl chloride to produce
the tosyl-functionalized molecule. This is then converted to an alkoxyhalide in
Step 2. Finally, the alkoxy-halide undergoes the usual nucleophilic reaction with
the desired amine to produce the quaternized salt (Step 3).
In comparison to the ammonium-based species, the alkoxy-phosphonium-

based ILs often have lower viscosity and higher thermal stability [25]. Quaternary
alkoxy-phosphonium halides are commonly produced from trialkyl phosphine
and an alkoxyhalide. However, the challenge lies in synthesizing the salt from the
starting phosphines, which are often highly toxic and also pyrophoric in the case
of the smaller members of the family, typically tributylphosphine and smaller.
Further information on phosphonium-based ILs is available in Refs [26–28].

4.2.7.2 Zwitterionic Liquids
Formany device applications, such as rechargeable lithium-ion batteries, an elec-
trolyte that can allow easy transport of Li+ ions is vital. Migration of the IL com-
ponent ions in the electric field in preference to Li+ ion lowers its transport num-
ber and can therefore limit the rate performance of the battery. For this rea-
son, many researchers have attempted to design zwitterionic liquids [29], such as
1-methylimidazolium-3-(propanesulfonate) (Scheme 4.12). Although these are
close relatives of ILs, these zwitterions cannot migrate in an electric field.

N N
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S

Acetone
0 °C-RT/N2/120 h

Scheme 4.12 Synthesis of the zwitterionic liquid 1-methylimidazolium-3-(propanesulfonate)
via the reaction between N-methyl imidazole and propanesultone.
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In Scheme 4.12, the nucleophile N-methylimidazole is reacted with
1,3-propanesultone to undergo a ring opening at the 𝛼-carbon of the sultone to
produce the zwitterion in yields of >98% [30].
Many zwitterionic ILs, such as that shown in Scheme 4.13, also can act as

Bronsted acids, a feature that makes them attractive as catalysts and solvents
[31]. As shown in Scheme 4.13, the Bronsted acidic IL, 3-butyl-1-(butyl-
4-sulfonyl)imidazolium trifluoromethanesulfonate, can be synthesized over two
steps. First, 1-butylimidazole is reacted with 1,4-butanesultone to generate the
zwitterion, as shown in Reaction (a). Second, acidification of the zwitterion
is achieved via the addition of trifluoromethanesulfonic acid, which is able to
protonate the zwitterion and form the trifluoromethanesulfonate anion. The
success of this reaction lies in the low pK a of the acid, which is able to transform
the sulfonate group into sulfonic acid.

N N
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Reaction (b)
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Scheme 4.13 (a) Synthesis of 3-butyl-1-(butyl-4-sulfonyl)imidazolium zwitterion and
(b) reaction between the zwitterion and trifluoromethanesulfonic acid to form the Bronsted
acid IL 3-butyl-1-(butyl-4-sulfonyl)imidazolium trifluoromethanesulfonate.

4.2.8 One-Pot Synthesis of Multi-Ion ILs

Mixing salts to produce an IL is a straightforward way of lowering the melting
point, or to achieve a combination of other properties. It is also possible to pro-
duce ‘mixture’ ILs directly via a one-pot synthesis rather than having to prepare
and purify each salt separately and then combine them. Stenson et al. [32] have
described the synthesis of multi-ion ILs in which various imidazolium-based
cations, with a common anion, were made via a one-pot synthesis. An example
of this is illustrated in Scheme 4.14, where both allyl bromide and ethyl bromide
are added at equivalent molar quantities to imidazole (Reaction (a)). While allyl
iodides and chlorides can be used in these reactions, the former produced a dis-
colored salt while the latter resulted in a prolonged reaction time. Better results
were obtained when the alkylating agents were used in excess compared to the
imidazole. Three possible cations could be produced here: two symmetrical
species – the di-allylimidazolium and di-ethylimidazolium, and one asymmetric
imidazolium cation, 1-allyl-3-ethylimidazolium. These are all formed as the
bromide salts.Themixture can then be metathesized into mixtures with another
anion, as shown in Reaction (b). The byproducts LiBr and NaHCO3 are removed
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Scheme 4.14 One-pot synthesis of imidazolium-based mixture ILs with various cations and a
common anion.

via filtration. This simple mixing of cations is a very convenient way to lower the
melting point of the salt.

4.2.9 Polymer Ionic Liquids (Poly-ILs)

Polymerized ILs, or poly(ionic liquids), sometimes also abbreviated as Poly-ILs
are one approach to combining the advantageous properties of ILs and polymers
[33–35]. Here, either the cations or the anions, or both, are covalently attached to
a polymeric backbone. This is commonly achieved by attachment of a monomer
unit such as a styrene, acrylate, or a vinyl group (most commonly to the cation)
followed by polymerization (Figure 4.1). Alternatively, a polymer can be func-
tionalized with ionic groups to form the Poly-IL after polymerization. Poly-ILs
with poly(anion)s can be produced, for example, with a poly acrylate-based anion
[37, 38].
While the use of room temperature ionic liquid (RTIL)-based electrolytes are

of much interest for electrochemical applications, Poly-ILs have also gained
attention for use as solid-state electrolytes [34]. The synthesis of polymer ILs
usually requires two main components – a monomer containing a polymer-
izing unit (often one with an unsaturated bond that can undergo a radical
reaction), and an initiator. Scheme 4.15 depicts the synthesis of a polymerized
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Figure 4.1 Synthesis of a
polymer IL from an IL. (Tomé
and Marrucho 2016 [36].
Reproduced with permission
of Royal Society of Chemistry.)
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Scheme 4.15 Synthesis of a polymerized methacryloyl-functionalized imidazolium IL. (Yuan
and Antonietti 2011 [39]. Reproduced with permission of Elsevier.)

methacryloyl-functionalized imidazolium IL [39]. Methacryloyl chloride is
treated with a hydroxyl-containing bromoalkane to generate the bromoester.
The addition of N-methylimidazole to the bromoester results in quaternization
to generate the IL monomer 1. As shown in Reaction (b) in Scheme 4.15, the
polymerization is initiated by a radical initiator such as azobisisobutyronitrile
(AIBN) and heated to produce the polymer IL 2 in which the polymerized
moiety is localized on the cation. Alternatively, Poly-ILs can also be synthesized
with the polymerizing unit localized on the anion.
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Many other synthetic pathways, other than radical reactions, have been
utilized to achieve polymerization of ILs. These include the synthesis of
organoborane-based polymer ILs by hydroboration polymerization of a
di-allylimidazolium halide [40], and synthesis of poly(norbornene) ILs from ring
opening of a norbornyl-based monomer [41].

4.2.10 Protic Ionic Liquids (PILs)

The classic method for synthesizing PILs (protic ionic liquids) is by a neutraliza-
tion reaction, that is, transfer of a proton from a Bronsted acid to a Bronsted base.
Some of these reactions are performed in aqueous solvents while others are car-
ried out neat, that is, without the addition of any solvent. For example [34], the
synthesis of n-butylammonium acetate is illustrated in Scheme 4.16, in which a
proton is transferred from (neat) acetic acid to n-butylamine.
As introduced in Chapter 1, generally a PIL is formed when complete proton

transfer occurs, and one would expect the resultant proton activity of the IL to be
dominated by that of the cation on which the proton resides. For this to succeed,
the pK a difference between the acid and base has to be sufficiently high. In
aqueous solutions, a pK a

aq difference greater than 4 should produce, from simple
calculation, more than 99% proton transfer [42, 43]. However, in the neat IL this
is not always the case and considerably higher pK a

aq differences may be required
(i.e. use of stronger acids or bases as starting materials). The reason for this
deviation from aqueous behavior is the lack of water as an important acid/base
material in the reactions. Hence, as is well known when pK a values are measured
in nonaqueous solvents, quite different results can emerge. In most cases, when
the pK a difference is insufficient, the product has low ionicity due to the presence
of unreacted molecular species; this also makes the IL somewhat volatile. How-
ever, other factors such as the physical and chemical properties of both the base
(i.e. primary vs tertiary) and the acid are also significant in determining the extent
of proton transfer and the ionicity of the IL. This is discussed further in Chapter
5. Stoimenovski et al. [42] have demonstrated the use of an indicator acid such
as the phenol red dye to determine the extent of proton transfer to the base.
Prior purification of the acid and base starting materials can help ensure that

the amounts used during synthesis are genuinely equimolar. It is important to
understand that even a 1mol% error in stoichiometry can result in a product
that would contain excess base or acid and that this impurity alters the effective
proton activity enormously, potentially leading to quite erroneous and irrepro-
ducible results in application. It is quite difficult to purify a PIL after synthesis, as
partial solubility and volatility of the amine can easily result in loss of one or other
of the components during purification or drying. A highly recommended proce-
dure is to first determine an acid base titration curve for the two components

O

OH

O
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Scheme 4.16 Synthesis of n-butylammonium acetate.



96 4 Synthesis of Ionic Liquids

N

COOH

R H

–OH

N+

H2O

H2N

COO–

R H

H2N

N N+

Scheme 4.17 Synthesis of an amino acid-based IL.

dissolved in water at some standard concentration. This easily performed and
highly accurate procedure will indicate the equivalence point (which should be
1 : 1, but may not be if the starting materials are not 100% pure) and the pH at
the end point.The latter becomes a highly useful confirmation of purity of the IL
after synthesis and any subsequent drying or handling procedures. Simply taking
a small sample of the IL and diluting it in water to the standard concentration
should allow confirmation of the previously determined equivalence point pH.

4.2.11 Chiral ILs

A variety of chiral ILs have been prepared in the enantiomerically pure form.
For example, Ohno et al. [44] prepared over 20 natural amino acid ILs based on
imidazolium cations and chiral amino acid anions via anion exchange with the
quaternary imidazolium halides or hydroxides, as shown in Scheme 4.17. In addi-
tion to their use in biological applications, amino acid-based ILs can also be used
as intermediates for peptide synthesis and as chiral solvents.
To make a chiral IL, the chiral moiety can also be incorporated as part of

the cation. One example is the preparation of an IL based on an oxazolinium
salt, prepared from (S)-valine methyl-ester and propionic acid, shown in
Scheme 4.18 [45].

Reaction (a)

H2N H2N OH

N O

Propionic acid/
Xylene

COOMe
NaBH4/H2SO4/THF

Reaction (b)

R-X
R

ON+

X–

N O

Scheme 4.18 Preparation of a chiral oxazolinium salt from (S)-valine methyl ester. (Baudequin
et al. 2005 [45]. Reproduced with permission of Elsevier.)
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4.3 Characterization and Analysis of ILs

The standard techniques used to characterize ILs are mass spectrometry (MS)
and nuclear magnetic resonance (NMR) spectroscopy. Multinuclear NMR spec-
troscopy of 13C, 19F, 31P, and 7Li nuclei can also be particularly useful in some
cases. For instance, [C2mim][BF4], shown in Scheme 4.4, can be detected using
electrospray ionization (ESI)MS, in which them/z of the [C2mim]+ cation would
produce a single peak in the positive ES+ mode at 111.2 while the m/z of the
[BF4]− anion would produce a single peak in the negative ES− mode at 86.80.
Often, ion clusters or aggregates are also observed in the different MS modes.
For instance, in the positive mode of ESI (ES+), a single peak produced from
two [C2mim]+ cations and one [BF4]− anion, with an m/z of 309.1, may appear.
The presence of impurities can also produce this phenomenon. For example, if
[C2mim][BF4] contains trace amounts of the Br− anion (from the halide precur-
sor), then in the ESI (ES−) spectrum a single peak with an isotope pattern of a 1 : 1
ratio of peaks at m/z 78.9 and 80.9 may be observed, or a cluster corresponding
to two Br- anions and one [C2mim]+ cation may produce a peak at m/z 268.92
and 272.92 respectively.

1H and 13C NMR spectroscopy are often used to confirm the successful
alkylation of the amine with the alkyl halide (Scheme 4.1). Thus, while the Br−
peak of [C2mim]Br will not be detected by 1H or 13C NMR, a slight upfield
shift in the spectrum of the quaternized [C2mim]+ cation would be observed
when compared to the unreacted amine and the alkyl halide. Unfortunately,
although 19F NMR can be used to confirm the presence of the [BF4]− anion
from the metathesis of [C2mim][Br] with Ag[BF4] (Scheme 4.4), no significant
shifts in peak position would occur in the 19F NMR of the IL product compared
to the silver salt, making it difficult to infer the purity of the IL from this
spectrum.
Often, some ILs retain a pale to dark yellow color, even though no impurities

are detected in the analysis discussed above. Therefore, MS and NMR should
not be the only methods used to determine the purity of an IL, as the detection
levels are limited by the sensitivity of the equipment [46]. Moreover, many
impurities may not be NMR-active at all. For example, if no peak for Br− is
observed in the MS of [C2mim][BF4], this does not definitively mean that the IL
is completely pure – the Br− may simply be present below the level of detection
in MS. This has previously been estimated to be not better than 1000 ppm.
However, impurities at levels <1000 ppm may still be sufficient to affect the
properties of the IL, such as the electrochemical behavior (as discussed in
Chapter 7).Therefore, in order to completely characterize the IL, other analytical
methods must also be used in addition to the standard techniques discussed
above.
A useful method of detecting low levels of metal and halide impurities, such as

Ag+ and Br−, is the use of ion-selective electrodes (ISEs), which monitor levels
as low as 100 ppm. The other halide ions, plus metal ions such as Na+, K+, Ca2+,
Mg2+, Cu2+, and Pb2+, can also be determined using this technique. Many metals
such as cadmium [47] and cobalt [48] can also be analyzed using atomic absorp-
tion spectroscopy (AAS). Additionally, silver nitrate can be used to titrate an IL
that has been synthesized from a chloride salt, forming quantitative amounts of
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AgCl precipitate if there are chloride impurities in the IL [49]. Chloride impu-
rities in ILs such as [C4mim][BF4] have also been quantitatively detected using
inductively coupled plasma mass spectrometry (ICP-MS) [50].
Water, a common impurity in most ILs, can be detected accurately down to

10 ppm using Karl Fischer titration. The presence of water or other impurities
can sometimes also be detected using techniques such as viscosity measurement,
differential scanning calorimetry (DSC, see Chapter 4) and cyclic voltammetry
(CV, see Chapter 7). Generally, if the viscosity or melting point of an IL is lower
than expected, then it indicates the presence of metals, halides, or solvent impu-
rities. Additionally, often a narrower electrochemical window is observed in the
presence of water. Similarly, the oxidation of unreacted materials such as halides
may be observed at less positive potentials in the CV than the oxidation of the
IL anion, for example, [BF4]−, and this narrowing of the electrochemical window
again indicates the presence of such impurities. However, these techniques can-
not be used to detect the type of impurities present (e.g. differentiating between
bromide or water) but can be used to assess the purity of the IL with respect to
the physical and thermal properties.
Unreacted amines such as alkylimidazoles in quaternary ammonium ILs

can be detected using colorimetric methods where CuCl2 is added to the IL
[51]. A color change of the IL upon CuCl2 addition is an indication of the
presence of some unreacted amine, which can be quantified using UV-vis
spectroscopy.
Many other analytical methods, such as FT-IR (Fourier transform infrared),

X-ray crystallography, and elemental analysis can also be used to characterize
ILs, and further details on these subjects can be found in Refs [3, 6, 52].

4.4 Concluding Remarks

This chapter has described the various synthetic approaches that can be used
to generate ionic liquids, however purification is always the challenging step.
In spite of the different methods that can be used to remove impurities from
ILs, producing an IL that is 100% pure is essentially a practical impossibil-
ity. Moreover, the cost and level of toxicity is a concern for many industrial
applications. If ILs are to be produced on a large scale, then cheaper and more
easily purified materials must be used. For example, a large amount of energy
is required to synthesize and purify starting materials such as methylimidazole,
which is only the first step in synthesizing the IL. Thus, cheaper and more easily
synthesized tertiary amines should be considered in the design of quaternary
ammonium-based ILs.
Significant progress has beenmade in recent years toward overcoming some of

the challenges of commercializing ILs. For example, the methyl carbonate-based
salts (Scheme 4.7) offer an alternative to the metathesis route for producing ILs.
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If more ILs can be made in such a manner, where the only byproducts generated
are water and CO2, then this will help avoid expensive starting materials such as
Ag[BF4] and thus provide cleaner and cheaper synthetic routes to ILs.
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5

Physical and Thermal Properties

5.1 Introduction

In Chapter 1 we briefly introduced some of the unique properties of ionic liquids
(ILs) and looked at how these are being utilized to benefit a range of applica-
tions. In this chapter we will first examine the thermal properties of ILs in more
detail and then look at their transport properties. In Chapter 2 we delved into
the different influences on the melting point of ILs; here we look at the other key
thermal properties including the glass transition, thermal decomposition, and
vaporization. Accurate knowledge of the thermophysical properties of ILs is key
to assessing their suitability for different applications.
Investigating the structure–property relationships that underpin ion transport

is also fundamental to our understanding of ILs. For example, why are some ILs
much more conductive than others, and how is this related to the diffusion rate
of the ions? Why do ILs have such a wide range of viscosities, and what are the
structural features that determine this?The second half of this chapter delves into
these fundamental questions, including how these may be addressed using com-
putational techniques, and also looks at how physical properties change when we
mix ILs.
There are a number of online data sources dealing with IL properties. One

that we use extensively is ILThermo (http://ilthermo.boulder.nist.gov/), which
has been carefully compiled over many years by the scientists at the National
Institute of Standards and Technology (NIST). Note that in all database searches,
nomenclature can be an issue; it is worth taking the time to understand the
nomenclature used and its tolerance to variations in chemical names (e.g. use of
hyphens). One approach that we recommend is to search the Web for the CAS
name/number for the compound and then use that in the database search.

5.2 Phase Transitions and Thermal Properties

5.2.1 Thermal Analysis and the Key Transitions Defining the Liquid State

One of the most important properties of an IL is the temperature range over
which it remains a liquid, that is, between its solidification at low tempera-
tures and decomposition (or, in rare cases vaporization) at high temperatures.
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However, for many ILs it can be difficult to measure a well-defined Tm. Many
ILs form glasses rather than ordered crystalline structures at low temperatures.
In such cases, the kinetics of crystallization are very slow– largely because the
IL is very viscous – and as a result it supercools and forms a glass, as discussed
in more detail in the next section. This is evident by the appearance of only
a glass transition, Tg, during thermal analysis of the IL, but no clear melting
transition. As a rough guide to relating Tg to melting point, Tm (if the latter is
measureable), a simple rule of thumb Tg ≈ 2/3 Tm has been found to be valid for
many compounds. This has been further refined to Tg ≈ 0.4 Tm for ionic glasses
and liquids [1].
Thermal analysis of ILs is most commonly achieved by differential scanning

calorimetry (DSC).The transition temperatures should always be taken from the
heating run data, not the cooling, because of the ease with which ILs can, in
fact usually do, supercool. Multiple cycles should be performed to ensure repro-
ducibility. It is also important to report the temperature at which the onset of a
phase transition occurs, rather than the peak transition temperature, as this is
much less dependent on heating rate. However, where peaks are broadened, as
is often the case, peak temperatures are usually reported; the key point is that it
should always be clear whether onset or peak temperatures are being reported.
The heating rate most commonly used for DSC is 10 ∘C min−1, although slower
rates may be used to allow separation of multiple transitions.
When an IL melts, the ordered crystal structure is broken up and it becomes

a disordered liquid (although some structuring may remain in the liquid state,
as was discussed in Chapter 3). In contrast, Tg represents the transition from
a glassy state, which is essentially an arrested liquid, to a viscous liquid. Thus,
Tg is a reflection of the properties of the liquid only, whereas Tm is related to the
properties of both the crystalline solid and liquid forms of the salt. During analysis
of ILs by DSC, it is common to see a Tg followed by a crystallization, at Tc (this is
an exothermic transition), before the melting transition. At Tc, the supercooled
liquid has gained sufficient energy to overcome the kinetic limitations to form
the thermodynamically favorable state – the crystalline solid –which then melts
at Tm. Examples of this behavior are shown in Figure 5.1.

5.2.2 Glass Transition, Glassy ILs, and the Kauzman Paradox

As we have recognized several times, crystallization of an IL into a crystalline
state on a practical timescale is not always achievable. This is particularly true of
mixtures. For the purposes of this discussion, let us suppose that we are able to
observe a melting point in a large sample stored for a very long time to allow it to
crystallize. However, if we then take a sample of this compound,melt it, and begin
to cool it again, it may supercool below thatmelting point, especially if the sample
volume is small or the cooling is performed fairly quickly. The question arises:
what is the fate of the sample during this cooling to lower and lower temperatures
if it cannot escape to the crystalline state?
The first thing to realize is that the viscosity will rise increasingly rapidly as the

sample is cooled; this is the reason why crystallization can be very slow. As we
cool still further, the increasingly viscous sample eventually forms a glass at some



5.2 Phase Transitions and Thermal Properties 105

Glass transition

Crystalline solid

Melting

Crystallization

Solid-solid phase transition

Supercooled liquid

Amorphous solid

Endotherm Glass transition

Solid phase II

−150 −100 −50 0 50 100

Temperature (°C)

150 200

Exotherm
Solid phase I Melt

(a)

(b)

(c)

Figure 5.1 DSC traces showing examples of typical thermal behavior of ILs (a) Tg only, (b) Tg,
crystallization, and melt, and (c) solid–solid phase transition(s) before the melt, as seen in
organic ionic plastic crystals.

lower temperature. We can characterize this glass formation by thermal analysis
because, in the heating trace of a DSC, it exhibits a characteristic step in heat
capacity (as shown Figure 5.1); the point where the heat capacity trace deviates
from the low-temperature baseline is defined as Tg.
Structurally, the glassy state is no different from the liquid state – it exhibits

no long-range order. However, it has lost the other main characteristic of a
liquid – the ability to flow, or relax, on the timescale of observation, in response
to an external force – and hence it exhibits the mechanical properties of a
solid (think of window glass). The phrase ‘on the timescale of observation’ is
very important here, as the observation of glassy behavior is dependent on the
timescale over which one observes it. A thermal analysis experiment (e.g. DSC)
is usually done on a timescale of minutes; however, conducting the experiment
at a higher heating rate (shorter timescale) will produce a higher value of Tg.
Equally, a sample held 10 ∘C below Tg would be observed to flow if observed for
a long time. In other words, Tg is not a single point in temperature, the value
depends on how and how fast it is measured. Note that this is different from a
thermodynamic transition such as melting, which must strictly always occur at
the same temperature.
It is important to recognize that ‘timescale-dependent’ behavior and properties

cannot be those of a thermodynamic equilibrium state and, therefore, that the
glassy state is not a thermodynamic phase. It is a liquid state that has been unable
to adopt the orientations required to be in structural equilibrium (because of the
high viscosity) and hence is officially in an unstable state and constantly (but very
slowly) evolving toward the true liquid state for that temperature. An analogy is to
imagine hiking down (= cooling) the bottom of a narrow valley (bottom= liquid
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state equilibrium), but being diverted along the side of the valley by rocks and
cliffs. There are many places where you can be up the side of the valley and you
could in principle always reach the valley floor directly below you, but it may take
a while to do so.
Let us return to the true liquid state near Tg, assuming we have aeons of time

and patience to reach it and observe its behavior. One can speculate about what
happens with yet further cooling of this liquid toward zero kelvin. Kauzman sug-
gested many years ago that a major thermodynamic catastrophe in the laws of
thermodynamics was imminent in such an experiment unless some other event
intervened. This has become known as Kauzman’s Paradox [2].
Kauzman’s analysis was as follows:The heat capacity of a liquid is always higher

than that of the crystalline phase of the same compound. As heat capacity is
related to the rate of change of the entropy with temperature

Cp =
dS

d lnT
(5.1)

this implies (Figure 5.2) that the liquid state is losing entropy more quickly than
the underlying crystalline phase and, where observations can be made, this is
certainly confirmed. Kauzman asked: ‘Is it possible that a supercooled liquid is
losing entropy so fast that it may end up having lower entropy than the crys-
talline phase, at some point?’This temperature is usually denoted TK (Figure 5.2)
and seems to be suggesting a strange situation where the entropy of the liquid
is becoming lower than that of the solid. Continuing to lower temperatures, the
entropy of a compound at 0 K is defined by the Third Law of Thermodynamics
to be 0, and for this to be true it must be an ordered state having no disorder, or
translational or rotational freedom, that is, the ordered crystalline state. Can our
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Figure 5.2 Entropy as a function of temperature illustrating the Kauzman Paradox.
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supercooled liquid have lower entropy than this? A negative entropy?That seems
to violate the Third Law of Thermodynamics. All of this odd behavior seems to
suggest some sort of uncomfortable ‘catastrophe’ for the laws of thermodynamics
at TK.
An experimental investigation of this has been carried out using Ca(NO3)2⋅

4(H2O), which is a good example of a metal hydrate that melts at 43 ∘C into a
stable ionic liquid and has Tg = 217 K [3]. The measured heat capacity suggests
that the liquid state entropy is going to drop below that of the crystalline solid
at about 200 K, and indeed it seems that Ca(NO3)2⋅4(H2O) is headed towards a
negative value of entropy at 0 K– a clear violation of theThird Law.

5.2.3 The Ideal Glass Transition

There is no clear resolution of this unsettling paradox, as yet. One proposal
is that at some point before TK is reached, the supercooled liquid enters an
equilibrium phase, called the ‘ideal glass’, via a transition that is no longer
timescale-dependent and which has heat capacity similar to that of the solid.
Structurally, this is not so hard to imagine; this is a liquid-like state in which the
ions have become completely gridlocked such that all translational motions char-
acteristic of the liquid state have stopped. The ideal glass transition temperature
is usually thought to be close to, or at, TK.
Supporting this ideal glass transition proposal, there are several theories of the

transport properties P (where P can be the viscosity or the conductivity or the
diffusivity – as discussed later in this chapter) of liquids that produce equations
of the form

P(T) = Pinfe
− B

R(T−T0 ) (5.2)

where T0 is a temperature well above 0 K (but lower than any accessible
measurement temperature), where liquid-like translational motions begin; Pinf is
the limiting value of the property at very high temperature; and B is often called
the ‘pseudo-activation energy’. This equation, often called the ‘VTF equation’,
is very commonly used to model transport properties in the low-temperature
region between Tg and about 2Tg. Clearly, T0 must be below Tg in these theories
since the real glass already exhibits some degree of transport properties. We will
discuss the transport properties of ILs in more detail in Section 5.4. Suffice to
point out here that transport property data do point to a sensible value of the
ideal glass transition temperature in some cases, where these measurements
have been carefully performed to temperatures as close to Tg as is practicable.
Frequently, T0 is around 20 K below Tg. Often, where fitting to data produces an
ideal glass transition temperature that is above the measured Tg, this is because
of insufficient data and insufficiently accurate data in the low-temperature
region; it is vital in doing this type of curve fitting to use fitting routines that
produce statistically meaningful standard deviations on the fitted parameters.
It is not uncommon to see literature discussing T0 values around 100 K, when
in fact a proper data treatment would produce something like 100± 90 K,
indicating the result is almost meaningless.
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5.2.4 Influence of Ion Structure on Tg

So what dictates the Tg of an IL? This is essentially determined by the balance
of attractive and repulsive forces between the ions. For example, the attractive
Coulombic interactions decrease as the ion size increases, while attractive Van
der Waals forces increase; hence there is a minimum in the Tg versus ion size
relationship that reflects the balance between these two competing effects. In
addition, ions in the IL experience repulsive forces that result from overlapping
electron shells, and this also depends on the ion separation.Therefore,Tg reflects
the total cohesive energy within the liquid salt and is related to the separation
between the ions.
Angell et al. have shown the relationship between Tg and molar volume

(and hence inter-ionic spacing) for a series of ILs with weakly polarizable ions
(Figure 5.3) [4]. In this plot of Tg versus ion size, Tg initially drops as the ion size
increases because the Coulombic interactions are decreasing. However, beyond
a certain point, corresponding to the minimum on the plot, further increases
in ion size increase the Van der Waals forces, per molecule, which begin to
dominate and Tg rises.
The ion’s polarizability is a measure of how easily its electron cloud can be dis-

torted by the presence of neighboring ions (or the application of an electric field).
A plot of Tg versus ionic separation will have a minimum that occurs at smaller
Vm for polarizable ions than for nonpolarizable ions [4]. In other words, salts
with large charge-diffuse ions have lower Tg values compared to those with more
localized charges despite largermolar volumes, because of theweaker Coulombic
interactions.
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Finally, while we would generally expect ILs with lower Tg values to have lower
viscosities, this is not always the case. This behavior depends on the fragility
of the salt [4]. Fragility refers to the rate at which the transport properties (e.g.
viscosity) change with temperature near Tg. In an ideal system, this is described
by the Arrhenius equation, but the more fragile the IL is, the more this behavior
deviates from ideality. For example, some quaternary ammonium [BF4]− salts
have a lower Tg than the imidazolium [BF4]− salts, but higher viscosity at room
temperature – this is because they are less fragile. Their viscosity is lower than
that of the imidazolium salts at low temperatures but there is a crossover at about
−70 ∘C [4].
The concept of fragility relates to the idea that short-range intermolecular

forces are easily disrupted with increasing molecular motions as the temperature
increases, making the structure easy to break up and hence ‘fragile’. Typically,
short-range interactions such as dipole–dipole interactions and hydrogen
bonding are the most easily disrupted, so ILs in which these are dominant at low
temperature are also usually fragile.

5.2.5 Solid–Solid Transitions

5.2.5.1 Plastic Crystalline Phases
Some salts undergo solid–solid phase transitions before they melt. In such salts,
where free rotations of the ions or parts of the ions are possible in the crys-
tal, a mesophase (meaning ‘middle’ phase) can appear called the plastic crys-
talline phase. These materials are termed organic ionic plastic crystals (OIPCs),
where ‘plastic’ refers to the soft, pliable mechanical properties that they often
exhibit. They also often look more translucent and softer than traditional crys-
talline solids (Figure 5.4).
OIPCs are structurally very similar to ILs, but they tend to make use of smaller

and more spherical ions – this is advantageous for achieving rotational disor-
der, but raises Tm to above room temperature. For example, [C2mpyr][NTf2] is a
well-studied OIPC [5, 6], whereas [C3mpyr][NTf2] is an IL at 20 ∘C. As the salts
have rotational and even translational disorder (ions can both rotate on their lat-
tice sites and alsomove through the bulk), they generally have an entropy close to

Figure 5.4 A disc of a typical
organic ionic plastic crystal
(OIPC), in this case [C2mpyr]
[NTf2] being removed with a
scalpel blade.



110 5 Physical and Thermal Properties

that of the liquid state (i.e. liquid-like disorder). In DSC analysis, this is revealed
as a low entropy of fusion.
Figure 5.1c shows an example DSC trace of an OIPC– these traces typically

show at least one solid–solid phase transition, corresponding to a transition
from more ordered to less ordered solid with heating. There is an entropy
change associated with these transitions too, depending on how much the
disorder is increased, and hence the final entropy of the melt is typically quite
small. The good ionic conductivity of OIPCs makes them of interest as solid
electrolytes – for example, when a small amount of a lithium salt is added,
they can allow sufficient lithium ion transport to support the operation of an
all-solid-state lithium battery [5]. In addition to having short-range disorder
as a result of rotation of individual molecules/ions, the presence of more than
one molecular conformation of relatively similar energies, such as the different
conformers of the [NTf2]− anion, can also contribute to plasticity, for example,
in [C2mpyr][NTf2] [6].

5.2.5.2 Liquid Crystals
Some ILs, particularly those with longer alkyl chain substituents on either the
cation or the anion, can align to form liquid crystals. This phase is quite distinct
from plastic crystals, which have three-dimensional order in their crystal struc-
tures. There is an increasingly large field of research devoted to the development
of ionic liquid crystals, motivated by the unique combination of ionic conductiv-
ity and distinct mesophase behavior [7–9]. Generally, when the cation or anion
has a very anisotropic geometry (e.g. a rod- or disk-like shape,much longer in one
direction than the other), this will encourage liquid-crystal formation. In these
liquid crystals, there is order in one or more direction but a random distribution
of cations/anions in other directions. Ionic liquid crystals with long alkyl chains
commonly align to form hydrophobic and hydrophilic regions (as, for example,
surfactant micelles in solution do), somewhat similar to the kind of liquid-phase
structuring discussed in Chapter 3. Another structural feature that can produce
such alignment and liquid-crystalline behavior is the combination of rigid (e.g.
aromatic) and flexible (e.g. aliphatic) groups, on the cation or anion, or the intro-
duction of significant 𝜋–𝜋 stacking or dipole–dipole interactions. It is the align-
ment and interaction of such structural features, so that ‘like-aligns-with-like’,
that can be a strong driving force for liquid-crystal formation.
The observation of liquid-crystal-based phase transition by DSC is not gener-

ally straightforward, as the enthalpy changes can be small. More traditionally, an
optical microscope fitted with a variable temperature stage is used to observe the
sharp change in optical properties that usually accompanies a phase transition of
this type.

5.2.6 Vaporization

While aprotic ILs are often described as having negligible vapor pressure, it has
been shown that some ILs are, in fact, distillable, for example, [Cnmim][NTf2],
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where n= 2, 4, 6, 8, 10, 12, and 16 [10, 11]. This means that at a specific tem-
perature there is enough energy to overcome the strong inter-ionic interactions
in the liquid phase of the IL to allow vaporization (e.g. of an ion pair) into the
gas phase. Further, on cooling the ions can condense to re-form the ionic liquid
phase without decomposition. Following the initial reports of this phenomenon
[10, 11], there has been much interest in determining which ILs can vaporize
before decomposition (discussed in the following) and to investigate the nature
of the IL in the gas phase.
The tendency of an IL to evaporate upon heating has significant practical

implications; also, the enthalpy of vaporization ΔHvap is a valuable parameter
for thermodynamic modeling of ILs. For example, it helps to tell us about the
strength of interactions between ions in the liquid phase. However, measuring
or calculating the vapor pressure of ILs is quite complex, and there is still much
discussion about the best approach to use [12, 13]. At high temperatures, there
will be competition between vaporization and decomposition of the IL, and also
a significant influence from even small amounts of impurities. Therefore, vapor
pressures are best measured under high vacuum, and mass loss is measured
using a very high accuracy mass balance such as a quartz crystal microbalance
[14], rather than measuring the ‘boiling point’ of the IL at atmospheric pressure
(which will occur at much higher temperatures and therefore include significant
decomposition).
Experimental and computation studies indicate that aprotic ILs exist in the gas

phase as strongly associated ion pairs [15, 16], while simulations also suggest
the possible formation of larger ion aggregates [15]. Mass spectroscopy-based
techniques are the most widely used for the investigation of the gas-phase struc-
tures of ILs, such as line-of-sightmass spectrometry [17] or Fourier transform ion
cyclotron resonance mass spectrometry [16]. An important point to note when
comparing the results of different studies is that the temperatures and pressures
used to form the gas-phase IL vary widely, which will change the volatilization
products (e.g. the extent of ion aggregation and the amount of decomposition).
Thus, when choosing an analysis technique and the conditions to investigate the
volatilization of an IL, conditions most relevant to the application of interest
should be chosen.
It is also possible to vaporize binary mixtures of ILs, in which case the

more volatile neutral ion pair starts to distill first (as is the case for mixtures
of two molecular solvents). Remember, as discussed in Chapter 1, when
we mix two ILs, the original combination of cation and anion is immaterial –
they will form the samemixture in the liquid phase (i.e. [Cat1][A1]+ [Cat2][A2]≡
[Cat1][A2]+ [Cat2][A1]). Further, as long as there is ideal behavior of the IL
mixture (i.e., it obeys Raoult’s law), then the vapor pressure of the mixture
simply depends on that of the two components and their mole fraction. Initial
studies have indeed shown ideal behavior for a mixture of two aprotic ILs [18].
A similar concept applies to the gas-phase composition: if [Cat1][A1] is the more
volatile ion pair, then this will form first, regardless of the two ILs originally used
to make the mixture. However, physically separating the four possible ILs by
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Figure 5.5 Illustration of the difference between the volatilization of PILs, where neutral
species evaporate into the gas phase, and aprotic ILs that can exist as tightly bound ion pairs
in the gas phase. (Adapted from Earle et al. 2006 [10] with permission from Nature Publishing
Group.)

distillation requires the vapor pressures to be significantly different (and for no
decomposition to occur).
While the distillation of aprotic ILs requires high temperatures and high vac-

uum, other types of ILs are much more easily distillable. These include protic
ionic liquids (PILs) and carbamate-based ILs. As discussed in Chapter 1, and
further in the following, PILs are formed by proton transfer from an acid to a
base. Distillation of PILs involves volatilization of the charge-neutral acid and
base, and is thus fundamentally different from the volatilization of aprotic ILs by
ion-pair formation (Figure 5.5).
Carbamate-based ILs are formed by a combination of carbon dioxide and

a secondary amine – which are normally cheap starting materials – in a 1 : 2
molar ratio. For example, N,N-dimethylammonium N′,N′-dimethylcarbamate
(DIMCARB, Figure 5.6) and N,N-diethylammonium N′,N′-diethylcarbamate
(DIETCARB) are liquids at room temperature [19]. However, at moderate
temperatures (as low as 60 ∘C), these ILs can dissociate back to the original
amine and carbon dioxide in the gas phase. Subsequent condensation occurs by
the re-association of CO2 and the amine, re-forming the IL.Thus, if these ILs are
used as reactionmedia, or for the dissolution and processing of valuablematerials
such as biomass or brown coal [20], they can be easily separated from the product
by distillation under very mild conditions [19]. They are also suitable solvents
for some electrochemical studies, with an electrochemical window spanning
from −1.50 to +0.50 V versus SHE (on a glassy carbon working electrode, for
DIMCARB) [21].
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5.2.7 Thermal Decomposition

Having accurate knowledge of the decomposition temperature for an IL is impor-
tant for evaluating its suitability for high-temperature applications. Such appli-
cations include lubrication, thermal energy storage, and as heat transfer fluids.
They may also be heated during use as synthetic media to increase the solubility
of biomaterials, and so on.This range of potential applications also highlights the
fact that the IL may be used at elevated temperatures under a range of different
conditions, such as in air or under an inert atmosphere, with or without gas flow,
in contact with surfaces that might catalyze their decomposition (e.g. aluminium
[22]), and in volumes that could conceivably range from microliters to liters. All
of these parameters could alter the temperature and/or rate of thermal decom-
position, and this should be kept in mind when deciding on the most relevant
test conditions for the analysis of thermal stability (e.g. choosing the gas used for
thermogravimetric analysis (TGA)).
As introduced in Chapter 1, the most common way to assess the thermal

stability of an IL is TGA under conditions of a ramping temperature (normally
at 10 ∘C min−1). As the sample is heated, the mass is analyzed, and the ‘onset’
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Figure 5.7 (a) Typical rising temperature thermogravimetric analysis (TGA) used to determine
the onset of decomposition. (Armel et al. 2011 [23]. Reproduced with permission of Royal
Society of Chemistry.), and (b) example plot showing the time taken for 1% degradation of an
IL, determined by a series of isothermal TGA runs at different temperatures. (Baranyai et al.
(2004) [24]. Reproduced with permission from CSIRO Publishing.)

of decomposition is taken from the intersection of the initial baseline with the
tangent of the plot at the steepest point, as shown in Figure 5.7a. This is quick
and convenient for an initial comparison of the thermal stability of different
ILs. Sometimes, it also indicates a multistage decomposition process. However,
weight loss of the IL certainly starts to occur before this determined onset
point, the extent of which can be assessed by using isothermal analysis. In this
analysis, the sample is held at one temperature and the weight loss over time is
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recorded [24]. From this we can define the time taken for, for example, 1% weight
loss (denoted t0.99 in Figure 5.7b). This allows comparison of different ILs, and
also investigation of how this decomposition time decreases as the temperature
increases (Figure 5.7b), that is, whether the decomposition is proceeding more
rapidly at higher temperatures. One of the useful outcomes of such an analysis is
to determine the maximum operating temperature for the IL, below which the
degradation can be considered negligible. However, it should be kept in mind
that some ILs can vaporize at high temperatures, as discussed earlier, which
would also contribute to the measured weight loss (particularly when the TGA
is measured using a flow of gas).
Comparison of the decomposition temperatures quoted in the literature for

different ILs is complicated by the range of techniques used to analyze this impor-
tant property. Also, the nature of both IL ions is important and should be taken
into consideration when assessing the effect of a particular structural change. For
example, if the anion used promotes relatively low temperature decomposition,
then this will overshadow small structural changes to a more stable cation (or,
vice versa, if very stable anions are used in combination with less stable cations).
Nevertheless, some very general trends can be deduced from the studies thus far:
• Increasing the length of the alkyl chain on the cation slightly decreases the

stability of the IL. This is as expected if the species with longer alkyl chains
form more stable carbocations or carbon radicals.

• The effect of branching in the alkyl chain depends on the anion used, because
this can alter themechanism of degradation (e.g. SN1 or SN2).

• The addition of oxygen groups to the cation is generally unfavorable for sta-
bility, for example, side chains with alkoxy groups, or (to a lesser extent) the
use of oxazolidinium or morpholinium cations compared to pyrrolidinium or
piperidinium (which have an analogous ring structure but without the oxygen
heteroatom) [25–27].

• Dicationic ILs, introduced in Chapter 2, have predominantly higher thermal
stability than the mono-cationic species. This is true for both nitrogen-based
and phosphonium-based dicationic ILs [28, 29].

• The general trend in cation stability is phosphoniums> pyrrolidiniums>
imidazoliums> tetralkyl ammoniums> sulfoniums.

• Methylation of the imidazolium ring at the 2-position, to remove the acidic
proton, increases thermal stability. However, the use of longer alkyl chains in
this position has little or no effect [22].

• Less nucleophilic anions are advantageous for stability (as this reduces the ten-
dency for them to attack the cation), so the general stability trend is [NTf2]− >
[BF4]− ≈ [PF6]− > halides. For example, in [C2mim] ILs, the stability trend
with anionhas been reported as [NTf2]− > [BF4]− > [CF3SO3]− > [CH3SO3]− >
[CH3CO2]− > [CF3CO2]− [30].

• The [fsi]− anion is less thermally stable than [NTf2]−, as shown in Figure 5.7a,
due to the susceptibility of the FSO2–group to decomposition [26].
The mechanism of thermal decomposition of ILs is also complex, partly

because there are multiple variables; most significantly, the nature of the cation
and the anion, but also possibly the substrate, the atmosphere, the presence
of impurities, and so on. Combined techniques that can both measure the
temperature of decomposition and also identify degradation products, such as
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TGA-MS (thermogravimetric analysis-mass spectrometry) or pyrolysis-GC (gas
chromatography), are very useful [31], as is the use of computational modeling
to predict the lowest energy decomposition pathways to compare these results
to experimentally detected products [32–34]. Also note that ILs can decompose
endothermically or exothermically [22], which provides further information
regarding the decomposition mechanism [34].
As an example, we look at possible degradation mechanisms for the com-

monly used [C2mim][NTf2]. As can be seen from Figure 5.8a,b, the different
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mechanisms produce different products, which should be detectable by MS
(unless they further decompose or combine with other species during analy-
sis). Elimination reactions are commonly observed decomposition pathways
for ILs, and this has been proposed as the most dominant mechanism for
[C2mim][NTf2] [35]. Attack from the anion (or its degradation products, as
formed in Figure 5.8a) to the cation can also occur via a unimolecular (SN1)
or bimolecular (SN2) nucleophilic mechanism (Figure 5.8b). Of these two
mechanisms, the SN2 decomposition of [C2mim][NTf2] appears more favored
than SN1 decomposition [35]. Theoretically, one way to differentiate between
the relative contributions of these two mechanisms in different ILs is due to
the fact that the rate of the SN2 reaction depends on both the strength of the
nucleophile (e.g. changes with different halides) and the nature of the substrate
being attacked (e.g. the steric hindrance associated with different cations).
Note that for [C2mim][NTf2], the nucleophilic substitution mechanisms require
breakdown of the anion first, as the anion itself is not nucleophilic, and this has
been observed experimentally [24].
The SN2 reaction has been found to be the most dominant mechanism for the

decomposition of [C4mim][Cl], [C4mim][PF6], and [C4mim][BF4] (Figure 5.8c),
as these reaction pathways have the lowest energy barrier [34]. Note that this is
in the absence of water; when water is present, the [PF6]− and [BF4]− anions are
likely to hydrolyze and produce HF. Experimental and computational studies also
show that decomposition of [C2mim][OAc] is predominantly via an SN2 mecha-
nism (by attack of the acetate group at the methyl substituent of the imidazolium
ring) [33].This IL is widely investigated for biomass processing, and the results of
the thermal decomposition studies show that use of temperatures above 120 ∘C
should be avoided.

5.2.8 Thermal Conductivity and Heat Capacity

The thermal conductivity of an IL is the rate at which heat flows through it in
response to a temperature gradient; SI units are W (m ⋅K)−1 (Watts per meter
per Kelvin). Thus, in a similar way as materials with high ionic conductivity
allow rapid ion transport, ILs with high thermal conductivity allow rapid
heat conduction (however, these two physical properties are not related). The
thermal conductivity of ILs is important for their application as, for example,
heat-transfer fluids. Indeed, comparison of the thermal conductivity, heat capac-
ity, and so on, of [C2mim][BF4], [C4mim][BF4], and [C3dmim][NTf2] with those
of a commercial thermal-transfer fluid shows the merit of these ILs for such
an application [36]. However, thermal conductivity is not a widely investigated
property of ILs – possibly because it is relatively hard to accurately measure (or
predict). The thermal conductivity is the transfer of heat via direct molecular
collisions between ions with higher thermal energy and those with lower thermal
energy, and this must be measured without the effect of convection (where the
heat is moved by bulkmovement of the liquid).Themost commonly used experi-
mental techniques are (i) the transient hot-wire method and (ii) the parallel-plate
method. In the first technique, a probe containing a heating element and a ther-
moresistor is inserted into the IL. The probe is then heated within the sample
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(by applying a current), and the temperature change of the probe is measured
[37]. To reduce the sample volumes required, this can be modified to the tran-
sient short-hot-wire method. In the parallel-plate method, a very thin sample of
IL (to produce one-dimensional heat conduction, without convection) is placed
between two plates and subjected to a constant temperature gradient [38].
Looking at some typical values for ILs, the thermal conductivity of a series of

[C(CN)3]−- and [B(CN)4]−-based ILs with alkyl-imidazolium cations, measured
using the parallel-plate method, range from 0.15 to 0.2 W (m ⋅K)−1 [39]. (For
comparison, the thermal conductivity of water is around 0.6W (m ⋅K)−1, but this
is not suitable as a heat-transfer fluid as it does not have a wide enough liquid
range and is too volatile.)The thermal conductivity of these ILs decreases slightly
with increasing temperature, which is also a common trend.
The heat capacity, Cp (subscript p indicates measured at constant pressure),

of an IL is the quantity of heat required to raise the temperature by 1 K. This is
quoted as either a molar heat capacity (per mole of IL) or a specific heat capacity
(per unit weight of IL). In the IL field, this property is most often measured to
investigate their potential application as heat-transfer fluids, but heat capacity
is also related to several other thermodynamic properties, such as entropy and
enthalpy, and thus helps us to investigate and model other thermophysical
properties of ILs. Heat capacity can be measured calorimetrically, for example,
using DSC or modulated DSC [40, 41]. The molar heat capacity generally
increases linearly with the molar mass and molar volume of the IL [42, 43];
as the cations and/or anions of an IL get larger and heavier (e.g. moving from
triflate to [NTf2]−), they contain more bonds within which to store thermal
energy and have more degrees of freedom, and thus Cp increases. Knowledge
of the relationship between Cp and the mass or the molar volume can also be
used as a basis for computational prediction of Cp for different ILs, by using
group contribution methods, quantitative structure–property relationships
(QSPR), and so on. An introduction to computational modeling of ILs is given in
Section 3.7.

5.3 Surface and Tribological Properties

The surface tension 𝛾 is an important property of all liquids, and ionic liquids
are no exception. Very broadly their surface tensions fall in the region between
30 and 50 mN m−1 (Table 5.1). (Note that the units of surface tension are those
of a force per unit of distance, but that they can also be expressed as a surface
energy (in J m−2); numerically these are the same since 1 Nm−1 = 1 J m−2). To put
this range in perspective, water has a surface tension of ∼72 mN m−1, while for
ethanol 𝛾 = 22 and for toluene 𝛾 = 28 mN m−1. In both ionic liquid and molec-
ular liquids, long alkyl chains and other hydrophobic groups such as [CF3SO3]−
tend to produce low surface tensions, due to the low cohesive energy that such
liquids exhibit. It is interesting to note that the strong Coulombic forces that exist
in ionic liquids and produce very low vapor pressures do not produce large sur-
face tensions compared, for example, to water, which is dominated by the strong
H-bonding in its liquid state.
One of the important practical manifestations of surface tension is the phe-

nomenon of ‘wetting’ by which a liquid spreads onto the surface of a solid or
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Table 5.1 Surface tension (𝛾) of ionic liquids at 20 ∘C (in mN m−1).

Cation/anion [BF4]− [PF6]− [NTf2]− [CF3SO3]−

[C2mim]+ 54.6 – 36.6 40.7
[C4mim]+ 44.8 44.1 33.6 35.5
[C6mim]+ 38.5 39.0 31.8 32.6
[C8mim]+ 34.1 35.2 31.9 –

Source: Data from Ref. [44] or from ILThermo database.

another liquid [45]. This is often described in terms of the contact angle 𝜃 which
a droplet of the liquid makes in contact with the surface, as given by Young’s
equation:

cos 𝜃 =
𝛾SV − 𝛾SL

𝛾LV
(5.3)

where now we have specified the interface that the surface tension refers to,
SV= solid–vapor, SL= solid–liquid, and LV= liquid–vapor. As we can see from
Table 5.1, a range of wetting behaviors can be expected for ILs given the range
of surface tensions (𝛾LV values) that they have. This has practical implications
for applications of ILs in electrochemistry (wetting of electrode surfaces),
chromatography (wetting of column materials), and various types of supported
membranes and surface coatings [46].
Tribology is broadly the science of surfaces moving relative to each other. It

includes practically important phenomena such as friction, lubrication, andwear.
The energy cost of friction in transportation is enormous, and the secondary
effect is usually the wear of components that ultimately need replacement. Thus
there is a constant search for improvedmaterials that can reduce frictional energy
losses without increasing wear.The tribological properties of ILs have been stud-
ied extensively. A good review was published by Somers et al. [47]. Their intrin-
sic viscosity coupled with excellent chemical and thermal stability makes them
immediately attractive as lubricants for a variety of applications.
At low loads pushing the two solid surfaces towards one another, the role

of the lubricant is simply to provide a fluid buffer to keep the surfaces apart.
Specific absorption of one or other of the ionic liquid ions to the surface can
assist in forming a semistatic surface film that protects the surface. These
effects are purely physical in origin. At higher loads, often referred to as the
extreme pressure regime, the conditions of pressure and local temperature, and
potentially also metal-on-metal contact, cause chemical processes to occur.
These can include breakdown of the lubricant and/or reaction of the lubricant
with themetal surface.Where these reactions produce a solid film on the surface,
this can protect against further wear or reaction. Such protective tribofilms
are therefore an important property of a lubricant for these conditions. The
chemical variation that is possible with ILs opens up a range of possibilities in
this regard, as explored extensively by Shah et al. [48]. For example, a family of
novel orthoborate ILs was shown to provide superior friction characteristics
for steel bearing on an aluminum surface, compared to standard lubricant oils,
and it was speculated that this was due to the formation of a hard and durable
surface film on the aluminum alloy surface.
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Atkin et al. have also made use of the charged nature of the IL species by
demonstrating ‘tribotronic’ control of friction on a gold surface, in which
charging the surface allows control of the absorption of ions on the surface,
which in turn modulates the tribological properties of the surface [49].
A further variation on the use of these properties in tribological applications

involves the use of the IL as an additive at up 1–10 mol% in otherwise standard
lubricant oils. In fact, this mode of application is likely to become one of themore
significant ones in the future due to the sheer size of the market for advanced
lubricants and their importance in lowering energy costs. However, achieving
the required levels of solubility of the IL component in the base oil is a challenge
due to the highly hydrophobic nature of the oils and the need for the solubility to
be maintained in use over a very wide range of temperatures. Somers et al. [50]
have described some novel ILs based on the quite ‘oily’ [P6,6,6,14]+ cation, which
shows the potential of such additives.

5.4 Transport Properties and their Inter-relationships

The transport properties are a group of properties that all relate to the move-
ment of species in the IL, in other words mass transport. In all cases except
self-diffusion, mass transport is a response to some external influence or force
that impacts on the natural thermal movements of the ions. So to understand
these transport properties, and how they relate to each other, it is useful to begin
by understanding thermal motions and self-diffusion.
Ions are always in motion to some degree in the liquid state, by definition. The

kinetic energy Ek of motion of the individual ions is simply related to their veloc-
ities v and their masses m by the usual equation Ek = 1/2 mv2. Summing this
energy over all of the ions (which have slightly different velocities) produces a
total kinetic energy that is related to the temperature of the liquid. This thermal
energy is fed into the liquid when it melts; it makes up a part of the enthalpy of
fusion. Further heating increases this energy; this is measured as the ‘heat capac-
ity’ of the liquid. Self-diffusion is the phenomenon that arises from thesemotions,
whereby any molecule (e.g. as observed by introducing a radioactively labeled
molecule into the liquid) can be observed to move randomly throughout the vol-
ume of liquid. This leads to the transport properties that we will discuss in this
section.
Transport properties are a critical aspect of the overall properties of any IL. As

ILs are often more viscous than ordinary solvents or electrolytes, this immedi-
ately creates a possible limitation in terms of using them as media for chemical
or electrochemical applications. However, given their special solvation proper-
ties, this limitation is not always as serious as it may initially seem. It is certainly
always possible to overcome this limitation, in part, simply by increasing the tem-
perature. Nonetheless, transport properties have always been a key focus of the
characterization efforts and they can even reveal aspects of the local structure in
the liquid.
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The three main transport properties of an IL are viscosity, conductivity, and
diffusion. These are bulk properties, each of which represents a response to a
‘force’:

• Viscosity, 𝜂, relates flow to the magnitude of a shearing force that is applied to
the liquid;

• Conductivity, 𝜎, relates ion movement to the magnitude of an external electric
field;

• Diffusivity,D, relates the movement of a species in response to a gradient in its
concentration, via Fick’s Law: Flux = −D dc

dx
.

The last of these does not look like a response to a force, but at a more detailed
level it is a response to a gradient in chemical potential (free energy), and this
behaves as a force. Actually it is a statistical effect: there are more molecules
available to move down a concentration gradient from high to low, than are avail-
able to move up it, from low to high.The related phenomenon of self-diffusion is
simply a reflection of the fact that amobile species in a liquid can eventuallymove
to every part of the container; self-diffusion can be observed by adding a small
amount of a radioactive isotope of one of the species so that it can be located
within the liquid by its radioactive emissions.
Although these three responses seem very different, they can all be related to a

more fundamental concept of a frictional force f , which impedes the movement
of objects, including ions or molecules, in the liquid. Stokes originally developed
this concept to explain viscous flow, showing that

f = aπ𝜂r (5.4)

where r is the radius of a spherical object moving through the liquid, 𝜂 is
the viscosity, and a is a number between 4 and 6 depending on the nature of
the interaction at the surface of the objects. Einstein then related this to the
self-diffusion, or diffusivity Di, of individual molecules or ions, producing the
famous Stokes–Einstein relationship

Di =
kBT
aπ𝜂ri

(5.5)

which shows that, for a given viscosity (which of course is a property of the whole
liquid), individual ions or molecules will diffuse at a rate determined mostly by
the inverse of their size.
A similar analysis of the motion of an ion in an electric field yields

Di =
uikBT
ezi

(5.6)

where ezi is the charge on the ion type i (e= charge on an electron in coulombs,
z= the valence of the ion i), and ui is its electric mobility in an electric field in
the liquid (units m2 V−1 s−1). Since in most experiments it is the total conductiv-
ity of all ions together that is measured, this is related to the individual electric
mobilities by

𝜎 =
∑
i
eziniui (5.7)
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where ni is the number of each ion type (m−3). Combining these last two
equations gives us

𝜎 = 1
kBT

∑
i
(ezi)2niDi (5.8)

At the moment this relationship is expressed in terms of the number of
individual ions and their charges. If we convert to molar units using c= n/NA,
R=NAkB, and F=NAe (where NA, R, and F are Avogadro’s number, the gas
constant, and Faraday’s constant, respectively), then we get a more familiar form
of this equation, which is often called the Nernst–Einstein relation

𝜎 = 1
RT

∑
i
(Fzi)2ciDi (5.9)

So, to summarize, the transport properties of an IL including conductivity and
viscosity are related to each other through the molecular level diffusivity of the
species. Finally, one can eliminate Di from Eqs. (5.9) and (5.5) to produce a link
between the two easily measurable quantities 𝜎 and 𝜂:

𝜎 = 1
NA

∑
i

(Fzi)2ci
aπ𝜂ri

(5.10)

or for an IL of singly charged cation and anion

𝜎 = Bc
𝜂

(5.11)

or
Λ = B

𝜂
(5.12)

where Λ is the molar conductivity, and B = 1
NA

∑
i
F2

aπri
is a constant for any

given ionic liquid. Equation (5.12) is a relationship that Walden first observed
empirically and was later given this theoretical foundation via the insights of
Einstein and others in the early 1900s. It has more recently become known as
the Walden Rule.
Typical viscosity and ionic conductivity data for the commonly used ILs are

summarized in Tables 5.2 and 5.3. It is important to note that, in comparing data
for these transport properties from sample to sample and laboratory to labora-
tory, a wide range of literature values can be found; ±10% would not be unusual.
This usually reflects differences in the methods of measurement and purity of the
samples.This lack of consistency also usually lies well outside the reported uncer-
tainty of the data. Databases such as ILThermo go to considerable lengths to iden-
tify the more reliable sources, but nonetheless issues arising from the presence
of impurities can remain. For this reason, it is unwise to place strong emphasis
on relatively small differences when comparing ILs, and accordingly the data in
Tables 5.2 and 5.3 have been rounded to two significant figures.
IL viscosity ranges from a low of ∼20 mPa⋅s to many hundreds of mPa⋅s

(i.e. quite viscous). Conductivity ranges from as high as 20 mS cm−1 down to
1 mS cm−1 and lower. Generally, the larger and more massive the ions, the less
mobile the species. Larger ions means fewer ions per unit volume to diffuse
or conduct, and longer alkyl chains create more entanglement. Comparison of
[C4mpyr]+ and [C4mim]+, which are very similar in mass and size, is informative
as regards interaction effects. The latter exhibits charge delocalization around
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Table 5.2 Viscosity for various ILs in mPa.s at T = 25 ∘C.

[C2mim]+ [C4mim]+ [C6mim]+ [C4mpyr]+

[N(SO2F)2]− 25 33 – –
[NTf2]− 28 51 68 77
[N(SO2C2F5)2]− 61 77 – –
[BF4]− 43 220 310 (20 ∘C) –
[PF6]− – 450 590 –
[efap]− 61 100 (20 ∘C) 88 290
[SCN]− 22 52 – 110
[N(CN)2]− 21 32 – 35
[C(CN)3]− 18 33 (20 ∘C) – 21 (35 ∘C)
[B(CN)4]− 19 40 50 –

Source: Data from Ref. [51].

Table 5.3 Ionic conductivities of various ILs in mS/cm at T = 25 ∘C.

[C2mim]+ [C4mim]+ [C4mpyr]+

[N(SO2F)2]− 15 – –
[NTf2]− 9.2 4.0 2.8
[N(SO2C2F5)2]− 3.4 – –
[BF4]− 14 – –
[PF6]− 5.2 – –
[efap]− 4.4 (20 ∘C) 2.3 0.9
[SCN]− 22 – –
[N(CN)2]− 27 (20 ∘C) – 13
[C(CN)3]− 18 (20 ∘C) – –
[B(CN)4]− 16 4 –

Source: Data from Ref. [51].

the ring, weakening the Coulombic interactions with the surrounding cations.
The geometry of the former provides a degree of shielding of the charge at
the nitrogen by the surrounding alkyl groups, but clearly this effect is not as
substantial in increasing conductivity and decreasing viscosity as the charge
delocalization on the imidazolium ring.
[C2mim]+ is one of the champion cations in producing both low viscosity and

conductivity. An instructive observation regarding the special transport prop-
erties of [C2mim]+ is that the viscosity rises sharply when the C2 position is
changed from C-H to C-Me. A recent investigation of the origins of this sug-
gested that the relatively unhindered area of the cation around the C2 position
creates a low-energy pathway for facile motion of the anon around this region of
the cation [52], as shown in Figure 5.9. Substituting the methyl group onto the
C2 position creates the need to follow a higher energy pathway for anion motion
past the cation (to which it is of course strongly attracted by coulombic forces)
and therefore higher viscosity and lower conductivity.
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Figure 5.9 Potential energy profile calculated by ab initio computational methods during the
motion of an iodide ion from one face (behind) to the other (in front) of the imidazolium ring.
The maxima at around 160 and 240 ∘ represent the highest barriers (∼16 kJ mol−1) to the
motion. The equivalent barrier in dimethylethylimidazolium iodide is >40 kJ mol−1.
(Izgorodina et al. 2011 [52]. Reproduced with permission of American Chemical Society.)

Among the anions, it is clear that the small charge-delocalized ions such as
[N(CN)2]− (also known as [dca]−), have the lowest viscosities and highest con-
ductivities. As discussed further below, the combination of some of these small
anions with large, in particular tetraalkylphosphonium, cations can produce ion
pairing, and hence conductivity can be less than would be expected from the
Walden Rule.

5.4.1 Temperature Dependence of Transport Properties

As introduced in Section 5.2, an empirical equation known the Vogel–Tamman–
Fulcher (VTF) equation is commonly used to describe the temperature depen-
dence of transport data of ILs in the region between Tg and 2Tg (approximately):

P(T) = Pinfe
− B

R(T−T0 ) (5.13)
where Pinf and B are empirical constants, and T0 is the ideal glass transition
temperature. At temperatures above this range, the T0 factor becomes increas-
ingly less important (because T ≫T0) and the equation takes on the form of the
well-known Arrhenius equation for transport properties:

P(T) = Pinfe
− Ea

RT (5.14)
whereEa is a true activation energy.On a plot of lnP(T) versus 1/T , theArrhenius
equation (5.14) should produce a straight line of slope Ea/R, and from this the
activation energy for the process can be obtained. At lower temperatures, where
the T – T0 term in Eq. (5.13) becomes more important, the data then curves
toward ±∞ as T→T0.
B in this equation is often thought of as a ‘pseudo’ activation energy. More pre-

cisely, it describes the slope of a tangent to the curve on a ln P(T) versus 1/T plot,
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and, as this function is continuously curving, the tangent is continuously chang-
ing – decreasing with increasing temperature. In terms of an activation energy
barrier concept for transport, this indicates that the activation barrier is continu-
ously decreasing toward a high-temperature limit, which is then correctly called
the ‘activation energy’ Ea.

Concept Toolbox: Impedance and Conductivity

Conductivity is usually measured using a cell that contains two parallel electrodes (plates
or wires) of which the temperature can be tightly controlled (±1 ∘C maximum), as conduc-
tivity is highly dependent on the temperature. Measurement of conductivity is essentially
a measurement of the current flowing at some value of applied potential; however, with
a fixed voltage the current will typically change over time because of a number of possi-
ble electrode effects. To avoid these problems, it is usual to use alternating current (AC)
techniques. Electrochemical impedance spectroscopy (EIS) (or equivalent multifrequency
impedance/conductivity measurement) is the most common characterization technique.
This technique applies a small alternating voltage signal to the sample over a range of
frequencies f and measures the AC response. The electrode effects are usually separated
out in this technique because of their different frequency responses. The conductivity
response usually corresponds to a higher frequency domain than the electrode effects.
The measured data can be plotted in a number of ways, including ‘Bode Plots’ of log |Z|
versus log f and log(phase angle) versus log f , or ‘Nyquist plots’ of the imaginary part
of Z versus real part of Z; these are also often called impedance plane plots. The latter is
very commonly used because the electrolyte and electrode features can usually be quite
easily discriminated. The electrolyte conductivity is then observed from the value of the
resistance at the high-frequency ‘touchdown’, as shown in Figure 5.10.
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(Continued)

The impedance Z determined from EIS is in the form of a vector (amplitude and phase
angle, or real and imaginary parts), and the understanding and theory of this sort of data
is derived from the electrical engineering theory of electronic circuits. In fact, ‘equivalent
circuits’ made up of capacitors and resistors are often used to model the data, and such a
circuit made from high-accuracy components is usually used to calibrate the instrument
on a regular basis. For example, Figure 5.10 is a modeled response for a 4000 Ω electrolyte
resistance. The high-frequency arc on the left-hand side is caused by the dielectric
relaxation of the ions as they try to keep up with the rapidly alternating field. The
low-frequency arc (toward the right-hand side of Figure 5.10) is caused by the electrodes,
including any electrochemical processes (which can appear as a resistance – often called
the charge-transfer resistance) and the double-layer capacitance. Where the frequency
responses of the electrolyte and electrodes are different, they can be seen as separated
arcs with quite a sharp approach to the real axis (referred to as the ‘touchdown’), the
resistance of which is the electrolyte resistance Rel that we seek to extract from this data.
Where the touchdown is as obvious as it is in the figure, then visual inspection of the plot
or the data is sufficient to find the value of Rel.

Note that where the touchdown is quite indistinct, we must either record a higher
uncertainty against the derived data point or resort to curve-fitting routines that fit
equivalent circuits to the data. Many modern instruments have such curve-fitting
routines as part of their software packages, and for consistency this is recommended in
most cases. The error in the value produced from this curve-fitting exercise is less clear,
and it is recommended that repeat runs be carried out so that replicate values can be
obtained and thereby a mean and standard deviation reported.

5.4.2 Ionicity and theWalden Plot

In addition to being a practically important quantity, the conductivity of an IL
provides very useful insight into structure at the molecular level. The conceptu-
ally simplest approach involves using Eq. (5.9) under circumstances where the
diffusion coefficients can be directly measured, usually by multinuclear NMR
(nuclear magnetic resonance) techniques. This is the case only for ILs where dif-
ferent NMR-active nuclei can be used to determine D for the anion and cation
separately. From the NMR data and Eq. (5.9), a conductivity, 𝜎NMR, can then be
predicted. This is almost always larger than the measured value from impedance
data, 𝜎IMP.Thedifference is attributed the fact that some subset of the ionsmay be
involved in ion pairs or larger clusters of ions for a significant part of the timescale
of either measurement. Such pairs are neutral and as such their movement can
contribute to the measured diffusion response, but they do not respond to an
electric field. So they are ‘missing’ from the conduction response, and it records
a lower value.The ratio 𝜎IMP/𝜎NMR (or themolar conductivity ratioΛIMP/ΛNMR as
used in some papers) is thus a measure of such pairing or clustering interactions
[53, 54]. This has been called the degree of ionicity, or just simply the ‘ionicity’ I
in the IL field; its inverse has long been known as the ‘Haven ratio’ in the field of
solid-state conductors. Ionicity should approach 1 for an ‘ideal ionic liquid’ – in
fact, this has been taken as the definition of such an ideal IL. Few real systems,
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even among simple molten salts, achieve this idealized state, but they do reach
as high as I = 0.75–0.8; that is 75–80% ‘ionic’. On the other hand, there are many
systems that are quite strongly associated, as discussed further in the following.
Determination of ionicity is limited by the applicability of the NMR pulsed

field gradient methodology to a relatively small family of ILs. A more broadly
applicable approach invokes the Walden Rule (Eq. 5.12) to compare molar
conductivities at similar viscosities. Angell et al. [4] popularized its use with
ILs, using the ‘Walden Plot’ of log Λ versus log (1/𝜂) to reduce large amounts of
easily obtained data onto a single plot and compare them with reference data
obtained from dilute aqueous solutions. It is usually thought that dilute aqueous
KCl solutions contain similarly sized, largely independent mobile ions, hence
ionicity approaches 1 in this case, so this provides a good point of reference on
such a plot (Figure 5.11).
On this Walden plot, each line represents data for a range of temperatures,

increasing toward the top right. What we see is that some ILs are located quite
close to the reference line, indicating an almost surprising degree of indepen-
dence of the ions (or lack of association).On the other hand, those that are located
quite far below the line show a strong degree of ion association. To emphasize the
scale of this effect, it is quite common to include a 10% line, which lies one log unit
below the reference line.This line indicates the situationwhere themolar conduc-
tivity is only 1/10th, or 10%, of that expected based on the Walden Rule. This is
quite a surprising result; it means that most of the ions are involved in strong and
directional interactions, like hydrogen bonds, which limit their ability to respond
to an electric field. From the point of view of an ion-conductive material, this not
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Figure 5.11 Walden plot of molar conductivity versus inverse viscosity for a range of ionic
liquids. (Data from MacFarlane et al. 2009 [54].)
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a desirable effect! On the other hand, it may reflect structures in the liquid that
might influence the solubility of other molecules in a positive way.

5.4.2.1 Modeling the Transport Properties of ILs.
As introduced in Chapter 1, the modeling of a liquid such as an IL can take a
number of approaches:
• Molecular-level simulation and use of statistical thermodynamics to predict

bulk properties. Approaches to this include the various quantum chemical
modeling techniques as well as molecular dynamics;

• Bulk-level correlations of properties to molecular level descriptors. QSPR is
one such approach;

• Phenomenological correlations in data, for example, melting points, that can
be used to make predictions.
The last of these is the simplest approach to ‘modeling’, where we correlate the

data for a number of systems to some other property that might be an underly-
ing factor that determines the property. One example is the simple correlation
studied by Slattery et al. [55], showing that one of the determining factors in
the transport properties is the molar volume of the ions in the salt. As shown
in Figure 5.12, both conductivity and viscosity are strong functions of the size of
the ions (note the logarithmic scales), although they follow different trend lines
in different families. This type of correlation of transport properties with molar
volume is qualitatively expected based on free volume models of liquids.
QSPR models [56] are effectively a regression fit of data for some property, for

example, density, for a reasonably large set of compounds (typically>20) to some
molecular descriptors of the compounds. This set is often called the ‘training
set’. One approach to such descriptors is the group contribution – in other
words, breaking the compound down into a series of fragments (e.g. –CH2–
groups) and functional groups (e.g. –OH) and counting these. For example,
monoethanolammonium might be presented as 1 × NH3

+, 2 × CH2, and 1 ×
–OH. The QSPR regression ‘fit’ of the property data to these descriptors for
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Figure 5.12 Correlations between (a) molecular volume and viscosity and (b) molecular
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(Reproduced from Slattery et al. 2007 [55].)
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the training set of molecules produces a function that will predict the property
data for any molecule that can be reduced to these descriptors. Usually, some
known data is held back from the training set so that it can be used as a check
of the predictive accuracy of the model – in other words, does it produce good
results for known cases? If not, then the descriptors are not doing a good job in
identifying the key features that determine the property; this in itself is useful
information, and new or additional descriptors are needed. If the validation data
is well predicted, then we can use the model to predict the property for other
compounds, perhaps not yet synthesized, that could be of interest. Usually,
whether the data is well predicted or not is a matter of acceptable error. It is also
important to recognize when a molecule has features that are clearly new com-
pared to the group contributions that are being used, for example, introducing
a –SH functionality if this has not previously been part of the training set.
This type of modeling has been used extensively in ILs wherever sufficiently

large datasets are available; a good overview of this is available [56]. Taking vis-
cosity as an important example, Mirkhani and Gharagheizi [57] used a dataset
containing 146 cations and 39 anions, over a range of temperatures, to provide a
model that was of broad use in allowing the estimation of viscosities of a variety
of ILs not yet made.
Movement of molecules is intrinsic to the liquid state, so the next level of

sophistication in modeling the properties of an IL is molecular dynamics (MD)
simulations which treat the molecules and their motions explicitly, as explained
inmore detail in Chapter 3. A number of research groups are now able to provide
good molecular-level insights into the dynamic properties of ILs. Using the sim-
ple relationship between themean radial distance traveled,<r>, and the diffusion
coefficient <r>2 = 6Dt (where t= time), it is possible to calculate a diffusion
coefficient in a simulation. Using the ‘current–current correlation function’
from statistical mechanics, the ionic conductivity can also be directly calculated.
Viscosity is more problematic, as the real phenomenon involves a shearing force
that causes different degrees of motion across a sample of the liquid, that is,
the system is not in an equilibrium state. Methods involving correlations with
pressure or momentum that can be observed in an equilibrium simulation have
been used [58]. NonequilibriumMDmethods are also available [58].
At a more detailed level, it has become possible to carry out reasonably

high-level quantum calculations of molecular structures and interactions step
by step within a molecular dynamics simulation. This improves the accuracy of
a simulation considerably, as it calculates exactly the changing geometry of a
molecule as it moves and interacts with its neighbors. The development of such
techniques provides a clear signpost to the future, where increased computing
power and more streamlined algorithms will allow accurate quantum chemical
calculations to be carried out in large and complex MD systems.
For further reading, see the articles by Batista et al. [58] and Magin [59].

5.5 Properties of Ionic Liquid Mixtures

While the exploration of new IL-forming compounds continues apace, there is
much to be gained in terms of tuning properties by mixing ionic liquids with
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each other. Recall that our definition of ILs in Chapter 1 carefully avoided spec-
ifying only one component salt, so we are entitled to mix up as many salts as
we like. Importantly, the salts involved do not even have to be ILs in their pure
states –mixtures often have lowered melting points and therefore the formation
of liquids may be possible where simple salt components have higher melting
points. The result can be very useful in terms of achieving a blend of properties,
in particular solvency properties that combine elements of the properties of the
pure salts. This opens up the field of ILs considerably, and it is worth noting here
that there is an increasing focus in the battery electrolytes area onmixtures where
the majority component salt is a crystalline metal cation salt such as Li[fsi]; these
electrolytes have been reviewed recently by Forsyth et al. [60]
An IL mixture can consist of two or more ILs; however, much of the litera-

ture has focused on mixing two ILs, referring to them as binary mixtures. In a
binary mixture, the ILs can be chosen in three different ways: (i) two ILs sharing
the same cation but different anions; (ii) two ILs sharing the same type of anion
but different cations; or (iii) two ILs composed of two different cations and two
different anions.
Themajority of IL mixtures exhibit close to ideal mixing behavior. Ideal behav-

ior in this context indicates that the properties of the mixture are a simple com-
bination, or weighted average, of those of the component ILs. However, there are
some cases where slight deviations (also called nonideality) are observed, and this
is usually due to factors such as differences in the size of the ions, the strength
of bonding between them, or their ability of pack efficiently [61]. This section
describes some examples in which ideal and nonideal behaviors of IL mixtures
are observed in their thermal and physical properties.
A good review of this field has been published by Niedermeyer et al. [61] A

useful handbook of data and property models for a wide range of IL mixtures is
available [62].

5.5.1 Thermal Properties

5.5.1.1 Melting Behavior of Mixtures of Salts and the Entropy of Mixing
Ionic liquids made up of a mixture of several salts exhibit complex freez-
ing/melting behavior, which is important to understand for a wide range of
applications. This applies equally to a mixture of two ILs as well as to a higher
melting salt dissolved in an IL. We can look at the behavior of a mixture of
two salts A and B in more detail. To begin with, here we will assume that the
two salts do not form ‘solid solutions’ with each other, that is, the only crystalline
phases that can be present are those of the two pure salts. We will also assume
that the two ILs are miscible in the liquid phase (this is, of course, not always
the case and can depend, for example, on the length of the cation alkyl chain)
[63]; the properties of liquid–liquid mixing/demixing and its use in separations
are discussed in Section 6.2. Under these circumstances, the melting behavior is
often summarized in a plot such as that shown in Figure 5.13. The origins of the
various features of this plot are described in the following.
Simple thermodynamics predicts a lowering of themelting point of a pure com-

pound if there is a second component dissolved in the liquid with which it is in
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equilibrium. It is worth understanding the origins of this effect, at least qualita-
tively. When two compounds form a liquid mixture, there is a positive entropy
of mixing because of the extra degree of randomness created when the two com-
pounds occupy the same combined volume. For a total of 1 mol of the salts, the
entropy of mixing is given by

ΔSmix = −R[xA ln xA + xB ln xB] (5.15)

where xA and xB are the mole fractions of the two salts, and R is the gas constant.
(This may look like ΔS is negative, but in fact because the mole fractions are <1,
the ln terms are negative.)
This entropy of mixing lowers the total free energy of the liquid mixture (i.e.

makes it more stable) and, referring to Figure 5.13 again, this will lower the ‘melt-
ing point’ of both of the solid components. As ΔSmix is composition-dependent,
as described by Eq. (5.15), overall this produces a melting temperature which is a
function of the composition. There can also be additional interaction effects on
mixing that produce a positive or negative ΔHmix.
Under these conditions, the melting transition is not a sharply fixed point in

temperature – and this is the reason why we have put the words ‘melting point’ in
quotation marks in the previous paragraph. Melting into a solution in fact takes
place over a range of temperatures, and this is very obvious in a thermal analy-
sis trace where the very sharp melting peak of a pure compound is replaced by
an upward-sweeping (i.e. endothermic) peak over a broad range of temperatures
before a sharp drop, indicating completion of the process.The temperature at the
top of the peak, where melting is almost complete, is called the ‘liquidus temper-
ature’. We should never use the phrase ‘melting point’ to describe such a peak
because it is not a single point in temperature.
The reason why the peak has the shape it does can be understood by thinking

through a cooling experiment with this mixture. Let us assume that freezing
begins readily, as soon as the temperature reaches temperature TL in Figure 5.13.
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At that point, some of our compound A wants to freeze, and in doing so leaves
behind a mixture that is more rich in B. Such a mixture will usually have a lower
TL (because of the melting point lowering effect of Eq. (5.15)), so only a fraction
of the compound A that is present freezes before a new equilibrium is reached.
On decreasing the temperature a little further, a little more of A freezes, and
yet another new equilibrium is reached at a new composition. If we were to
analyze the composition at each of these equilibrium points and plot it on our
two-component phase diagram, it would look something like Figure 5.13. This
line is called the ‘liquidus’ line and is a well-defined line of thermodynamic
equilibria.
In this simple experiment, we will assume that nothing else happens as we cool,

other than A gradually crystallizing. Eventually, as the temperature reaches close
to Tg of the mixture, the crystallization kinetics slows down and can no longer
reach the equilibrium state. At Tg, the composition becomes fixed. At this point
our mixture will contain a certain amount of crystalline A and a liquid mixture
containing the rest of A and all of B.The amounts of each can be worked out from
the well-known ‘Lever Rule’.
So, now let us heat the sample up; consider this process in terms of a number

of small steps. Once we are above Tg, the sample will try to reach equilibrium
at each new temperature, essentially trying to keep the composition of the liquid
phase as required by the liquidus line in Figure 5.13, so a small amount melts,
or, stated more accurately, dissolves into the existing solution. This requires the
input of a small amount of heat,which the thermal analysis instrument records.
This continues as we heat, and as we approach the final composition of the overall
mixture, the amount dissolving per temperature step becomes rapidly larger and
hence we see a rapidly upswinging peak, before a sudden completion and a fully
liquid state is achieved.
Such a ‘liquidus’ peak is characteristic of a mixture of two, three, or more com-

ponents and should always be described as such.

5.5.1.2 Eutectics
The example described thus far has assumed that only one of our components is
able to crystallize at any given composition. This is a relatively unusual case. In
the more general case, both components can crystallize at some point and the
same analysis as described so far can be applied to each crystalline phase, each
exhibiting a melting point lowering due to the presence of the other, as shown in
Figure 5.14. Where the liquidus lines meet, both components melt at the same
temperature. This is called the eutectic temperature TE. Below this temperature,
the sample will be a completely solid mixture of the two crystalline phases. If TE
is below room temperature, then a stable room-temperature IL mixture region
exists, even though both salts had melting points above room temperature. This
is a useful strategy in achieving novel IL properties. It is also one of the principles
behind the formation of deep eutectic solvent mixtures, as discussed further in
the following.
Consider an experiment where we carry out a heating DSC scan on a sample

of composition xe, the eutectic composition. As both phases melt at TE, the DSC
trace will show a single sharp peak at TE and the sample will become completely
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liquid at this point. The eutectic composition thus has a special role in each mix-
ture as being the composition at which the liquid state is stable to the lowest
possible temperature.
Now consider the DSC experiment of a sample having composition x2 in

Figure 5.14. On cooling, it begins to freeze at TL as described above. When T
reaches TE (and the residual solution has composition xe), the second com-
ponent begins to crystallize, in turn forcing all of the remaining A component
to crystallize. Once again, the sample is a totally crystallized mixture of the
two solid phases, with overall composition x2. Warming this in the DSC will
produce a sharp peak at TE; however, not all of component A melts, only a
sufficient amount to generate a liquid of the eutectic composition. On continued
heating, the trace rises to a sharp peak at TL. This eutectic–liquidus peak
combination is characteristic of most mixtures. This eutectic peak appears at
most compositions, except when the mixture is very highly concentrated in one
component (i.e. close to the edges of the diagram), where it becomes very small.
Thus, the solid horizontal line can be drawn across the diagram at TL, labeled
the Eutectic line.
An example of this type of eutectic behavior can be observed in mixtures

of [PF6]−-based ILs composed of [C2mim]+ and 1-ethyl-2-methylpyrazolium
[C2mpz]+ cations [64]. At amolar ratio of 47 : 53 of [C2mim][PF6] : [C2mpz][PF6],
a eutectic point is observed for the pure mixture at 23 ∘C, which is significantly
lower than the melting point of the two individual ILs (Tm[C2mim][PF6]= 61 ∘C;
Tm[C2mpz][PF6]= 79 ∘C).
More complexmulticomponentmixtures (e.g. three salts) are easy tomake and

exhibit features similar, in principle, to the binary systems. A single multicompo-
nent eutectic point is usually present, although it can be difficult to find.
A not uncommon additional circumstance that can arise is where a unique

crystalline phase forms from a combination of the components. For example, if
we mixMX and NX, it is possible that MNX2 crystallizes as a unique compound,
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for example, the well-known salt Fe(NH4)2(SO4)2, which can be prepared by
mixing FeSO4 and (NH4)2SO4. Such a compound would exhibit a single, sharp
melting point at the appropriate composition in the phase diagram.We can then
analyze the regions on either side of this composition, thinking of it in terms of
mixtures of the new compound with the other components.
It is very important to note that in the mixture of two salts MX and NY,

crystalline phases MY and NX are also possible. The liquid state formed has
no memory of which salts were used to make it up. Thus the phase diagram of
such a system can be more complex than expected. Whichever pair of salts has
the highest melting point will usually dominate this situation, but if they are
all similar, then careful analysis of the species crystallizing will be needed, and
time-dependent behavior may also be apparent.

5.5.2 Excess Molar Volume (VE)

The excess molar volume (V E) of an IL mixture is defined as the difference
between the measured molar volume of a mixture and that expected on the
basis of a simple addition of the two pure liquid volumes [65]. The expected, or
‘ideal mixing’, value of the molar volume can be calculated from the individual
density and mass fraction of each IL component in the mixture. If the ions are
able to pack more efficiently in the mixture than in their pure state, because
of their geometries or interactions, V E will be negative. Imagine, for example,
that we take a box of marbles and put into it some small ball bearings. The ball
bearings will tend to occupy spaces naturally existing between the marbles,
and the net result is that the combined volume is less than the sum of the two
individual volumes. Water–ethanol mixtures are a well-known example where
this is observed.
V E can also be positive, if repulsions and packing are not favourable in themix-

ture; this is usually a sign that the mixture is close to immiscible. For example, if
we introduce a box of large match sticks into our box of marbles and shake to
mix, we will observe that the final volume is bigger than the combined volumes
because neither the match sticks nor the marbles are able to pack as efficiently as
they can on their own. This produces a positive excess volume of mixing.
An example of the volume behavior onmixing has been illustrated byCanongia

Lopes et al. [66], who studied binary mixtures of the following ILs:
1) [C4mim][NTf2]+ [C4mim][PF6]
2) [C4mim][PF6]+ [C4mim][BF4]
3) [C4mim][BF4]+ [C4mim][NTf2]
The excess volume calculated for 1 and 2 was 0.12 cm3 mol−1, while the

excess volume calculated for 3 was 0.28 cm3 mol−1. To put these numbers in
perspective, the total molar volume (= molar mass/density) for [C4mim][PF6]
is 207 cm3 mol−1 and for [C4mim][NTf2] it is 293 cm3 mol−1. So while only
slight deviations from ideality were observed for the former two systems, a
larger excess volume was observed with the latter. This may be attributed to the
difference in the size of the anions; that is, the [NTf2]− anion is the largest anion
in this case (and is also nonspherical), while the [BF4]− anion is the smallest,
thus mixture 3 has the largest variation in terms of packing efficiency.
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An example of large excess volumes and less ideal mixing is the addition
of [C4mim][MeSO4] to methyldiazabicycloundecenium [Me-DBU][NTf2]
(Figure 5.15) [67].This can be considered in terms of the changes in cation/anion
interactions in their immediate solvation spheres. In a simple binary mixture,
which consists of a common cation and two different anions, the anions are
surrounded by the same solvation sphere of cations as they were in the original
individual ILs. Therefore, mixing effects primarily result from changes to
the second solvation sphere (with weaker and longer range interactions). In
contrast, in mixtures of two different cations and two different anions, for
example, [C4mim][MeSO4]+ [Me-DBU][NTf2], the first solvation spheres are
significantly different from those of the original ILs, leading to larger excess
volumes on mixing [67].

5.5.3 Viscosity

When a second IL is introduced to an IL to create a binary mixture, the trends
in viscosity are usually nonlinear between the values for the two pure liquids.
This nonlinearity is more significant when the difference between the viscosities
of the two original ILs is greater. The viscosity data can usually be fitted using
a simple mixing model (Eq. 5.16) [68], which applies to many liquid systems, to
gain a qualitative measure of the degree to which mixing is ideal:

log(𝜂Vm) = x log(𝜂1Vm1) + (1 − x) log(𝜂2Vm2) (5.16)

where Vm represents the molar volume, and 𝜂1 and 𝜂2 are the viscosities of each
component. Most IL mixtures can be fitted using this model and only minor
deviations are observed, for instance, in the mixtures of [C4mim][OTf] and
[C4mim][NTf2] [67].
For mixtures where the molar volumes of the two ILs are similar, the Vm terms

in Eq. (5.16) nearly cancel out and a simpler version then becomes useful [65,
69, 70]:

log(𝜂) = x log(𝜂1) + (1 − x) log(𝜂2) (5.17)

Where larger deviations from Eq. (5.16) are observed, for example, in mixtures
of [C4mim]Cl and [C4mim][OTf] [67], an additional parameter f can be included
(Eq. 5.18) [71]:

log 𝜂Vm = x log 𝜂1Vm1 + (1 − x) log 𝜂2Vm2 + x(1 − x)
(

f
RT

)
(5.18)

This additional parameter allows a good description of most IL mixtures.
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Figure 5.16 Viscosity data for mixtures of [C4mim][Me2PO4] and [C4mim][NTf2] fitted to Eq.
(5.16) (dashed line) and Eq. (5.18) (solid line). (Clough et al. 2015 [67].)

Nevertheless, there are rare cases when the viscosity behavior of a binary
mixture cannot be well fitted using any of these equations. This can often be the
case when a mixture consists of components with very different ion sizes and
shapes. Figure 5.16 illustrates the viscosity of mixtures of [C4mim][Me2PO4]
and [C4mim][NTf2] at various mole fractions, fitted using Eqs. (5.16) and (5.18)
[67]. It is evident that the mixture deviates from both fits, displaying a nonideal
behavior.

5.5.4 Conductivity

There is a general correlation between viscosity and conductivity, and hence using
an equation of similar form to that of Eq. (5.16) and recognizing that Λ= 𝜎⋅Vm,
we can fit conductivity data by

logΛ = x logΛ1 + (1 − x) logΛ2 (5.19)

As for Eq. (5.16), when the molar volumes of the ILs are similar, Eq. (5.19) can
be simplified to

log 𝜎 = x log 𝜎1 + (1 − x) log 𝜎2 (5.20)

Given that in most ILs the conductivity and viscosity of ILs are related via
the Stokes–Einstein equation, one would expect that an ideal trend in viscosity
would also result in an ideal trend in conductivity. While this is true in most
cases, there are exceptions. For instance, while the deviation in conductivity from
Eqn 5.19 for mixtures of [C4mim][Me2PO4] and [C4mim][NTf2] is insignificant
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Figure 5.17 Molar conductivity data for mixtures of [C4mim][Me2PO4] and [C4mim][NTf2],
using both impedance spectroscopy (Λm, Imp) and the self-diffusion coefficients (Λm, NMR),
fitted to Eq. (5.19). (Clough et al. 2015 [67].)

(Figure 5.17), a more nonideal mixing in viscosity is observed for the same binary
mixture (Figure 5.16) [67].
In the rare case when a less ideal trend in conductivity or molar conductivity is

observed in binary mixtures, it appears that either mixing two different cations
[72] or mixing two different anions [73] can be responsible for the deviation.
Every et al. [73] suggest that often higher molar conductivity is observed in
binary mixtures due to the larger number of charge carriers introduced in the
system. For instance, in comparison to pure [C2mim][OTf], which appears to
be more aggregated, the addition of [C2mim][NTf2] breaks up these ion clusters
and thus increases the conductivity of the mixture, resulting in larger deviation
from Eq. (5.19).

5.5.5 Ionicity

Similar to pure ILs, the degree of ionicity can also be determined for binary
mixtures. Often the Walden plot is used to follow the degree of ion association
changes as a function of concentration, for example, on addition of different ILs to
[C3mpyr][NTf2], as shown in Figure 5.18 [65].The common starting point in each
mixture series is [C3mpyr][NTf2], indicated by the arrow.Mixingwith a very simi-
lar IL, such as [C4mpyr][NTf2], produces very little change in ionicity. In contrast,
mixing with the [dca]− IL results in a smooth transition toward higher ionicity, as
expected for this less associated IL.The largest change occurs in themixture with
[P6,6,6,14][NTf2] toward much lower values of ionicity. Nonetheless, the change is
relatively smooth, with no sign of synergistic effects on ion association.
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Figure 5.19 Deviations ΔW of the data from the ideal line in the Walden plot with increasing
concentrations of [NH4][SCN] in [C2mim][OAc] and [C2mim][EtOSO3]. (Pereiro et al. 2012 [74].
Reproduced with permission of Royal Society of Chemistry.)

High ionicities and positive synergistic effects have been observed upon
addition of [NH4][SCN] to ILs such as [C2mim][OAc] and [C2mim][EtOSO3],
(Figure 5.19) [74]. The deviation ΔW of the data from the ideal line in the
Walden plot can be used to indicate ionicity; ΔW = 0 implies complete ion dis-
sociation, while increasingly large values of ΔW indicate decreasing ionicity. At
around x= 0.33, a strong minimum in ΔW is observed in the [C2mim][EtOSO3]
case (equivalent to a strong maximum in ionicity), indicating the presence of
synergistic interactions that produce a more dissociated, high-ionicity IL than
either of the pure salts.
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5.6 Protic ILs, Proton Transfer, and Mixtures

As discussed in Chapters 1 and 4, PILs are easily prepared and have the potential
to be some of the least expensive of all ILs. However, it is important to realize that
with PILs, the acid:base stoichiometry in the reaction

HA + B−−−−⇀↽−−−−HB+ + A−

does not have to be a 1 : 1 stoichiometric mixture of the acid and base [75, 76],
and such off-stoichiometry compositions must be considered to be mixtures in
most cases. In fact, it can be difficult in practice to prepare and purify a PIL that is
exactly 1 : 1. Impurities in the starting materials or loss of one or the other of the
components during purification can mean that the product is not satisfactorily
close to 1 : 1 molar ratio.This issue and some of the practical ways of dealing with
it are discussed in Chapter 4.
A more fundamental problem arises in regard to the extent of proton transfer

involved in formation of the PIL, in the reaction shown above, which has often
been observed to be incomplete [75].More quantitatively, as discussed inChapter
4, the extent of proton transfer can be estimated from the difference in pK a

aq

values of the acid and base, but these aqueous values are in some cases quite dif-
ferent in the IL medium, where water has a predominant H-bonding and proton
acceptor/donor role. In PILs involving tertiary amines and similar bases, where
the only H-bond donor is the proton being transferred, there is an obvious lack
of H-bond donors to stabilize the anion compared to the aqueous situation. This
does not favor the PIL formation reaction, and the proton transfer proceeds to a
much smaller extent than pK a

aq data would suggest. One could summarize this
as ‘tertiary amine bases behave as weaker bases in the PIL environment than they
do in water’. The work of Angell et al. suggests that in these cases the difference
in pK a

aq between acid and base, ΔpK a
aq, needs to be >10 in order for full proton

transfer to be observed (in aqueous solution,ΔpK a
aq > 4would be sufficient) [75].

The situation ismuch less extremewhen there is a richH-bonding environment
offered by the ions in the PIL, for example when the base is a primary amine,
and therefore three H-bond donors are available per anion. PILs in this fam-
ily, for example ethyammonium nitrate, are strongly proton-transferred. Other
H-bond-donating functional groups, for example –OH on the ions, can provide
a similar effect [77].
Whether these PIL systems are best considered, in terms of properties, as

purely ionic or mixtures of ions with neutral molecules is therefore very much
dependent on the system. A guide to the four possible products resulting from
different degrees of proton transfer is shown in Figure 5.20 ranging from one
extreme of:

1) very little proton transfer, Figure 5.20a, and the properties are those of a simple
mixture of the two liquids, or

2) very little proton transfer, but strong H-bonding acid to base, Figure 5.20b.
Properties such as vapor pressure, conductivity, and viscosity will be strongly
elevated compared to those of a simple mixture, but conductivity will reveal
little ionization,
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Figure 5.20 Four possible outcomes in protic ionic liquids (a) mostly un-ionized acid and base;
(b) hydrogen-bonded acid–base pairs (no proton transfer); (c) mostly ionized PIL (proton
transfer has occurred, independent ions); (d) associated PIL (proton transfer has occurred, but
ions associated through hydrogen bonding). (Stoimenovski et al. 2012 [76]. Reproduced with
permission of Royal Society of Chemistry.)

to the other extreme of:

3) strong proton transfer, Figure 5.20c, approaching simple, pure ionic liquid
behavior, but exhibiting some elevation of viscosity due to the H-bonding that
is inevitable in PILs, or

4) strong proton transfer, but strong H-bonding between anion and cation pro-
duces neutral ion pairs, markedly reducing the conductivity. Note that the
distinction between Figure 5.20b and d is very slight and amounts to whether
the proton is localized closer to the cation or the anion. This is most directly
revealed by NMR or IR (infrared) measurements.

Thus, in terms or properties, PILs must be considered with caution in terms
of the expected behaviors and in many cases are best thought of as a complex
H-bonded mixture of ions and neutral species.
Miran et al. [78] have reported a Walden plot showing a positive trend in

ionicity by mixing two PILs, namely [dema][HSO4] and [dema][NTf2]. In its pure
state, [dema][HSO4] is ‘super’conducting (ionicity> 1), possibly due to proton
conduction (in addition to ionic conduction), and thus lies above the ‘ideal KCl’
line. An even higher ‘excess’ ionicity is observed when 28 wt% [dema][NTf2]
is added to [dema][HSO4], Figure 5.21. It is proposed that proton transfer via
proton hopping, that is the Grotthus mechanism, is enhanced by the second
more fluid IL, thereby increasing the ionicity. The ionicity starts to decrease
again when more [dema][NTf2] is added, and this is attributed to the increased
concentration of this less conductive IL.
A further feature of PILs to consider, and a useful variable in terms of proper-

ties, is the possible formation of oligomeric anions in the presence of excess acid
[79], via reactions such as:

A− + xHA −−−−⇀↽−−−−A(HA)x
−

A variety of physical properties depend on this compositional variable. For
example, in the case of 𝛼-picoline plus trifluoroacetic acid, the glass tran-
sition temperature and crystallization temperature have a maximum at the
1 : 1 by mol composition, but the vapor pressure is lowest at 67 mol% acid
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Figure 5.21 (a) Walden plot for binary PIL [dema][HSO4]+ [dema][NTf2] mixtures and (b)
ionicity of binary PIL [dema][HSO4] and [dema][NTf2] mixtures at 30 ∘C. (Miran et al. 2014 [78].
Reproduced with permission of American Chemical Society.)

corresponding to the likely formation of the (AHA)− anion [75]. In the case of
the methylpyrrolidone:acetic acid system [79], the conductivity continues to
increase with excess acid up to around 60 mol% acid, indicating not only the
presence of the AHA− and A(HA)2− anions but also that this system is more
strongly proton-transferred with respect to these anions than at the 50 mol%
composition. In other words, it appears that the dimeric and trimeric acid
species (HA)2 and (HA)3 are stronger acids than the parent acid HA in these
neat liquids.

5.7 Deep Eutectic Solvents and Solvate ILs

Two related solvent–salt mixture systems deserve special mention as having
structures and properties that can range from ‘pure IL-like’ to distinctly ‘mixture-
like’ depending on the composition variable that is available in these systems
and also the extent of the equilibrium that forms the ion–donor complex.
Deep eutectic solvents are mixtures of a salt and a molecular hydrogen

bond donor compound. The strong interaction between the H-bond donor
and the anion lowers the melting point sharply toward that of a very deep
eutectic-forming fluid [80]. They have the general formula [Cat][X]⋅zY; the
cation [Cat]+ can be an ammonium, phosphonium, and so on, although cholin-
ium is most commonly used, and the anion X− is a Lewis base, most commonly
a halide. Systems based on Zn salts are also known. Notably, the salt component
can be quite high melting in its pure state – the deep eutectic is responsible
for producing the liquid in these cases. The Y species is the hydrogen-bond
donor – a Lewis or Brønsted acid – and z molar ratio of these interacts with the
anion [80]. The primary advantage of deep eutectic solvents over many ILs is
their lower cost. They have found wide application in metal plating [81] and are
being increasingly investigated for synthetic applications.
In solvate ILs, a Lewis basemolecular liquid such as tetraglyme solvates ametal

cation, forming a solvated cation structure. To the extent that the equilibrium
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forming the tightly bound solvate can lie far to the right, these compositions
can be considered to behave as pure ILs [82]. However, this equilibrium can
be expected to be temperature-dependent, and hence greater amounts of
free molecular solvent can usually be expected at elevated temperatures. The
synthesis of this type of IL is discussed in Chapter 4, and their use in batteries is
detailed in Chapter 8.

5.8 Concluding Remarks

In this chapter we surveyed the thermal, physical, and surface properties that can
typically be expected for ILs and mixtures of ILs. At the same time, we delved
more deeply into the underlying theory of some of the phenomena particularly
important for understanding ILs and their applications. In most cases, more
details on the underlying theory can be found in standard physical chemistry
texts and specialist texts on individual topics.
At the outset we posed several broad questions: Why are some ILs much more

conductive than others? Why do ILs have such a wide range of viscosities, and
what are the structural features that determine this? How are these related to the
diffusion rate of the ions?
The answer to the first question is perhaps the easiest, as it begins with the

fundamental theory of transport properties that provides links between diffu-
sivity, viscosity, and conductivity. With this understanding, it is then possible,
as a first approximation, to answer these questions all at once; large, bulky
molecules or those with significant intermolecular interactions such as H-bonds,
in addition to the Coulombic interactions, will tend to have low diffusion
coefficients and therefore high viscosity and low conductivity. The low viscosity
as well as high conductivity of the dicyanamide family of ILs also shows us that
delocalization of the ionic charge has an important role to play in weakening the
interactions.
A more detailed answer to the first question about conductivity comes at first

as a bit of a surprise: ionic liquids are not always as ionic as wemight like to think.
Themeasurements of ionicity demonstrate that the ions in many ILs are not able
to move independently of each other. Instead, various specific and directional
interactions beyondCoulombic forces cause the formation of long-lived ion pairs
and aggregates, which are not responsive in an electric field and therefore not able
to contribute to conduction. Understanding this phenomenon through compu-
tational modeling and attempting to circumvent it via design of new ions hold
promise for a new generation of high-conductivity ILs.
Mixtures of ILs, or the combination of salts to form ILs viamelting point lower-

ing, can allow us to form novel systemswith properties such as viscosity that are a
combination of the pure salts. Deviations from simple mixing laws are evident in
some cases, often because of significant differences in size, geometry, and bond-
ing, and these provide an additional tool in efforts to fine-tune the properties
toward optimization in applications.
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6

Solvent Properties of Ionic Liquids: Applications
in Synthesis and Separations

6.1 Introduction – Solvency and Intermolecular Forces

One of the main areas of use of ionic liquids (ILs) is as solvents. Their study as
important members of the family of “green solvents” was initially based almost
entirely on their low volatility and therefore the possibility of replacing volatile
organic solvents (VOCs) with an IL in a variety of contexts. This produced a
large number of studies of classical organic reactions in IL media to demon-
strate the potential of these “green solvents”. However, as such studies grew in
scope, it became obvious that the solvency properties of ILs are extremely broad,
ranging widely as a function of the cation–anion pair. Careful selection of the
IL then began to demonstrate improved catalysis, yields, and selectivity in syn-
thetic applications.This also prompted investigation of their solvency properties,
using classical physical tools such as the Kamlet–Taft parameters [1]. Later, it
emerged that ILs can readily dissolve biopolymers that are not easily soluble in
most traditional solvents. This opened up the possibility of using ILs as solvents
for processing biomass materials such as lignocellulose into useful chemicals and
fuels. Therefore, instead of the traditional production of these chemicals in a
petrochemical refinery, there is the emerging possibility of a “biorefinery” that
uses plant or animal material as a feedstock.
At the same time, the solvency properties of ILs for many classes of solutes,

coupled with their immiscibility with common solvents (e.g. water in some cases
and simple hydrocarbons in others), have led to the use of ILs as solvents in classi-
cal liquid–liquid extraction. Further developments have also demonstrated their
use as protein separation media. In some cases, temperature-dependent mix-
ing/demixing systems have been demonstrated.
The varied solvency properties of ILs can be understood as a product of

their intermolecular interactions. As discussed in earlier chapters, ILs exhibit a
whole suite of possible interaction types. Coulombic forces are important, but
not always dominant, with various dipole–dipole forces also contributing, and
H-bonding also being possible. The balance of these depends very much on the
structure of the ions in the liquid, and this determines their solvency properties.
The interactions between the ions in an IL have been discussed in Chapter 2. To
summarize, IL ions exert a range of interactions on their neighbors including
solute molecules: Coulombic attractions and repulsions, as well as dipolar
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interactions/dispersion forces, and, in some cases, quite strong H-bonding and
Lewis acid/base electron-pair sharing. The totality of these depends very much
on the ions. Where the IL acts as a solvent for a dissolved species, this totality
depends also on the nature of the solute molecule. The usual rule of thumb
“like dissolves like” applies to an extent, but much more subtlety is involved in
interpreting what this means.
Thermodynamically, the total change in interaction energy ΔEdiss on dissolu-

tion of a compound A is given by
ΔEdiss = E(A−IL) − EIL − Esolute

where E(A−IL) is the energy of interaction between 1mole of the solute and the IL,
EIL is the interaction energy between the ions in the IL, and Esolute is the interac-
tion energy for 1 mole of the solute. Dissolution will not take place to any extent
unless this difference,ΔEdiss, is close to zero (“like dissolves like”) or negative.The
latter indicates that the ions interact more favorably with the solute than they do
with themselves or that the solute does with itself.
If we consider the dissolution of NaCl in most ILs, we immediately find a fail-

ure of “like dissolves like”. Although this is “salt dissolving salt”, the interaction
energy Esolute in NaCl is so much stronger (more negative) per mole than in the
IL that this term dominates, producing a positive (nonfavorable) value of ΔEdiss.
The two salts in a sense are different enough that our rule of thumb fails. Gener-
ally speaking, inorganic salts are not highly soluble in ILs unless the salt itself has
a low interaction energy or there is a strong Lewis acid/base interaction between
the salt cation and the IL anion, for example when a lithium salt is dissolved in a
[N(CN)2]− or [fsi]−-based IL.
The same considerations apply to the dissolution of organic compounds and

other molecular species in ILs. The organic functional groups on the cation
and/or anion of the IL will generally provide an interaction environment that
is at least similar to that present in the pure compound. Similarly, ions bearing
longer alkyl chains are generally better solvents for highly nonpolar organic
molecules.
In terms of quantifying the nature of these solute–IL interactions, one

traditional parameter that we tend to use to classify solvents is not particularly
useful in this context, namely the dielectric constant. The problem is that the
static dielectric constant of an IL is not a meaningful concept. High-frequency
measurements can be used to infer a dielectric permittivity, but this may not
be relevant in assessing solvent interactions. More commonly used are the
Kamlet–Taft parameters. These are measures of interactions obtained from
solvatochromic shifts of well-understood probe molecules that are sensitive to
certain types of interactions [2–4].
This chapter looks at ILs from the point of view of solvent properties, as well as

their origins in the ion structures, and then discusses some of their major appli-
cations as solvents. We begin by discussing their solvent properties in contact
with other liquids, that is, liquid–liquid solubility andmiscibility.We then discuss
their use as solvents for gases, as media for synthetic reactions (in which solution
properties with respect to dissolved organic and inorganic compounds are a key
feature), and finally as solvents for biomass materials such as lignocellulose.
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6.2 Liquid–Liquid Phase Equilibrium

6.2.1 Liquid Solubility, Mixing, and Demixing

An important aspect of the solvent behavior of ILs is their tendency in some
cases to form a solution with a variety of other liquids, sometimes in any pro-
portion. When two liquids are soluble in each other, we often describe them
as miscible. When one is present in much larger proportion than the other, the
words “solvent” and “solute” are appropriate to describe the roles. It is impor-
tant to realize that, even though two liquids do not visibly mix, there is always
some level of solubility of one in the other. For example, the famously hydropho-
bic [NTf2]−-based ILs are notmiscible with water, but Karl Fisher analysis of such
an IL that is left in contact with water will show a water content in the IL of as
much as a few weight percent.
When the proportions in a mixture are more substantial, the roles of solvent

and solute are less clear and we simply refer to them as mixing with each other.
The mixing phenomenon is often a strong function of temperature: that is, the
mixture may form a single liquid phase at one temperature but may separate into
two liquid phases at another. This is very useful in synthetic applications where
a small change of temperature can be used to separate products from reactants
or catalysts.
When heating to a higher temperature causes demixing, we refer to the exis-

tence of a lower critical solution temperature (LCST). The LCST is the tempera-
ture below which two liquids are miscible in all proportions.
On the other hand, when the sample demixes on cooling, this indicates the

presence of an upper critical solution temperature (UCST).TheUCST is the tem-
perature above which the liquids are miscible in all proportions.
Such behavior is well known with standard solvents. It occurs because of the

subtle balance of effects of temperature on the free energy of mixing:

ΔGmix = ΔHmix − TΔSmix

For example, if ΔHmix and ΔSmix are both positive, then we can expect that
mixing will occur with increasing temperature when TΔSmix becomes equal to
ΔHmix, that is, at some temperature given by T =ΔHmix/ΔSmix. This predicts a
UCST in this case. Note that this is a “first order” discussion; amore detailed anal-
ysis would have to allow for the temperature dependence of all of these quantities,
as reflected in the heat capacities.
Sowhat determines these thermodynamic quantities? Similar to our discussion

in Section 5.5,ΔSmix of two liquids A and B is almost always positive and is usually
given quite accurately by the relationship

ΔSmix = −R[xA ln xA + xB ln xB]

where xA is the mole fraction of component A.This originates from Boltzmann’s
equation S=−RlnΩ, where R is the gas constant andΩ is the related to the num-
ber of ways of rearranging the system; this obviously increases whenwe allow two
separate liquids access to the combined volume they occupy.
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On the other hand, ΔHmix is related to the balance of interactions between
the molecules of the two liquids. This situation is identical to that discussed in
Section 6.1 for a solid solute dissolving in an IL. So, in terms of our two liquids
A and B, we are interested in the total energy of interactions EA–B as compared
to the interactions of A and B between themselves in their pure state, EA–A and
EB–B. As before, this is the origin of simple rules of thumb such as “like dissolves
like”; in other words, if the interactions between themolecules in neat A and B are
similar, then they are more likely to be miscible with each other. In some cases,
the A–B interactions are much stronger and this strongly encourages mixing.
There can also be an important contribution from the volume change ΔVmix

that may occur on mixing. In some cases, where molecular shapes and sizes are
very different in A and B, there is the opportunity for the system to pack more
efficiently whenmixed and therefore to occupy less volume than the two compo-
nents did separately. Where this is true, ΔVmix is negative and the term PΔVmix
will therefore make a negative contribution to ΔHmix, thus supporting sponta-
neous mixing.
So when does an LCST appear? This is more subtle, as it is not an obvious

possibility from the discussion so far. Thermodynamically, this will appear from
the temperature dependence of ΔSmix, or more likely the interaction energies E.
The temperature dependence of H is the well-known quantity “heat capacity”,
Cp = dH/dT , and this is, of course, nonzero for most real systems. The heat
capacity also has an impact on the temperature dependence of ΔSmix. So if the
difference in heat capacities is such that ΔHmix of two immiscible liquids is
becoming less positive with cooling, the liquids will eventually mix at the LCST.
This could occur, for example, if EA–B was becoming larger at low temperatures
because of a specific directional interaction, for example H-bonding that was
more prevalent at low temperatures.
It is important to realize that UCST and LCST are actually single points on a

line of mixing temperatures as a function of composition, as shown in Figure 6.1.
It is quite common for authors to identify a single observation of demixing as indi-
cating theUCSTor LCST, but this is too simplistic. A study ofmany compositions
is needed to identify these particular temperatures.
Kohno et al. have made an extensive study of such systems, using ILs, for

application in fractionating proteins and other solutes from solution [5–7]. The
principle is that the mixture to be separated can be dissolved in the solvent
mixture at one temperature and then, by a relatively small change in temperature,
a two-liquid-phase mixture can be created with some separation of the solutes
between these two phases.

6.2.2 Solvent Extraction

In the case of two immiscible liquids, for example an IL and a standardmolecular
solvent, or two ILs that do not mix with each other, there is the potential to use
these liquids in separation techniques, that is, liquid–liquid extraction of solutes
fromone solvent to another.The verywide range of solvency properties offered by
ILs is clearly evident in the various applications that have emerged using them for
liquid–liquid extraction.This is an equilibrium phenomenon, which is effectively
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Figure 6.1 Appearance and position of a UCST and LCST near a region of single-phase liquid
mixtures.

a competition for the solubility of the solute compound A (which can be solid,
liquid, or gas) in each phase. At equilibrium, the activity a(A) of the compound
must be the same in each phase (by definition of “equilibrium”):

a(A)1 = a(A)2
where A is the compound of interest, and 1 and 2 indicate the two liquid phases
that are not miscible with each other. The equilibrium constant for this process
is given by

K =
a(A)2
a(A)1

where K is also called the partition coefficient for A between the two solvents. In
most applications, we can approximate the activities using concentrations.When
K is ∼1, the compound will be found in both phases. When K > 10 or <0.1, the
compound is predominantly in one or the other phase. However, as the equi-
librium expression relates concentrations, the volume of each phase becomes a
factor in the separation. For example, a value of K near 1 can still be useful if a
large excess volume of the extracting phase is used. The distribution coefficient
is a related quantity that takes account of all forms of A as a function of pH, that
is, whether protonated or not and other particular experimental conditions.
As an example, Table 6.1 lists some distribution coefficients for Cd2+ and Cu2+

ions in a series of ILs versus water [8]. The ILs were designed to be hydropho-
bic, hence the bulky alkyl groups, and also so that the anion acts as a chelating
agent toward metal ions. D is a usefully large value in all cases, indicating very
substantial extraction of the ion into the IL phase.
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Table 6.1 Distribution coefficient D for Cd2+ and Cu2+

between IL and aqueous solution at pH 7 ± 5%.

DCd DCu

[N1,8,8,8][C4SAc] 950 144
[N1,8,8,8][C5SAc] 943 721
[N1,8,8,8][C6SAc] 820 1200
[N1,8,8,8][BnSAc] 731 849
[P1,8,8,8][C4SAc] 950 882
[P1,8,8,8][C5SAc] 950 1200
[P1,8,8,8][C6SAc] 950 1200
[P1,8,8,8][BnSAc] 950 1045

(RSAc, alkylthioglycolate; Bn, Benzyl; maximum
observable D values for Cd was 950 and 1200 for Cu) [8].

A good example of such a separation in practice was described by Song et al.
[9], who developed a family of aqueous two-phase systems based on cholinium
aminoate ILs with various amino acids as the anion.These had tunable hydropho-
bicity that could control which of the two phases a model protein bovine serum
albumin (BSA) would partition into. Adding a further useful dimension to this
phenomenon, recognizing that these systems are pH-sensitive, as are the pro-
teins, they showed that control of the pH of the mixture could further control
the partitioning behavior. A comprehensive review of the use of ILs in separation
processes for bioactive compounds has been published by Coutinho [10].

6.3 Gas Solubility and Applications

ILs exhibit a range of solubility properties with respect to a variety of gases
[11–14], which make them of significant interest for gas separation applica-
tions. For most gases, dissolution in the IL is primarily physical in origin. In
others, certain functional groups can be designed into the IL ions to interact
specifically with the gas molecules, thereby producing a chemical process that
produces high uptake of the gas. Although the distinction between these cases
can be quite subtle at times, we will treat them separately in this discussion;
the latter is usually taken to indicate the formation of a new chemical bond
during dissolution, while the former involves relatively simple mixing of
the species.

6.3.1 Physical Dissolution of Gases

In this situation, the dissolution equilibrium for species A

A(g) ⇌ A(IL)

is a relatively simple mixing process, the only distinction being that the reactant
on the left-hand side of this equation is gaseous. At equilibrium, the activities of
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the gas in the two states must be equal.

a(A)g = a(A)IL
In these cases, Henry’s Law, which links the partial pressure of the gas with its

concentration in solution, usually applies over a wide range of temperatures and
pressures:

PA = Kh ⋅ xA
where PA is the partial pressure of A in the atmosphere over the liquid, and xA is
the mole fraction of A dissolved in the liquid at equilibrium. Kh is known as the
Henry’s Law constant for A in the IL. Kh is a function of both the solvent or IL
involved and the temperature. A large value of Kh indicates a low “solubility” of
the gas. This equation also reminds us that, since PA is a variable, we can apply a
range of different partial gas pressures over a liquid and thereby obtain different
values of xA. In other words, the quantity of gas dissolved is not a fixed quantity
but depends on its partial pressure above the liquid.
It is important to note that the Henry’s Law constant, Kh, is often expressed

in a variety of unit systems depending on the units used to express the pressure
and the concentration. The above equation, which uses the mole fraction, is the
simplest, as Kh then simply has units of pressure. However, in this unit system
Kh is strongly affected by the molar mass or molar volume of the solvent and
this should be borne in mind when comparing solubilities in ILs of very different
molecular sizes and weights. It is also important to understand that Kh is not an
equilibrium constant; rather it is simply a measured parameter.
Some example data are shown in Table 6.2. This illustrates a wide range of sol-

ubilities across various gases, with O2 and N2 being much less soluble than the
more polarizable molecules SO2 and CO2; the solubility of N2 shown for the IL
is relatively similar on a g/L basis to that in water. The more strongly fluorinated
anions produce lower Henry’s Law constants (higher solubility) for CO2, suggest-
ing somemode of interaction between the CO2 and the fluorine atoms in the side
chains.
Table 6.2 illustrates two major aspects of IL properties in regard to gas solubil-

ity. First, as can be seen from the Kh values for a given gas, there is considerable

Table 6.2 Henry’s Law constants for a variety of gases in different ionic liquids at 298 K.

Kh (bar)

CO2 SO2 O2 N2

[C4mim][PF6] 53.4± 0.3 2.80 [16] 7190± 4190 –
[C4mim][BF4] 59.0± 2.6 1.49 [16] – –
[C4mim [NTf2] 33.0± 0.3 5.72 [16] 1730± 560 –
[C6mim][NTf2] 31.6± 0.2 1.64± 0.01 – –
[C6mpy][NTf2] 32.8± 0.2 1.54± 0.01 463± 104 3390 ± 2310
[C8H4F13mim][NTf2] 27.3± 0.2 – – –

Data from Ref. [15].
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Figure 6.2 DFT calculations of the interactions between N2 and a variety of IL anions. In the
case of the [fap]− anion, there are two modes of interaction in the N2–anion complex [17].

variation across the ILs listed. This reveals an important scope for tuning an IL
for a desired level of high or low solubility, especially if the molecular origins
of the differences can be accessed by computational modeling. The interactions,
although relatively weak, between the dissolved gas molecules and the IL ions are
responsible for the differences in solubility. Figure 6.2 shows density functional
theory (DFT) modeling of the interaction between N2 and a number of different
anions, showing a small but significant variation in the energies of interaction
and highlighting the role of the fluorine interaction in this particular case.
Comparing the solubilities of gases in ILs with those in simple solvents such as

water illustrates the extent to which substantial differences may be exhibited. For
example, the solubilities of O2 andN2 in some ILs are substantially higher than in
water; this can be of value in some contexts but can be a practical problem in oth-
ers. An example of the latter arises in the lithium and related metal battery fields,
where the presence of O2 and N2 in the IL electrolyte must be strictly minimized,
and removal of these gases can be quite problematic.
Comparing the trends in solubility between different gases in the same IL

(Table 6.2), as is of interest in gas-separation technologies, also reveals some
potential to tailor ILs for such separations. Of course, the lack of volatility of the
IL is of key importance in such an application.
Delving a little deeper, Henry’s Law is in fact an empirical form of a more fun-

damental law known as Raoult’s Law:

PA = PA
0 ⋅ xA

which relates the mole fraction of the gas dissolved at equilibrium to the pres-
sure that it would exhibit at that temperature as a pure gas. Raoult’s Law can be
thought of as a purely entropy-based law that does not take account of any attrac-
tive interactions between solute and solvent; when this is true, thenKh =PA

0. On
the other hand, for most real systems various interactions are present; Raoult’s
Law then breaks down and Kh no longer equates even approximately to PA

0.
Both of these equations are also useful in a slightly different context: they also

apply to solutes that are liquid or solid at the temperature of interest, but have
some vapor pressure PA

0 in their pure state. Water is the most obvious example
in the context of ILs; for water, PA

0 = 3 kPa at 25 ∘C. Therefore, if a small mole
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Concept Toolbox: ILs in Chromatography

The solvent properties of ILs, coupled with their low volatility, make them ideal as station-
ary phases, for example, in gas chromatography (GC) [18]. In this context, the GC column
is precoated with the IL, usually by flushing with a solution of the IL in a volatile solvent.
As shown in Table 6.3, the nature of the IL has a strong effect on the retention factors of
analytes, in this case a family of aromatics.

Table 6.3 Retention factors for aromatic compounds using various ILs as the GC stationary
phase [18].

[Bnmim][TfO]b) [MPmim][TfO]b) [C4mim]Cl [C4mim][PF6]

1,2-Dichlorobenzene 3.5 2.2 8.1 7.7

o-Xylene 1.1 0.53 1.3 2.6

p-Xylene 0.85 0.36 1.1 2.1

m-Xylene 0.86 0.37 1.0 2.1

Nitrobenzene 19.6 19.3 42.5 35.8

Toluene 0.43 0.2 a) 1.1

Benzene 0.2 a) a) 0.51

Benzonitrile 10.1 9.5 24.1 20.3

Naphthalene 17.9 15.7 34.1 36.8

a) Solute eluted with dead volume.
b) Bnmim, benzylmethylimidazolium; MPmim, methoxyphenylmethylimidazolium.

ILs can also be used as the solvent for the analyte; in many instances, the IL is primarily
used as an extraction solvent to extract components from a substrate or reaction mixture.
However, IL solutions of analytes are often not easily or directly used in GC because of
the lack volatility of the IL (which becomes deposited on the column). However, methods
of direct injection have been developed using a programmable temperature vaporiza-
tion (PTV) injection method [19]. In this case, the IL is retained in the injector liner while
the analyte is evaporated into the column. Successful application of this method to the
separation and quantification of polyaromatic hydrocarbons has been demonstrated.

fraction of water is present in our IL, then Raoult’s Law will give us a rough idea
of the vapor pressure of water we might expect over the IL at room tempera-
ture. Henry’s Law will give us a much better indication if we know the value
of Kh. Importantly, both equations predict that the vapor pressure falls linearly
with composition (i.e. with water content). This means that using an evaporative
method of drying an IL becomes more difficult as the water content drops.
The temperature dependence of gas solubility by physical mechanisms can be

expressed as a temperature-dependent Kh(T), and this follows a familiar Boltz-
mann type dependence:

Kh(T) = Kh(T ′) ⋅ exp
(
−
ΔHv

R

[ 1
T

− 1
T ′

])
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where ΔHv is the enthalpy of vaporization of the gas from the solution, and T ′ is
some reference temperature at which Kh is known (e.g. 25 ∘C). As the enthalpy
of vaporization is almost always positive, the effect of increasing temperature is
usually to decrease the solubility of the gas. The equation also shows that a plot
of log(Kh(T)) versus 1/T will be linear with slope ΔHv/R.

6.3.2 Chemical Dissolution of Gases

In this case, there is a chemical equilibrium that governs the dissolution. The
most commonly studied example is CO2 dissolution in amine-functional liquids.
In general for an amine R-NH2 (which can be part of a cation, anion, or neu-
tral molecule), the reaction produces a carbamic acid and then usually proceeds
further to transfer a proton to a second mole of amine to form the carbamate
ion:

R-NH2 + CO2 ⇌ R-NH-COOH
R-NH-COOH + R-NH2 ⇌ R-NH3

+ + RNH-COO−

The absorption of CO2 by this mechanism using monoethanolamine (MEA)
(i.e. R=HOCH2CH2–) is a well-known process that is used extensively in the
oil and gas industry. In this case, there is a clear stoichiometric limit to the sol-
ubility that can be achieved by this means, here 1 moles of CO2 to 2 moles of
amine. It is important to realize that this phenomenon occurs in addition to the
physical absorption mechanism, such that some solubility beyond this limit at
elevated pressures is possible. The extensive data for MEA/water mixtures that
are available provide a very useful fundamental perspective on how a combina-
tion of the chemical and physical absorption mechanisms plays out over a wide
range of temperatures and pressures.
A relatively wide range of amine-functionalized IL ion structures have been

explored as the basis for carbamate-forming reactions [20].The purpose of using
an IL as the vehicle for the amine functionality is to lower the volatility of the
amine such that it is not lost to the gas stream during the absorption and des-
orption of the CO2 gas. One of the goals of exploring a variety of IL structures is
to increase the volumetric or gravimetric efficiency of the absorption/solubility
process, that is, to determine how much gas can be absorbed into a given mass
or volume of material. An extensive study of multifunctional amine-based ILs,
as the basis for CO2 absorption, has shown that ILs can compete with molecular
amines including the industry standard MEA [21].
It is important to realize that this gas dissolution is an equilibrium process and

that it is completely reversible, for example by changing the temperature. As the
bond formation and proton transfer reactions are exothermic, the effect of tem-
perature on these reactions is to shift the position of the equilibrium toward the
left. More quantitatively, from standard thermodynamics, the effect of tempera-
ture on the equilibrium constant in these reactions is given by

d ln(K)
d(1∕T)

= −ΔHrxn

As the value of ΔHrxn is quite large (typically −40 to −80 kJ mol−1 for the
absorption reaction), the effect of temperature can be quite sharp and therefore
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the equilibria in the reactions above swing from lying substantially to the right to
lying substantially to the left as temperature rises. One can then begin to think
in terms of a desorption temperature where the dissolved gas can be substan-
tially removed. This equation also reminds us that there is a substantial enthalpy
requirement in driving this process to the left. This is an important aspect of
the chemical-dissolution-based mechanism of gas absorption used in large-scale
applications such as CO2 absorption from power station flue gas. Some of the
ILs that have been designed for this purpose show significantly lower values of
ΔHrxn, as low as −40 kJ mol−1, reflecting a weaker bond strength between the
CO2 and the amine [22]. This illustrates the potential for rational design of such
IL systems, although it must be borne in mind that lowering ΔHrxn also lowers
the desorption temperature, which is useful to an extent but only while it remains
above ambient.
A similar equilibrium-based absorption is of interest in SO2 capture. SO2 is an

important byproduct from burning sulfur-containing coals and hydrocarbons
and also an intrinsic byproduct of the processing of sulfide minerals such as
copper ores. Released to the atmosphere, SO2 hydrates and oxidizes, ultimately
to sulfuric acid, which produces acid rain. In this case, the gas is quite strongly
absorbed by physical mechanisms, possibly because of the substantial dipole
moment present in the SO2 molecule (compared to most other simple gases).
Thus, a variety of relatively standard ILs such as [C6mim][NTf2] can absorb
∼1 mol SO2 per mole IL at room temperature and 4 bar pressure. A good review
of this area has been published by Smiglak et al. [20].
Chemical processes may also be involved in SO2 absorption. It is well known

that SO2 dissolves strongly in concentrated sulfuric acid solutions; similarly,
some of the best IL absorbers are alkylsulfonates, R-SO3

−. The chemistry
involved appears to feature protonation of the hydrated SO2, which drives the
reaction forward [20].

6.4 Synthetic Chemistry in ILs – Selected Examples

The ability of ILs to dissolve a wide range of compounds, both organic and inor-
ganic, has opened up an enormous field of research into their use as solventmedia
for synthetic processes. While the bulk of research in this field emerged in the
early 2000s, ILs have continued to be investigated as productive reaction media
in an increasing variety of reactions. This is driven by their potential to replace
many VOCs, plus their recyclability and reusability that can make them a more
environmentally friendly choice in many cases. Moreover, the reaction rates and
yields have proven to be higher in some cases than those obtained in molecular
solvents.
Choosing a suitable IL for use as a synthetic solvent is often challenging. Fac-

tors such as high viscosity, cost, and sometimes even reactivity of the IL ions
can be problematic. Nevertheless, the literature clearly demonstrates that recent
progress in tuning and designing ILs tomakemore fluid, cost effective, and stable
species has provided researchers with more opportunities for their use.
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In this section, we present selected examples of the use of ILs as reactionmedia
and/or catalysts in organic synthesis, often with better results than in molecular
solvents. Some of these examples have as their goal a “greener” process via sol-
vent replacement, while in others the IL media produce better reaction yield and
selectivity.

6.4.1 Solvent Control of Reactions – Toluene+HNO3

A significant and unexpected discovery, by Earle et al., were the three different
products that result from the reaction of aromatic compounds in different ILs
(Scheme 6.1) [23]. When an acid, that is HX (where X=Cl, Br, I, etc.), is mixed
with an aromatic compound and [C4mim][NO3], a monohalogenated aromatic
compound, such as (A) in Scheme 6.1, is produced. The yield and substitution
position of the halide on the arene (i.e. ortho-, para-,meta-) depends on the halide
concentration and the reaction conditions (i.e. temperature). The role of the IL
here is to act as a solvent that can often be recovered by vacuum distillation of
the halogenated product.
On the other hand, nitro-substituted compounds were formed when

[C4mim][OTf] was used as a catalyst in the reaction between toluene and
HNO3, as shown in (B) in Scheme 6.1. The authors reported an almost 100%
conversion to the three isomers of nitrotoluene in the presence of the IL, while
only a 73% conversion was reported in the absence of the IL. Comparing this
outcome with reaction (A) in Scheme 6.1, it is notable that in both cases there
are nitrate and H+ present, yet the nitro-substitution is not obtained in reaction
(A); clearly the halogenation reaction dominates in this case.
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Scheme 6.1 Formation of three different products from toluene in the presence of different
ILs. (Earle et al. 2004 [23]. Reproduced with permission of American Chemical Society.)
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Theuse of [C4mim][MeSO4] in the reaction of toluene produces benzoic acid in
high yields (≥85%) ((C) in Scheme 6.1). In this case, nitric acid acts as an oxidizing
agent in the presence of methanesulfonate-based ILs, causing the methyl group
of the toluene to be oxidized and readily forming benzoic acid in the presence
of air.
In all cases, the only byproduct of the toluene reaction is water, and the role

of the IL is to act as the solvent medium and potentially also as a catalyst. Thus,
the IL can be regenerated at the end of the reaction once the organic products
are removed by distillation. This example demonstrates that the type of IL used
in such reactions can allow control over the end product – a result that is not
possible using the conventional reactions in which mixtures of harsh reagents
such as H2SO4 are used as the catalyst.
The electrophilic nitration of toluene using acyl nitrate (AcONO2) has also

been performed in other ILs, producing high yields compared to volatile
solvents such as dichloromethane. For instance, the nitration of toluene in
[C2mpyr][NTf2] gave yields of 91% compared to only 33% in dichloromethane
[24]. The authors hypothesize that the nitronium acetate, which is generated
from the dissociation of acyl nitrate, reacts with the aromatic compound to form
the highly reactive Wheland intermediate (Scheme 6.2). It is believed that, in
comparison to an organic solvent, a stronger interaction with the IL stabilizes
the Wheland intermediate and this increases the yield of the reaction.
The choice of the IL cation can also be an important determinant of the yield.

In comparison to the reaction in [C2mpyr][NTf2] above, the nitration of toluene
in [C4mim][NTf2] or [C2dmim][NTf2] gave lower yields. This was explained by
the addition of two nitro groups to the latter two cations (as observed by mass
spectrometry), resulting in the formation of byproducts [24].

NO2
+ NO2

H
NO2

+ +
RDS

Scheme 6.2 Formation of the Wheland intermediate [24].

6.4.2 Recovery of Expensive Catalysts: The Heck Reaction

The reaction between a halide moiety and an alkene to form a new C–C bond, in
the presence of a catalyst and a base, is commonly known as the Heck reaction
(Scheme 6.3) [26]. This is often an efficient way to produce organic compounds,
and hence the reaction is widely used in the synthetic pharmaceutical andmedic-
inal fields. The main drawback with the conventional Heck reaction in organic
solvents is the use of expensive catalysts that are often not recoverable at the end
of the reaction.While polar solvents such as water are able to dissolve hydrophilic
metal catalysts and thus can be used to isolate and recycle them, many neutral
catalysts are not soluble and therefore are not completely removed and recovered
from the organic phase. In contrast, the use of ILs can allow dissolution of neutral
catalysts such as palladium acetate (Pd[OAc]2) and hence the recovery of the cat-
alyst [27]. In comparison to other organic solvents such as toluene and hexane,
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Scheme 6.3 Heck reaction in the presence of palladium acetate catalyst and IL [25].

catalysts such as [PdCl4] and [Pd(OAc)2(PPh3)2] have been shown to have higher
solubility in ILs. In some contexts, there may be no need to further isolate the
catalyst from the IL, as the mixture can be directly reused for the next reaction.
While various ILs based on ammonium [28], pyridinium [29], and phospho-

nium [30] cations have been explored in this field, imidazolium-based ILs have
been of special interest due to their ability to form palladium-catalyzed carbene
complexes, allowing for the catalyst to be easily dissolved and recycled at the end
of the reaction. Carmichael et al. [25] tested several ILs in the reaction shown in
Scheme 6.3, and [C4mim][PF6] was found to be the best. This is likely due to the
ability of the proton at the C2 position of the imidazolium cation to be removed
in the presence of the base, generating an imidazolylidine carbene. This carbene
is able to bind with Pd(II) and form a Pd–imidazolylidine species. In general,
hydrophobic ILs such as [C4mim][PF6] are preferred, as they allow the catalyst
to be separated from any water-soluble byproducts by a subsequent biphasic
extraction.
If the coordinating properties of Pd-based catalysts are well understood, then

task-specific ILs can be designed in order to promote metal complexation. For
instance, Pd coordination with Schiff bases is well studied.Therefore, these com-
pounds have been attached as a functional group on an imidazolium cation, com-
plexed with Pd (Figure 6.3), and used as catalysts in the Heck reaction between
aryl halides and alkenes [27]. Yields as high as 96%were obtained, and the catalyst
was recycled several times.

6.4.3 Increased Reaction Rates and Enantiomeric Selectivity
in Diels–Alder Reactions

Diels–Alder reactions are often used to synthesize highly regio-selective and
stereo-isomeric drugs. The reaction proceeds via cyclic addition of a diene to
an alkene to form racemic mixtures of a six-membered cyclic ring. Scheme 6.4
depicts the reaction between cyclopentadiene and dimethyl maleate. In an acidic
AlCl3/[C2mim]Cl mixture (i.e. with excess AlCl3), the reaction rate is 10 times
faster than it is in water, with high endo selectivity (an endo/exo ratio of 19 : 1)
[31]. In Diels–Alder reactions such as this, acidic chloroaluminate ILs are chosen
for their strong Lewis acidity, which can increase the reaction rates as well as
the enantiomeric excess. The yields and endo/exo selectivity of the reaction are
lower in basic chloroaluminates for this reason.
Diels–Alder reactions have also been studied in non-chloroaluminate ILs.

While the results are somewhat inconclusive, it has been found that the
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Figure 6.3 Imidazolium-based ionic liquid tagged with a palladium complex. (Nehra et al.
2014 [27]. Reproduced with permission of Royal Society of Chemistry.)
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Scheme 6.4 Reaction of cyclopentadiene with dimethyl maleate [31].

hydrogen donor ability of unsubstituted imidazolium cations such as [C2mim]+
and its coordination to dienophiles (see Figure 6.4) can increase the rate of
the Diels–Alder reaction and the endo/exo selectivity [32]. This outcome is
unsurprising, as the coordination of Lewis acids can enhance the rate and
selectivity of Diels–Alder reactions.
However, the hydrogen-bonding ability in ILs is not always the crucial factor in

predicting high rate and selectivity of Diels–Alder reactions. A study conducted
using the [C4dmim]+ cation showed a decrease in the rate and regio-selectivity
[33], but other researchers have shown that ILs with weak hydrogen-donating
ability, such as phosphonium tosylates, can also produce highly endo-selective
products [34]. It should also be noted that the rate of the Diels–Alder reactions
can also depend on the nature of the reagent’s hydrogen-bond-accepting ability
and not just the hydrogen bond donating ability of the IL [33, 35].

6.4.4 Modulation of the Lewis Acidity of Catalysts: The Friedel–Crafts
Reaction

Acidic chloroaluminate ILs have also been used successfully inmany electrophilic
substitution reactions, such as the Friedel–Crafts reaction, where traditionally
AlCl3 is used as a catalyst [36]. In the formation of acidic chloroaluminate ILs, the
addition of excessAlCl3 to an IL such as [C4mim]Cl can readily form the [Al2Cl7]−
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Figure 6.4 H-bonding interaction of an imidazolium cation
with the carbonyl oxygen of methyl acrylate in the activated
complex of a Diels–Alder reaction. (Aggarwal et al. 2002 [32].
Reproduced with permission of Royal Society of Chemistry.)

anion, as shown below (also see Chapter 4 for further reading on chloroalumi-
nates):

[C4mim][Cl] + AlCl3 → [C4mim][AlCl4]−

[AlCl4]− + AlCl3(excess) → [Al2Cl7]−

Scheme 6.5 shows an example of the use of a chloroaluminate IL for the
addition of an acyl group (in this case from acetyl chloride) to an aromatic
compound via the Friedel–Crafts reaction. Reaction of the acetyl group with the
Lewis acid [Al2Cl7]− generates the [AlCl4]− intermediate and the electrophile
CH3CO+. Reaction of the [AlCl4]− intermediate then allows the acylation of
the benzene adduct to take place. The AlCl3 byproduct can be recycled and used
in subsequent reactions.

(a)

CH3CO-Cl

CH3CO-Cl

[AlCl3]/[C2mim][Cl]
[acidic]

[C2mim][Cl] + [AlCl3]

[AlCl4]– + [AlCl3]

2[AlCl4]– + CH3CO+

[AlCl4]–

[Al2Cl7]–

COCH3

COCH3

COCH3

HH
+

+

(b)

 –HCl + AlCl3

Scheme 6.5 (a) Reaction of acetyl chloride with benzene in the presence of an acidic
chloroaluminate IL, and (b) the proposed mechanism of the acylation reaction [36].

It comes as no surprise then that this reaction does not take place when a basic
or neutral chloroaluminate IL is used, as the formation of the key intermediate
[Al2Cl7]− does not occur.
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There are two additional benefits to the use of ILs in this reaction. The tra-
ditional use of AlCl3 in dichloromethane raises safety concerns associated with
handling the catalysts during the reaction, as AlCl3 can react quite vigorously
with the base. Moreover, AlCl3 is destroyed at the end of the reaction, which on
a large scale would lead to copious amounts of aluminum and chloride waste.
Recently, a sulfonyl-functionalized Bronsted acid IL was also used as a catalyst

for the reductive Friedel–Crafts alkylation of indoles. No additional solvent was
used, and the IL was recycled several times for subsequent reactions [37].

6.4.5 Shift in Equilibrium by Stabilizing the Intermediate Species
in the Rate-Determining Step: the Baylis–Hilman Reaction

The formation of a carbon–carbon bond by the reaction between an alkene and
an aldehyde, in the presence of a tertiary amine as the nucleophilic catalyst, is
known as the Baylis–Hilman reaction. The reaction between benzaldehyde and
methyl acrylate is shown in Scheme 6.6a as an example. The tertiary amine used

(a)
O O OOH

OCH3
DABCO/solvent

+ OCH3

(b)
O

O

O

R3N

NR3

NR3

+

+

–O

O–

R″

R″

R″

O

(6)

(5)

(4)

(3)

(2)

(1)

OH

R′

R′

R′

R′

Scheme 6.6 (a) Reaction between benzaldehyde and methyl acrylate catalyzed by DABCO,
and (b) the proposed general mechanism of the role of the nucleophilic amine in the
Baylis–Hilman reaction [38].
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here is 1,4-diazabicyclo[2.2.2]-octane (DABCO) [38]. In the presence of DABCO,
an ammonium enolate such as (3) in Scheme 6.6b is formed as a result of the con-
jugate addition between an amine (1) and an alkene (2).This reaction is reversible,
and in order for the rate-determining step between the aldehyde (4) and the
enolate (3) to proceed to any great extent, high concentrations of the latter are
required. The concentration and the stabilization of the enolate species is gov-
erned by the type of solvent used in the reaction.
The Baylis–Hillman reaction has most commonly been conducted in

imidazolium-based ILs. Some authors have reported that the reactions proceed
faster (33 times) in [C4mim][PF6] than in acetonitrile [39]. However, sur-
prisingly, the yields reported were only moderate. A detailed 1H NMR analysis
provided by Aggarwal et al. [32] showed that the slightly acidic C2 position
of the imidazolium cation can easily be deprotonated in the presence of many
bases such as DABCO and lead to the formation of carbenes. The carbenes
were found to react with aldehydes and generate undesirable side products,
which contributes to the low yields of the desired product. Thus, in this case the
imidazolium ILs are hardly reusable. Modification of the imidazolium cation
by substituting an alkyl group at the C2 position only slightly improved the
yields. Therefore, highly inert ILs such as N-ethylpyridinium tetrafluoroborate
[C2py][BF4] [40] and 1,3-dialkyl-1,2,3-triazolium [41]-based ILs were proposed
to improve the yields of Baylis–Hillman reactions.

6.4.6 Increase in Rate Constant at Low IL Concentrations:
Substitution Reactions

Recently, the mechanisms of various organic substitution reactions have
been extensively explored by Harper et al. [42–44]. These studies provide an
insight into the how the interactions between the transition state and the IL
can increase the rate constant, and how this depends on the relative amount
of the IL.
For example, Scheme 6.7 demonstrates the solvolysis of linalool chloride in

various concentrations of [C4mim][NTf2] in methanol [42]. In this reaction, the
highest rate was achieved when the mole fraction of the IL was XIL = 0.2. Upon
increasing the concentration of the IL (i.e. XIL > 0.5), a decrease in the reaction

Cl OMe

MeOH
Et3N

[C4mim][NTf2]

Scheme 6.7 Methanolysis of linalool chloride in [C4mim][NTf2] [42].
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rate was observed. DFT calculations suggest that there is a tradeoff between the
energy of activation and the entropy of reaction that depends on the mole frac-
tion of IL present.Thus, the rate of reaction reaches an optimum, which depends
on the relative amount of ordering of the IL ions around the leaving group or the
carbo-cation intermediate.
Similar effects have also been observed in bimolecular substitution reactions

such as that shown in Scheme 6.8.The reaction between diethylchlorophosphate
and ethanol-d6 in [C4mim][NTf2] and other ILs (see IL2 in Scheme 6.8) has
been compared [44]. In [C4mim][NTf2], an increase in mole fraction of IL up
to XIL = 0.3 increased the rate constant of the reaction, while at higher con-
centrations no further increase in rate constant was observed. Five alternative
ILs for this reaction (Scheme 6.8) were then compared. It was hypothesized
that the addition of a methyl group to the C2 position of the imidazolium ring,
that is, [C4dmim][NTf2], would eliminate the stabilizing interaction observed in
[C4mim][NTf2]. However, while the optimum concentration of [C4dmim][NTf2]
was again found to be XIL = 0.3, the rate constant of the reaction was lower than
with [C4mim][NTf2].

Cl IL

O
O

OO

IL = [C4mim][NTf2], [C4dmim][NTf2], [N8888][NTf2], [C4py][NTf2], [C4mpyr][ NTf2]

P

EtOH-d6O

OO
P

Scheme 6.8 Reaction of diethylchlorophosphate with ethanol-d6 in the presence of various
ILs [44].

Lower rate constants were also observed for the reaction in the presence of
[N8,8,8,8][NTf2] compared to [C4mim][NTf2]. It was proposed that this bulky
cation prevented further ionic interaction with the transition state of the
reaction at high concentrations and thus the transition state was not as well
stabilized.
Interestingly, for this reaction in [C4py][NTf2] and [C4mpyr][NTf2] similar

trends in rate constant to those in [C4mim][NTf2] were calculated using exper-
imentally obtained 1H NMR spectra. This suggests that neither an increase
in charge localization nor planarity of the cation improves the stabilizing
interaction between the cation and the transition state at higher concentrations.

6.5 Inorganic Materials Synthesis

The use of ILs for the synthesis of inorganic materials such as zeolites and
coordination polymers has also attracted significant attention [45–48]. Deep
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eutectic solvents, such as choline chloride-based systems, can also be used
[49]. The low vapor pressure and high thermal stability of ILs are beneficial for
reactions that are performed at elevated temperatures, while the ability of the
IL to act as both the solvent and as a structure-directing tool is intriguing. The
use of ILs in such synthetic reactions has been termed ionothermal synthesis.
This dual solvent/template property is not normally evident in hydrothermal
synthesis, in which water is the solvent, and therefore in that case an additional
structure-directing agent is required to act as the template [48]. However, trace
amounts of water in the IL during ionothermal synthesis can be beneficial for
achieving the desired structure. For example, [C2mim]Br has been used to make
alumina-phosphate zeolites (Figure 6.5) [50]. Here, it is proposed that the trace
water interacts with the anion of the IL via hydrogen bonding, enabling the IL
cations to dominate in solvation of the aluminum and phosphate species and
thus allowing the Al–O–P framework to form.
Changing the anion of the IL to adjust the hydrophobicity and water content

can also change the structure of the resultant inorganic complex. For example, in
the synthesis of a range of cobalt-based coordination polymers, the hydrophilic IL
[C2mim]Br can afford high solubility of the starting materials and greater ability
to form the desired polymeric framework. In comparison, the hydrophobic IL
[C2mim][NTf2] reduces the solubility and results in less formation of the desired
product [51]. Further, in mixtures of ILs the product selectivity is different from
that of either of the neat ILs.
An additional advantage of using ILs in inorganic synthesis is the ability to tune

properties such as solubility via mixing salts or by the incorporation of additional

Figure 6.5 Structure of
[C2mim]Br-zeolite template material
consisting of hexagonal prismatic
units with the formula
Al8(PO4)10H3⋅3C6H11N2. (Cooper
et al. 2004 [50]. Reproduced with
permission of Nature Publishing
Group.)
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functional groups. For example, mixtures such as [C4mim][OH]0.65Br0.35, where
two anions are mixed together, can increase the solubility of inorganic materials
such as silicon [52].
The use of ILs in ionothermal synthesis to generate cathode materials for

batteries and supercapacitors has also been explored [47]. Recently, Li et al.
demonstrated a new “top-down” approach to the ionothermal synthesis of
the open-framework fluoride FeF3⋅0.33H2O, by dehydration of FeF3⋅3H2O in
[C4mim][BF4] [53]. This is termed top down, as the octahedral Fe chains already
exist in the starting material. The advantage of using the IL here is that it does
not rapidly remove all the water, which would result in a highly dense structure
of FeF3. This allows a conversion yield of 100% to be achieved.

6.6 Biomass Dissolution

6.6.1 Cellulose and Lignocellulose

Biomacromolecules of various types are of widespread importance as raw
materials for a wide range of products. However, many are quite difficult to
process, partly due to their intrinsic nature and properties, as refined by aeons
of natural evolution. For example, cellulose in various forms is traditionally
processed under relatively harsh conditions to produce paper, fibers for fabrics
(rayon), films for packaging (cellophane), and even fuels such as ethanol. The
harsh processes reflect the intrinsic insolubility, by natural design, of cellulose. In
that context, the observation by Prof. Robin Rogers and his group that cellulose
could be dissolved in [C4mim]Cl was startling and opened up a whole new field
of application of ILs [54].
In the case of cellulose, the solvency interactions required are H-bonding type

interactions but in the absence of water, which would otherwise dominate. So in
these ILs the Cl− ion is a key player in this process, interacting strongly with the
hydroxyl groups of the cellulose backbone and solvating the polymer molecules.
Typically, the IL has to be quite dry for this to be effective. A broader family of
ILs that can dissolve cellulose has since been identified, including those based on
acetate or [EtOSO3]− anions.
Natural sources of pure cellulose are somewhat rare in nature, cotton being one

of them, but as cotton is readily spun directly into fibers, a dissolution medium
is not required. Of broader importance is the ability to dissolve lignocellulosic
materials, that is, woody plant material, including various types of stalks and
husks. Lignocellulose materials are typically a mixture of cellulose, hemicellu-
loses, and lignin. Lignin is a highmolecular weight, rigid, aromatic-ether polymer
that, to an extent, provides strength to woody materials. ILs that can dissolve the
whole lignocellulosic mass include some of the hydroxide-based ILs developed
by the Ohno group [55]. However, it is often more useful to have solvents that
can selectively dissolve one of the biopolymers to effect its separation from the
others. Thus ILs that can selectively dissolve the lignin component have been
developed, based on the xylenesulfonate anion [56]. The lignin produced is of
interest either as a polymermaterial in its own right, or after depolymerization as
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a source of aromatic building blocks for the synthesis of new polycarbonate-type
polymers.
A second reason for the need to separate lignin from the cellulosic compo-

nents is the interest in the enzymatic conversion of these components to small
molecules, including glucose, and eventually to fuels including ethanol. The
presence of lignin in the substrate strongly interferes with the action of the
cellulase enzymes, and hence its removal is desirable before this second stage of
the process.

6.6.2 Chitin

Chitin is another polysaccharide that is readily available as a waste material from
the processing of shrimp, the shell of the animal being made up of chitin. Chitin
has a number of applications, but is currently difficult and expensive to process
because of its lack of solubility. However, it is readily soluble in [C2mim]acetate,
and the Rogers group is commercializing this process for a number of applica-
tions [57].

6.6.3 Keratin

Proteins represent another large family of biomacromolecules that can be dis-
solved in ILs. In this case, the polymer linkage is an amide (also known as a
peptide) linkage and the building blocks are amino acids. Of most interest indus-
trially are the protein sources that are available in large quantities as waste, the
best example being keratin in the form of feathers. In most parts of the world,
the poultry industry produces huge quantities of this waste, which usually goes
to landfill, at some expense to both the operator and the environment. Keratin
is a fibrillar protein made up of a triple helix of polypeptide chains. It contains a
fairly high content of cysteine repeat units that can participate in the formation of
disulfide (–S–S–) bridges to the neighboring chains.This gives the fibrillar struc-
ture tremendous strength and is part of the reason for the difficulty in processing
this family of macromolecules. Idris et al. [58] investigated a number of ILs for
the purpose of dissolving keratin, including the traditional [C4mim]Cl as well as
a family containing the thioglycolate anion. The latter anion bears an active –SH
functionality that participates in –S–S– bond cleavage either by reducing the
disulfides to sulfides (–S−) or by formingnewdisulfide bridges to the thioglycolate
anion. It is quite well known in various hair treatment products for this reason.
In fact, both the traditional chloride ILs and the thioglycolates were shown to
be good solvents for keratin, dissolving as much as 50wt%. The latter appeared
to produce more polymer cleavage than the chlorides, presumably as a result of
the disulfide bond cleavage. Regeneration of the dissolved keratin by diluting the
solution in water produced two fractions – a water insoluble fraction, of roughly
50%, and a remaining fraction that stayed in solution. Recalling that the original
keratin is completely insoluble inwater, this fractionation further reveals a degree
of chain cleavage during the dissolution process.
As with all large-scale applications of ILs as solvents, recycling of the solvent to

a very high level of efficiency is vital for their application to be considered “green”,
or even economically viable. Small amounts of residual substrate or product that
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remain in the IL as it passes to the next cyclemay be tolerable if this residue builds
up to a steady-state level. This may occur if the retention of the residue in the
IL is governed by a partitioning or solubility equilibrium during the separation
process. However, in the keratin studies of Idris et al. [59], as much as 50% of
the protein mass remained in the IL solution, and this is unlikely to be viable in
a second cycle. Idris solved this recycling issue by showing that the distillable
IL N,N-dimethylethanolammonium formate could be used for the dissolution,
and that this could be easily distilled from the residual mass after separation.
Distillable ILs are discussed in more detail in the text box below.

6.6.4 Wool

Wool is another form of keratin that can be dissolved in similar families of ILs
[59]. While wool fiber is generally a high-value commodity, there are many situ-
ations where low-value wool waste may be increased in value using a dissolution
and regeneration process similar to that described above to form fibers or films.

6.6.5 Silk

Silk is yet another form of fiber-forming protein biopolymer, mostly made up of
fibroin, and ILs such as [C4mim]Cl can dissolve large quantities of silk. The IL
can be used to “bond” silk fibers together in the woven form. The IL penetrates
and softens, or “melts”, the surface of the fiber and causes some flow and mixing
of the polymer strands. The result is a bonding between the fibers, which gives
the woven fiber greater strength and also shrink resistance.

Concept Toolbox: Distillable Ionic Liquids

In many applications, the ability to remove an IL after it has been used for synthetic or
dissolution purposes is an important aspect of recycling this expensive component. In
some cases, this separation step is difficult. However, there are a number of ILs that are
distinctly volatile and distillable, and this becomes an advantage in this context.

Protic ILs are in general distillable, as in the example of a formate IL of Idris et al. [58, 59],
when the component acid and base are themselves quite volatile. This type of IL is also
discussed in Chapters 1, 4, and 5.

The other well-known family of distillable ILs comprises those based on the reversible
carbamate reaction, as described in Section 6.3 in regard to CO2 absorption [60]. In the
present context, the CO2 is used with a simple primary or secondary amine, such as
dimethylamine, to form the dimethylammonium dimethylcarbamate IL:

2 Me2NH + CO2 ⇌ MeNH2
+ + Me2NCOO−

This reaction is completely reversible and tends towards the left-hand side at elevated
temperatures (>45 ∘C), allowing the CO2 and Me2NH to be removed by distillation. The
components vaporize independently, but will recombine in the condenser quite readily.

This process is possible for many primary and secondary amines, so that quite a large
family of them is available for the synthesis of ILs. It is also interesting to note that,
although the carbamate ILs appear to be quite hydrophilic in terms of functionality, when

(Continued)
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(Continued)

the alkyl chain is sufficiently large they can become water-immiscible, which is a useful
property in some separation applications.

One of the important points to note is that, as the boiling point of the amine used
increases, the CO2 will evaporate off first from the mix, and therefore it can be difficult
to avoid some loss of CO2. In such cases, it is necessary to check the stoichiometry of the
distillate (pH measurement is sufficient) and if necessary adjust it before passing it on to
a second cycle of use.

6.7 Concluding Remarks

The broad range of useful properties that ILs can offer as solvents continues to
stimulate both the exploration of new applications and also the design of opti-
mized IL systems for solvent systems of use in synthetic chemistry and separa-
tions. In this chapter, we discussed the thermodynamic factors that control the
solubility of gases, liquids, and solids in an IL and how the molecular structure of
the IL ions can impact on these factors. Recognizing their features as synthetic
solvents began with a focus on replacing VOCs with something less volatile, but
has since recognized the important improvements in yield and selectivity that
can be produced by careful selection of the IL solvent based on an understand-
ing of how it may interact with the reactants, intermediates, and/or catalysts. In
the same vein, an understanding of solvent interactions has produced a range
of IL solvents for otherwise intractable biopolymers, and these will undoubtedly
become important components of biorefinery processes in the future.
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7

Electrochemistry of and in Ionic Liquids

7.1 Basic Principles of Electrochemistry in Nonaqueous
Media

Oxidation and reduction reactions, collectively termed redox reactions, are
half-reactions in which electrons are either liberated (oxidation) or consumed
(reduction). Electrochemistry therefore involves the study of the processes
by which oxidative and reductive chemical reactions occur. Half-reactions
can occur in either the oxidative or reductive direction. The direction of a
half-reaction occurring at an electrode surface is governed by the electric
potential of the electrode. It is therefore possible to control an electrochemical
reaction by controlling the potential. This provides the chemist with a very
powerful tool for controlling the rate and direction of a reaction.

7.1.1 Redox Potentials

The potential at which the oxidative and reductive reactions for a given
half-reaction are in equilibrium (i.e. occur at the same rate) is called the equi-
librium potential (or reversible potential) Er. When the reaction conditions
correspond to defined standard states and conditions (e.g. unit activities of all
reactants and products and pressure P= 1 atm), we then describe these as stan-
dard potentials; these are usually written as the reduction reaction and therefore
they are called standard reduction potentials or E0.The effect of conditions other
than these standard conditions can be calculated from the Nernst equation:

Er = E0 − RT
nF

lnQ (7.1)

where R= universal gas constant, T = temperature, n=number of electrons in
the redox reaction, F = Faraday’s constant, and Q= reaction quotient.
While we may be familiar with tables of aqueous standard reduction poten-

tials, these are strictly applicable only to aqueous solutions and to a standard
state that has activity of ions (dissolved in water)= 1, corresponding to the
concentrations of all ions being ∼1mol dm−3. In ILs, such standard states have
not been well defined, nor are the standard potentials widely determined. These
would, in principle, be different for all ILs because the solvation environment
of redox species will be different in each different IL, as discussed further
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below. Therefore, in most experiments in IL media, it is incorrect to discuss
E0. The aqueous standard potentials represent only an approximate guide to
the potentials relevant to IL electrochemistry. Nonetheless, it is reasonable to
assume that the order of potentials for a series of reactions in ILs is similar to
that observed in aqueous media.
In fact, the potential of any given redox process, for example Co3+ + e− →Co2+,

can be a strong function of the nature of the medium in which it is dissolved.
In other words, different ILs can produce quite different redox potentials.
The origin of this effect lies in the nature of the interactions between the IL
ions and the species involved in the redox reaction. For example, the potential
of the Co(bpy)32+/3+ redox couple (where bpy= 2,2′-bipyridyl) varies by as
much as 100mV as we move from [C2mim][NTf2] to [C4mpyr][B(CN)4] as the
medium [1]. This redox couple can be used in electrochemical devices for
harvesting solar energy (dye-sensitized solar cells, DSSCs) or thermal energy
(thermocells), and understanding how the potential changes in different solvents
can be important for developing such technologies.

7.1.2 Three-ElectrodeMeasurements

To properly study a half-reaction occurring at an electrode surface, electrochem-
ical measurements are often performed using a three-electrode setup, as shown
in Figure 7.1.

V

Reference electrode (RE)
e.g. Ag, Pt, etc.

Counter electrode (CE)
e.g. Pt, Zn, Mg, etc.

A

Working
electrode (WE)

e.g. Pt, GC.

Figure 7.1 Schematic of a three-electrode electrochemical cell. (CE= counter-electrode;
RE= reference electrode; WE=working electrode).
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Here, an appropriate potential is applied so that the reaction of interest occurs
on the working electrode. A reference electrode is used to allow more accurate
measurement of the potential. The reference electrode uses a reversible redox
process, for example, Ag/Ag+, which is able to maintain a fixed potential (i.e. the
potential is well known and stable). To avoid polarizing (i.e. altering the poten-
tial of ) this electrode, no substantial current is allowed to pass through it; this
is achieved by using a very high impedance (i.e. resistance) measuring circuit to
measure its potential. The current passing through the working electrode is car-
ried instead through the counter-electrode and ismeasured by an ammeter in the
main circuit.

7.1.3 Potential Scanning Techniques

The reaction of interest on the working electrode can be explored using a
technique such as linear sweep voltammetry (LSV). The LSV technique sweeps
the potential continuously in one direction, usually from a point of zero cur-
rent, measuring the current flow as a function of time. A typical scan begins
at a lower limit (V 1), passes the equilibrium (or reversible) potential, to an
upper limit (V 2). How quickly this voltage range is scanned is set by the scan
rate.
The LSV technique can be extended to cyclic voltammetry (CV), in which both

the oxidative (V 1 →V 2) and the reverse, reductive (V 2 →V 1) scans can be mea-
sured in a continuous cycle (Figure 7.2). From a CV scan, the equilibrium (or
reversible) potential Er can be estimated from the peak potential of the anodic
process, Epa, and cathodic process, Epc, by Er = (Epa +Epc)/2.
The oxidative or reductive sweeps in a cyclic voltammogram can be explained

by a combination of the Nernst equation and mass transport equations. For
example, in the case of the reversible process

Co(bpy)3
2+ −−−−⇀↽−−−−Co(bpy)3

3+ + e−

the current response when only Co(bpy)32+ is initially present in the solution will
be similar to the trace depicted in Figure 7.2. Initially, as the potential is increased,
no significant change in current is observed, as there is not enough energy to
drive the reaction (E<Er). However, as the reversible potential Er is approached,
the reaction becomes thermodynamically favored and thus the current starts
to increase.

Figure 7.2 Scanning potential
techniques: current–voltage profile
during a cyclic voltammetry experiment.
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The Butler–Volmer equation describes how the current changes as a function
of potential, as the difference between the forward and backward reaction
currents:

j = j0 ⋅
{
exp

[
𝛼anF𝜂
RT

]
− exp

[
−
𝛼cnF𝜂
RT

]}
(7.2)

where 𝛼 is the transfer coefficient, j is the current density (i.e. current per unit
of electrode area), j0 is the “exchange current density”, and 𝜂 is the “overpoten-
tial” with 𝜂 =E−Er [2]. Note that, as a result of the exponential form of these
terms, a small overpotential applied in one direction will cause the current to
increase exponentially in that direction while the reverse reaction diminishes
exponentially.
The Butler–Volmer equation does not immediately allow for the effects of

the inevitable changes in the concentration of reactants and products at the
electrode. On a macro-sized electrode (i.e. larger than ∼1mm2), the current in
Figure 7.2 reaches a maximum, ipa, where the current exceeds the ability of mass
transport in the solution to supply the reactants to the electrode interface. The
current then falls away with potential as the region near the electrode becomes
increasingly depleted in reactant.
On reversal of the potential sweep direction at V 2, the current initially contin-

ues to fall.This continues until the rate of the reverse reaction become significant,
at which point the current rapidly increases in the negative direction until a sim-
ilar reverse peak is reached at ipc. The material being consumed in the reverse
reaction is the product formed on the electrode during the forward sweep. From
adeeper analysis of the shape of these curves, an electrochemically reversible pro-
cess is found to produce a difference in potential between the two peaks of 58/n
mV at 25 ∘C on repeated cycling, where n is the number of electrons in the reac-
tion (note that this is often wrongly quoted as 59.1/n mV) [2]. A peak separation
greater than this is a sign of sluggish kinetics in the reaction.
The above discussion describes the situation when an electrode of macro-

dimensions is used, that is larger than ∼1mm2. A microelectrode, which is
typically of a few micrometers in diameter, experiences three-dimensional
diffusion of the redox-active species from the electrolyte around it, and this
avoids the part of the CV where the current decreases with potential, described
above. Instead, the current will approach a steady-state limit determined by
the diffusion coefficient of the electroactive species. Thus, microelectrodes are
commonly used to determine the diffusion coefficients of redox-active species in
solution.

7.1.4 Reference Electrodes in IL Media

The potential of a redox reaction should always be reported against a stable
reference electrode. The standard hydrogen electrode (SHE) is used as the
primary reference in aqueous electrolytes. Other well-known reference elec-
trodes, for example the saturated calomel electrode (SCE) ([Hg|Hg2Cl2|KCl],
E=+0.242V vs SHE) are measured versus this zero point. Many other stable
electrodes, such as silver–silver chloride ([Ag|AgCl|KCl], E=+0.197V vs SHE)
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and copper–copper(II) sulfate ([Cu|CuSO4], E=+0.314V vs SHE), are also used
in aqueous media.
Aqueous-based reference electrodes are usually constructed with a frit that

separates their electrolyte from the rest of the electrochemical cell (although
theremust always be liquid–liquid contact at the surface of the frit); thus, in prin-
ciple, they can be used in an electrochemical experiment with an IL. However,
when the solvent in the electrode is not the same as the medium in the electro-
chemical cell, this results in a junction potential. This is the potential difference
that arises from a difference in ion activity between the two liquid phases and is
typically a few tens of millivolts. Therefore, while this type of reference electrode
provides a reliable fixed potential, its actual reference potential is not accurately
known. Additionally, as the presence of water in the aqueous-based reference
electrode can contaminate the electrolyte being used in the electrochemical cell
(e.g. the IL), this type of reference electrode may not be suitable. Many nonaque-
ous reference electrodes such as Ag|Ag+ (in acetonitrile) can be used, but these
may also leak through the frit.Therefore, the ideal reference electrode is one that
is made using the same IL as is being used within the electrochemical cell. For
example, for studies using [NTf2]−-based ILs, a reference electrode consisting of
a Ag wire in 10mMAg[OTf] in [C3mpyr][NTf2] is ideal [3]. The similarity of the
reference electrolyte to the main electrolyte minimizes the junction potential. To
avoid any contamination of the Ag[OTf] into the main electrolyte, the reference
electrode solution is once again separated from the main electrolyte by a frit, as
shown in Figure 7.3.
As an alternative approach, wires made of noble metals such as Pt can

also be used as reference electrodes; these are described as quasi-reference
electrodes or pseudo-reference electrodes to indicate that their potential is not
a well-understood value. However, their potential should at least be constant
in the same electrolyte system or during any given experiment; thus they serve
the purpose of experimental reproducibility, but not for accurately reporting
electrochemical potentials or comparing potentials in different systems. These
electrodes are also not completely stable and the potential may drift over time.

Aqueous
Non-aqueous
(lonic liquid)

vs

Electrode connection Electrode connection

Sat.d KCI soln

Ag wire coated
with AgCl

Ag wire

Ag salt in lonic liquid

Bulk electrolyteBulk electrolyte

Figure 7.3 Comparison of an aqueous reference electrode and a nonaqueous reference
electrode, both composed of a metal (Ag) electrode separated from the bulk electrolyte by a
fritted tube.
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To address this, a calibrating redox couple such as ferrocene/ferrocenium
(Fc/Fc+) can be added to the electrolyte at some point during the experiment.
As the potential of this couple versus SHE is known, this can be used as an
internal calibration of the pseudo-reference electrode [4]. Thus, the potential
of an electrochemical process in the IL can be reported against the Fc/Fc+
potential. However, when using an internal calibrant such as this, care must be
taken to ensure that the redox couple used to calibrate the reference electrode
does not chemically interact with the other electroactive species present in
the electrolyte [5]. Recently, Torriero compared two internal reference redox
systems, ferrocene and decamethylferrocene (DmFc), in various ILs [6]. He
found that the redox electrochemistry of ferrocene generally exhibited a
stronger dependence on the nature of the IL than the DmFc0/+. This increased
independence from solvent effects of the latter may be a result of the substituted
methyl groups on the cyclopentadienyl ring, which makes it more difficult for
the IL to interact with the metal centre [7].
To achieve consistent and reliable redox potentials of an internal reference sys-

tem that is being examined by CV, it is important that the diffusion rates of the
oxidized and reduced species are the same (so that the peak current ratio remains
unity and the reversible potential is unaffected) [2]. Further, when using the inter-
nal reference within an IL that contains a second redox couple (i.e. the couple
under investigation), it is important that the presence of the internal reference
does not change the electrochemistry of the redox couple of interest. Thus, not
only should the electrode potentials of the two different species be well separated,
but also the mass transport rates should be the same with or without the internal
calibrant [4]. For further reading on reference electrodes, refer to [2, 8].

7.2 The Electrochemical Window of Ionic Liquids

The electrochemical window (EW) of an IL is defined as the range of potentials
within which the electrolyte is “stable”. This is an imprecise measurement that
reflects the potential range over which no faradaic current is observed on the cur-
rent scale of interest.More specifically, it is determined by observing the potential
required to produce some defined (low) value of current in each of the reductive
or oxidative regimes. As the actual values obtained are a function of the cur-
rent range, electrodes, scan rate, and other experimental details used, care should
be taken when comparing or over-interpreting the results. The electrochemical
window is therefore an overestimate of the true thermodynamic electrochemi-
cal window of the IL. However, this more fundamental property of the IL is very
difficult to determine in most cases.
There are many factors that affect the EW of an IL, chiefly the cations and

anions involved and the purity of the IL. Typically, but not always, the stability of
the anion is responsible for the oxidative limit at positive potentials while the sta-
bility of the cation determines the negative potential limit. Therefore, the overall
EW is the difference between the oxidative and the reductive limits of the ions
in the IL. Generally, tetra-coordinated ammonium-based cations have a higher
reductive stability than 1,3-substituted imidazolium-based cations. For example,
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the reductive limit of [N1,2,2,4][CF3BF3] is approximatively−3.43V versus Fc/Fc+,
while the reductive limit of [C2mim][CF3BF3] is approximatively −2.49V versus
Fc/Fc+ [9]. The lower reductive stability of the latter cation is explained by the
presence of the acidic hydrogen on the C2 position of the imidazolium ring.
When R2 =H on the imidazolium ring, the reduction of the cation occurs via
proton reduction. However if R2 is an alkyl group, then greater stability is
observed, as shown in Figure 7.4.
At the oxidative limit, fluorinated anions such as [BF4]− tend to show better

electrochemical stability than the halides, which is due to the propensity for the
latter to oxidise to neutral dimers (e.g. Cl2). A range of “pseudo-halide” anions
including [SCN]− and [N(CN)2]− behave similarly. As a general guide, it is often
observed that the more hydrophobic the anion, the higher the electrochemical
stability.

7.2.1 The Effect of Impurities

The presence of residual impurities, halide salts, or water within the IL can
introduce small features and peaks in the CV, which should not be evident in
the analysis of a pure IL. For instance, chloride impurities in [C4mim][BF4] can
produce a new peak due to the oxidation reaction to Cl2, at ∼1.5V (vs Ag/Ag+).
This is well before the expected oxidation potential of the [BF4]− anion at
above 2.2V versus Ag/Ag+, as shown in Figure 7.5a [11]. The chloride oxidation
peak becomes even more prominent at elevated temperatures. Further, while
[BF4]−-based ILs generally have a high electrochemical stability (up to ∼4V), the
addition of just 3wt% water can reduce the electrochemical window to 1.95V
due to hydrolysis and the production of HF [12].
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7.2.2 Choice of Working Electrode

Themeasured electrochemical window of an IL can often depend on the type of
working electrode used, as the electrochemical activity of different redox species
is more pronounced on some types of electrodes than others. For instance,
the electrochemical window of [C2mim][NTf2] is ∼4.1V on glassy carbon
(GC)[13, 14] compared to 4.5V on Pt [10]. This difference is due to the higher
oxidative limit of the anion on Pt electrodes. Thus it is vital to describe the
working electrode used when reporting the electrochemical window of an IL.
There are some electroactive species or impurities that may not appear in

the CV, depending on the nature of the working electrode. For instance, when
comparing working electrodes such as Pt and GC, the presence of many protic
impurities, such as water or some organic solvents, is more easily visible on
Pt. Similarly, the ease of detection for metal or halide ions can depend on the
choice of electrode substrate; for example, the electrodeposition and stripping
of Al/Al3+ from the acidic melt of chloroaluminates is observed on both GC and
Au electrodes, but no deposition/stripping is observed when Pt is used [15].

7.2.3 Other Factors Affecting the Electrochemical Window

ILs that are solid at room temperature, or are highly viscous, may need to be
heated to a convenient temperature to carry out measurement of the electro-
chemical window. Heating typically causes the electrochemical reactions to
occur at a faster rate, producing a narrowing of the apparent electrochemical
window. It is also highly recommended that the positive and the negative
potentials of an electrochemical window be determined separately. For example,
to determine the anodic limit of an [NTf2]−-based IL, the potential should be
scanned from 0V toward positive potentials in small steps, for example of 0.5V,
until the anodic limit is reached (commonly at around 2V vs Fc/Fc+). The reason
for this is that species produced during the anodic degradation of the IL may
produce reductive peaks on the reverse scan and it is important not to interpret
these as being related to the reductive breakdown of the pure IL.
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7.3 Redox Processes in ILs

As introduced in the previous section, ILs can be excellent media for accessing
the electrochemistry of redox couples. This allows their use in electrochemical
devices for harvesting solar energy (DSSCs) or thermal energy (thermocells), or
for storing energy (e.g. redox flow batteries). However, for the effective use of
ILs in such devices, the redox couple needs to exhibit suitable solubility, redox
potential, electrochemical reversibility, and diffusion rate. All of these features
can depend significantly on the nature of the IL, and therefore the study of redox
process in ILs (and the recent extension of this area to the development of intrin-
sically redox active ILs) is an important field.

7.3.1 Internal Calibrants

As discussed previously, the electrode potential of some redox couples are
less influenced by their solvent environment than others, and this consistency
can make them a good choice for use as an internal potential reference. Clas-
sic examples are the metallocenes, which exhibit relatively consistent redox
potentials across different solvent systems, as the redox-active metal center
can be considered well shielded from the surrounding solvent. Members of
this family include the redox couples Fc/Fc+ and DmFc introduced in Section
7.1. Other internal references that may be suitable, depending on the poten-
tial range of interest, include cobaltocenium [16] or the organic redox couple
TMPD/TMPD•+ (TMPD=N ,N ,N ′,N ′-tetramethyl-p-phenylenediamine) shown
in Figure 7.6 [17].

7.3.2 Redox Couples for DSSCs

Arguably, the most studied redox couple in ILs is the I−/I3− couple, as this is
widely used in DSSCs. Such DSSC electrolytes are synthesized by the addition of
iodine to an electrolyte containing an iodide salt thus: I− + I2 ↔ I3−. At increased
iodine concentrations, the electrolyte may also contain higher iodides I5−,
I7−, and so on. To make IL-based electrolytes, the iodide salt can be either an
inorganic salt (most commonly LiI) or an iodide-based IL such as [C3mpyr]I.

Fe Co Fe

N

N

TMPDDecamethylferroceneCobaltoceneFerrocene

Figure 7.6 Electroactive species that can be used as internal calibrants in ILs.
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This redox-active composition is then commonly dissolved in a more fluid but
redox-inactive IL such as [C2mim][B(CN)4] to achieve faster diffusion rates of
the redox couple. One of the key points with respect to the I−/I3− redox couple
is that at higher concentrations the diffusion can be significantly enhanced,
compared to that based on a simple mass transport mechanism, by transfer via
a Grotthus mechanism [18]. In this mechanism, the triiodide approaches the
iodide and forms an encounter complex, which then releases an iodide ion from
the other end; thus, triiodide is displaced by ∼2.9Å (the length of an I–I bond)
without physically having to move that distance [19].

I− + I3− → I− · · · I2 · · · I− → I3− + I−

The oxidation of I− to I3− is a two-electron process, and finding cheap alter-
native electrocatalysts for this reaction (to replace Pt and to develop flexible
devices) is an active area of research in the DSSC field. However, electrolytes
containing the I−/I3− couple can be volatile and corrosive, and therefore a
range of other redox couples in ILs has been explored for DSSC applications.
These include tetramethylammonium thiolate/disulphide (Figure 7.7a) [20] and
[C2mim][SeCN]−/[SeCN]3− (Figure 7.7b) [21]. The latter is an example of a
redox-active IL in which the electroactive species is incorporated into the anion.
This family of ILs is discussed further below.
DSSCs are also one area of application for the redox chemistry of metal

bipyridyl complexes, particularly the [Co(bpy)3]2+/3+ couple. This couple can be
used in acetonitrile-based electrolytes to giving high (>12%) device efficiencies
[22]. However, poor solubility and a low rate of mass transport of this large
molecule can be a significant limitation for its use in IL-based electrolytes. Thus,
redox-active ILs in which the cobalt complex is functionalized with imidazolium
groups (Figure 7.7c) can be beneficial [23].
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Figure 7.7 Examples of redox-active species used in DSSCs.
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7.3.3 Metal Bipyridyl Complexes

The redox chemistries of metal bipyridyl complexes such as [Co(bpy)3]2+/3+,
[Ni(bpy)3]3+/2+, [Ru(bpy)3]3+/2+ and [Fe(bpy)3]3+/2+ are examples of outer-sphere
electron-transfer reactions. The coordination around the metal center does
not change, and this is normally associated with a faster electron transfer rate.
The rate constant of such electron-transfer reactions can be calculated from
the charge-transfer resistance measured using electrochemical impedance
spectroscopy. The rate constant of the electron transfer depends on the nature
of the metal center, primarily as a result of differences in the inner sphere
reorganization energy. For example, the electrode kinetics of [Ni(bpy)3]3+/2+
complexes in [C4mpyr][NTf2] is much slower than that of [Ru(bpy)3]3+/2+ or
[Fe(bpy)3]3+/2+ in the same IL as a result of a larger reorganization energy (in the
nickel complex there is a change in the electron configuration, which leads to
more significant changes in bond lengths upon electron transfer) [24].
Marcus theory is commonly used to understand the solvent dependence of

heterogeneous electron-transfer reaction rates. This states that the rate constant
is inversely proportional to the “solvent longitudinal relaxation time”, which is
roughly proportional to the viscosity. Therefore, following a simple model we
would expect a slower rate of electron-transfer reaction in a more viscous sol-
vent, for example in an IL, compared to a molecular solvent. However, in reality
this relationship can be more complex than predicted, for example, as a result of
differences in solvent reorganization or relaxation behavior when moving to an
IL, where Marcus theory does not fully hold. For example, a study of the electro-
chemistry of [Co(bpy)3]2+ found similar rate constants in methoxypropionitrile
(MPN) and [C2mim][B(CN)4] despite a large difference in viscosity [1]. Under-
standing the extent to which we can apply theories commonly used for molecular
solvents to the study of ILs (e.g. the Butler–Volmer or Marcus–Hush theories
used in electrochemistry [25]) is an important area of study.
It is also significant that the temperature dependence of electron-transfer reac-

tion rates can also vary between different solvents (as this depends on the acti-
vation energy of the process). For example, the [Fe(bpy)3]2+/3+ reaction rate in
[C2mim][B(CN)4] is predicted to become higher than that in propylene carbon-
ate at temperatures above 50 ∘C [26].
Assessing the influence of the scan rate on the CV of redox couples, using an

appropriate electrode geometry, can be a useful way of probing the reversibility
and the diffusion rate [2]. For example, the electrochemistry of [Co(bpy)3]2+ has
been compared in organic solvents and four different ILs and on two electrode
materials [1]. The oxidation of [Co(bpy)3]2+ to [Co(bpy)3]3+ is readily observed,
while the reduction to [Co(bpy)3]+ can be achieved only with poor reversibility.
In the case of [Co(bpy)3]2+ in [C2mim][B(CN)4], the peaks are well defined
using glassy carbon electrodes (Figure 7.8) [1]. In this case, the diffusion rate
of the complex can be determined, as there is a good linear fit of the peak
current versus the square root of scan rate, with a zero intercept. However, on
Pt electrodes the reaction is slower, and the peaks more spread out. Further, in
other ILs or molecular solvents there may also be non-Stokesian transport beha-
vior (i.e. not obeying the Stokes–Einstein equation), which makes determination
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Figure 7.8 CVs of a 10 mmol −1 solution of [Co(bpy)3]2+ in [C2mim][B(CN)4] at different scan
rates (20, 50, 100, 200, 500, 800, and 1000 mV s−1) on a glassy carbon electrode. Each CV shows
the two redox reactions: one (at positive potentials) attributed to the [Co(bpy)3]2+/3+ redox
couple, and the other (at negative potentials) to [Co(bpy)3]1+/2+. (Cabral et al. 2015 [1].
Reproduced with permission of Elsevier.)

of the diffusion rate less reliable. In ILs, this nonideal behavior may reflect an
influence of solvent “structuring” in the bulk or on the electrode surface, as
introduced in Chapter 3.

7.3.4 Organic Redox Reactions

The electrochemistry of benzophenone in ILs is interesting from both applied
and fundamental perspectives. It can be used to make valuable pharmaceutical
compounds by an electrocarboxylation reaction using CO2; the “fixation” of CO2
is discussed in more detail later in the chapter. It can also be very sensitive to the
availability of protons in the IL, which depends on the nature of the IL ions and
the water content.
In dry ILswith no available protons, benzophenone exhibits two reversible pro-

cesses (Figure 7.9a). While the first one is almost independent of the nature of
the IL, the reversibility and peak position of the second is strongly affected by the
presence of either water or available protons, such as the imidazolium C2-H. As
the extent of proton availability has a direct influence of the redox reaction of this
second process – resulting in protonation and extensive hydrogen bonding – this
can be used as an analytical tool to investigate proton availability (and/or water
content) in ILs [27]. Interestingly, the impact of water on this second electro-
chemical process is much more significant in ILs than in molecular solvents.
Other redox couples that have been studied in ILs include N,N,N′,N′-

tetramethyl-phenylenediamine (TMPD, Figure 7.6) and 2,2,6,6-tetramethyl-
piperidinyl-1-oxyl (TEMPO, Figure 7.9b). The electrochemistry of TMPD has
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Figure 7.9 (a) Reduction of
benzophenone in a dry IL
[27]. (b) Reversible
one-electron
electrochemical oxidation
of TEMPO. (Evans et al. 2005
[28]. Reproduced with
permission of John Wiley &
Sons.)
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been used to study transport rates in ILs compared to molecular solvents as a
function of temperature and the charge of the molecule. In this case, while the
diffusion coefficient of TMPD was slower in the ILs than in acetonitrile (as a
result of increased viscosity), the relationship between viscosity and diffusion
coefficient was as expected based on the Stokes–Einstein relationship. However,
while in acetonitrile the diffusion coefficient of the radical cation is similar to
that of the neutral species, in ILs the radical cation moves at about half the rate
of the neutral species. The diffusion coefficient of the dication is even slower in
both types of solvent, but most significantly so in the ILs [29].
Similarly, for TEMPO in ILs [C4mpyr][NTf2], [C2mim][NTf2], and

[N6,2,2,2][NTf2], studied by both electrochemistry and electron spin resonance,
the relationship between the diffusion coefficient and viscosity followed the
expected relationships, suggesting transport mechanisms similar to those in
molecular solvents. However, in [P6,6,6,14][NTf2] and [P6,6,6,14][eFAP] (which, as
discussed in Chapter 3, we might expect to be quite “structured”), there was
some deviation in the rotational activation energies, which suggests that the
neutral TEMPO spends more time in nonpolar regions of the IL [28].

7.3.5 Polyoxometallates

There is substantial interest in using polyoxometalates (POMs) in ILs for electro-
chemistry, catalysis, and organic synthesis [30]. One attractive feature of these
metal-organic cluster compounds is that their redox behavior can be tuned by
changing their chemistry, for example, by using silicon, tungsten, or molybde-
num metal. POMs can be used (i) by dissolving in an IL, (ii) on a solid support
within an IL, or (iii) as a component in redox-active ILs by pairing the POManion
with a large charge-diffuse cation.
A key property of POMs for electrochemical applications is the large number

of oxidation states that they can display. For example, [𝛼-S2W18O62] can exist
in a series of states, as illustrated Figure 7.10. However, the purity of the IL is
very important in such electrochemical characterization. The presence of acidic
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Figure 7.10 Cyclic voltammograms obtained for the reduction of [Bu4N]4[𝛼-S2W18O62] at a
3-mm diameter glass carbon electrode, at the scan rate 0.1 V s−1. (a) Solution (5 mM) in
[C4mim][BF4] and (b) adhered solid in contact with [C4mim][BF4]. (Zhang et al. 2005 [31].
Reproduced with permission of American Chemical Society.)

impurities, for example, trace HF produced by hydrolysis of the [PF6]− anion, can
have a significant effect on the voltammetry. In particular, this can change the
reversibility and electrochemical potential of the more reduced (more negatively
charged) POM species, shifting it to a less negative potential [31].
The electrochemistry and catalytic activity of an IL-POM can also be assessed

by its immobilization onto a solid support (Figure 7.10b) [31]. This allows the
materials to be used as electrodes, supported catalysts, or sensors [30].

7.3.6 Redox-Active ILs

Rather than dissolving the POM in an IL, it can be used as the anion to produce
redox-active POM-ILs.This has the potential advantage of allowingmuch higher
cluster concentrations and avoiding the incorporation of unwanted counter-ions;
this latter consideration can be very important when the IL-POM is used as a
catalyst. Thus, for example, the Lindqvist ([W6O19]2−) or Keggin ([PW12O40]3−)
POM anions can be combined with either two or three [P6,6,6,14]+ cations,
respectively, to produce ILs that are liquid at or close to room temperature.
Although relatively viscous at room temperature, these redox-active ILs have
good thermal stability and become appreciably more conductive and fluid at
elevated temperatures [32].
The attachment of an electroactive group to the anion or cation of an IL is

a possible route to high concentrations of redox-active species in general. For
device applications, thismay help to addressmass transport limitations in IL elec-
trolytes (caused by the high viscosity and/or low solubility of the redox couple).
Both inorganic and organic redox-active ILs can be synthesized, and some
examples of this IL family are shown in Figure 7.11: (a) ferrocene-functionalized
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Figure 7.11 Examples of redox-active ILs, where the electroactive species are incorporated
into the cation or anion or both.

imidazoliums (n= 0,3,7,11) [33, 34], (b) the first organic redox-active ILs (where
the electrochemistry of IL 1 is irreversible but those of ILs 2 and 3 are reversible)
[35], (c) a dual redox IL for supercapacitors, where the anion and cation are func-
tionalized with anthraquinone (AQ) and 2,2,6,6-tetramethylpiperidinyl-1-oxyl
(TEMPO) moieties, respectively [36], and (d) a dual redox couple for DSSCs
where the imidazolium-functionalized TEMPO serves as the cationic redox
mediator and the selenocyanate serves as the anionic mediator [37].

7.4 Electrodeposition and Cycling of Metals in ILs

The reduction of metals from an IL solution has been a major focus of attention
since the first discovery of room-temperature ILs, both because of its relevance
to metal-based battery technology and also potentially as part of the metal elec-
trowinning processes. A typical CV of a metal reduction/oxidation process is
shown in Figure 7.12, where the reductive (negative) currents correspond to the
metal deposition process and the oxidative currents on the reverse cycle corre-
spond to the metal→metal ion process. The reductive sweep shows a distinct
delay, or overpotential, before reduction of the metal begins, as discussed fur-
ther below.
One of the main factors that controls the rate of metal deposition is the mobil-

ity of ions in the electrolyte. While a higher concentration of the metal ion is
ideal, it can increase the viscosity of the electrolyte, thus lowering the diffusion
coefficients, and hence an optimum concentration is often found. For example,
Figure 7.12 compares the deposition of Zn at different Zn2+ ion concentrations
and with the addition of 2.5wt% water to the mixture. The 0.2M Zn2+ concen-
tration produces distinctly higher peak currents in both reduction and oxidation
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Figure 7.12 Cyclic voltammograms of 0.1 M (black line) or 0.2 M (red line) ZnX2 in an [NTf2]− IL
and also 0.2 M⋅ZnX2 with 2.5 wt% water added (blue line) versus Zn/Zn2+ at 25 ∘C (where
X= [NTf2]−) on a glassy carbon electrode.

processes and these are further enhanced by the addition of water, effectively as
a viscosity-lowering diluent. Increasing the temperature can also increase the
current density, as the diffusivity of the metal ions increases with temperature.
Note that a change in scan rate can also affect the current density, as described
by the well-known Cottrell equation (ip is a function of scan rate, 𝜈1/2), since the
potential reaches more extreme overpotentials more quickly.
The reductive behavior during metal deposition in a CV-type experiment can

appear complex, as seen in Figure 7.12 using Zn as an example. Experimentally,
the potential at which Zn2+ begins to reduce in this experiment is often sub-
stantially more negative in all electrolytes than the Zn/Zn2+ reversible potential,
including ILs, for several reasons. First, the metal must nucleate as metal
particles on the working electrode, and this process depends on the substrate.
Secondly, once the metal process has begun and the reactant metal ions are
depleted from the electrode region, then the concentrations in the Nernst
equation change, creating a shift in the local redox potential. This appears as an
overpotential, often called the “concentration overpotential” [38]. This can be
observed in a CV of a metal deposition process wherein the potential at which
the current passes through zero on the return cycle (which is the local equilib-
rium potential), as the process changes from reduction to oxidation, is displaced
to negative values from the true equilibrium potential for the metal in the
electrolyte.
The above discussion has used the metal deposition and subsequent oxidative

cycling of zinc as an example ofmetal ion behavior in ILs.The former process is of
application interest in metal “electrowinning” and the latter in battery chemistry.
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In the following, we provide a brief overview of electrodeposition and cycling
studies of a range of important metals and systems.

7.4.1 Chloroaluminate-Based ILs

Chloroaluminate-based ILs were employed in early electrodeposition studies of
Al [15, 39, 40]. These ILs are composed of a mixture of aluminum trichloride
and an organic halide such as [C2mim]Cl or [C2mpyr]Cl. Although most metals
show high solubility in these chloroaluminates, the deposition of some of these
metals depends on the Lewis acidity of the IL (the synthesis and reactions
of chloroaluminates are described in Chapter 4). In most cases, it has been
found that metals such as Zn are electrodeposited when the chloroaluminate
is in its acidic form, that is, when Al2Cl7− is present. However, whether the
deposition is solely of the target metal depends on the potential of the reduc-
tion. For instance, upon the addition of a metal ion to the chloroaluminate,
if a reduction peak appears before the cathodic limit of the chloroaluminate,
then only the pure metal is electrodeposited. However, if a reduction peak
appears after the cathodic limit of the chloroaluminate, then an alloy of the
target metal combined with Al is most likely to be electrodeposited. The
electrodeposition of some group II–VI metals has also been demonstrated from
chloroaluminates.

7.4.2 Zinc

Extensive research has demonstrated stable extended electrochemical cycling
of zinc in ILs since the redox process is well within the stability window of
many ILs. Key examples include ILs with the anions [N(CN)2]− [41–43] or
[NTf2]− [44]. Additives such as water and dimethylsulfoxide (DMSO) improve
the kinetics substantially [45]. For example, addition of 3wt% water to a mixture
of Zn[N(CN)2]2 and [C2mim][N(CN)2] results in increased current densities
and a more uniform morphology of the deposited zinc metal. A similar addition
of water to a mixture of Zn[NTf2]2 and [N2(20201)(20201)(20201)][NTf2] allows more
than 800 charge/discharge cycles [44]. Hence, given the ease of zinc cycling in
such electrolytes, companies such as Fluidic Energy have patented IL-based
electrolytes for application in a rechargeable zinc–air battery.

7.4.3 AluminiumDeposition from Air andWater Stable ILs

Despite the success of Al deposition from the chloroaluminate ILs introduced
previously, their extremely hygroscopic and corrosive nature has encouraged a
gradual transition toward the second- and third-generation air- and water- sta-
ble ILs for studies of Al deposition. However, many systems still use AlCl3 as
the aluminum source. Recently, the Endres group showed the electrochemical
deposition and stripping of aluminum from three different ILs – [C2mim][NTf2],
[C2mpyr][NTf2], and [P6,6,6,14][NTf2] [15]. A different morphology of the deposit
was produced from each of the three ILs, suggesting that the IL cation plays a role
in the electrodeposition process. Interestingly, it was found that in all three cases
the deposition of the metal ion was successful only from the upper phase of a sat-
urated biphasic mixture of AlCl3 and IL.This indicates that for some electrolytes
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the concentration of the metal salts needs to be relatively high in order for the
electroactive species, namely [Al2Cl7]−, to be present.

7.4.4 Lithium

Lithium reacts rapidly with H2O, oxygen, and nitrogen to form the stable Li2O
and Li3N compounds [46], and so electrochemical experiments involving Limust
be performed inside an argon-filled glove box. Extra caremust be taken to ensure
that the electrolytes are also free from O2 and moisture prior to measurement.
ILs are of special interest as an electrolyte material for lithium-based batteries for
safety reasons, due to their negligible vapor pressure and high thermal stability.
Achieving a high degree of stable electrochemical cycling (the process of

charging and discharging an electrode over a number of cycles) for a Li electrode
in an electrolyte is currently one of the main challenges for Li metal-based elec-
trochemistry. The highly negative standard reduction potential of Li (−3.04V
vs SHE) means that electrodeposition is often observed at potentials slightly
more negative than the cathodic limit of the IL, and hence IL breakdown can
occur. For this reason, the electrochemical cycling of lithium is more successful
in [NTf2]−-based ILs, due to the ability of such fluorinated anions to form
stable solid electrolyte interphase (SEI) layers. A uniformmorphology of lithium
deposition, producing a cycling efficiency of >99%, has been reported in these
types of ILs [47].
Recently, alternative smaller and potentially cheaper anions such as [fsi]−

have been shown to allow similar successful cycling of Li in batteries using
LiNi1/3Mn1/3Co1/3O2 as the cathode material [48]. The application of such ILs
will be discussed in more detail in Chapter 8.

7.4.5 Sodium

Sodium deposition and cycling from ILs has become of significant interest
because of possible battery applications [49]. The IL systems and electrochemi-
cal behavior of Na and Li are very similar. However, it is notable that the solubility
of Na salts in ILs can be higher than that of their Li analogs, and a number of
systems of general formula Nax[Cat]1−xX have been developed for electrochem-
ical applications that have x> 0.5, that is, sodium is the majority cation. For this
reason, these systems have been described as “inorganic–organic ILs” [49].

7.4.6 Magnesium

Magnesium is another “light metal” of significant interest in metallurgy and
batteries.Themetal is reduced at potentials slightly less negative than lithium (E0

(Mg2+/Mg)=−2.36V vs SHE). However, in comparison to lithium, magnesium
is not highly reactive and thus the metal is much safer to use. As this area
of study is still being explored, understanding of the type of IL required to
support reversible magnesium electrochemistry is still limited. Nevertheless,
the latest findings on magnesium electrochemistry in organic solvents provide a
basis for the choice and design of ILs with similar properties. For instance, the
electrochemical reversibility of magnesium is achievable in ethereal solvents
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such as tetrahydrofuran (THF) or dimethoxyethane [50–52]. Thus, in designing
an IL, it is predicted that the presence of multiple ether-based functional groups
is important for the electrochemical reversibility of magnesium. Despite this
hypothesis, the deposition and stripping of magnesium is not always observed
in an ether-based IL.
To date, electrolytes based on mixtures of ILs, mixed with salts of lithium and

magnesium, that are successful in supportingmagnesium reversibility are mainly
those with Grignard reagents (RMgX, where R= alkyl, aryl group, and X= I, Br,
Cl etc.) [53–55], ethereal additives [55, 56], or ether-based ILs [57]. Recently, Kar
et al. observedmagnesium deposition and stripping from amixture of Mg[BH4]2
in [N2(20201)(20201)(20201)][NTf2], but the same result was not produced when the
magnesium salt was changed to Mg[NTf2]2 [58].

7.5 Electrosynthesis in Ionic Liquids

The previous section discussed the use of ILs as media for the synthesis of solid
materials by electrodeposition onto a working electrode. In addition to that tech-
nique, ILs are also interesting media for electro-organic synthesis. In these reac-
tions, as with most electrochemical applications, the wide window of electro-
chemical stability of many ILs is a significant benefit. The possibility of recycling
and reusing the IL is also important as a method for minimizing cost and thus
increasing the commercial viability of the synthetic process. In this section we
look at the use of ILs for electrosynthesis, concentrating on organic compounds
rather than inorganicmaterials, as the latter are predominantly produced by elec-
trodeposition; in other words, the product is a solid, usually on the electrode,
whereas electrosynthesis, in most cases, produces a solution-state product. Elec-
trosynthesis is increasingly used in industry [59], and a number of recent reports
discuss the promising area of IL-based electro-organic synthesis in more detail
[60–63], including direct routes to compounds from CO2 as a carbon source.
The electrosynthesis of organic compounds is often more environmentally

friendly than synthesis using chemical oxidants or reductants. Electrons are
inherently cleaner than chemical reagents, and by using electrochemistry highly
reactive and even hazardous intermediates can be produced using mild condi-
tions. Electrochemical oxidation or reduction reactions therefore generally use
less reagents, produce fewer unwanted products, and can proceed under gentler
conditions than chemical synthesis. Good control of the reaction selectivity,
rate, and degree of reaction completion can also often be achieved by adjusting
parameters such as the applied potential, the electrode material, the nature
of the electrolyte, or the total charge passed. Coupling the electrosynthesis
reaction to real-time monitoring, for example, to electroanalysis techniques
such as CV, can allow further control. Finally, electrosynthesis can also often be
performed in flow cells that can help address mass transport limitations. The
transport of reagents to the electrode surface can limit the reaction rate and
make electrosynthesis slower than chemical synthesis, and the high viscosity of
ILs at room temperature can further exacerbate this problem. Two approaches
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to overcoming this, using ultrasonication or the addition of a molecular solvent,
are described in the following.
As for the other electrochemical reactions discussed in this book, the

experimental setup for electrosynthesis requires a working electrode and a
counter-electrode. These can be contained in the same cell or in a divided
cell that separates the counter- and working electrodes. Use of a reference
electrode, located near the working electrode, allows optimum control of the
potential. The reaction can be performed using either a constant current or a
constant potential. It is important to remember that the reaction at the working
electrode is always accompanied by a reaction at the counter-electrode, and it
is consideration of this latter reaction (and any unwanted products that result)
that is often behind the choice of experimental setup: for example, single or split
cells, or the use of sacrificial electrodes.
During electrosynthesis, electrons are added or removed from the reagent

molecule by electron transfer at the electrode surface. This electron transfer is
controlled by the potential of the working electrode, which is chosen to optimize
the desired reaction (i.e. increasing or decreasing this potential can result in
an incomplete reaction, unwanted products, or decomposition). Oxidation
occurs by removal of an electron from the highest occupied molecular orbital
(HOMO) of the reagent molecule, or reduction occurs by electron transfer
into the lowest unoccupied molecular orbital (LUMO). For example, aromatic
hydrocarbons are oxidized through loss of an electron from the highest occupied
𝜋-molecular orbital to form a 𝜋-delocalized radical cation. This heterogeneous
oxidation or reduction reaction (“heterogeneous” because it occurs at the
electrode/electrolyte surface) may produce the final product or, alternatively, a
reactive intermediate which then reacts further in solution through a homoge-
neous reaction. An overview of different electrosynthesis reactions is shown in
Figure 7.13.
As noted previously, the relatively high viscosity of ILs can be problematic for

electrosynthetic reactions if it creates significant mass transport limitations. One
approach to overcoming this is the addition of a small amount of a molecular
solvent. For example, the addition of 25 vol% methanol to [C2mim][NTf2]
can result in a significant increase in yield for the Shono oxidation of carba-
mates. It also helps to prevent electrochemical degradation of the IL caused
by trying to maintain high currents during the synthesis [64]. Performing an
electrosynthesis reaction under ultrasound can also reduce the mass transport
limitations, thereby increasing the current efficiency and rate. For example, this
approach, called sonoelectrochemistry, has been used during the electrochemical
reduction of N-methylphthalimide to 3-hydroxy-2-methyl-isoindolin-1-one
in [C2mim][NTf2] using phenol as the proton source [65]. In this method, the
charge passed at any point in time under ultrasound was more than double that
passed without ultrasound. However, the combination of heat and ultrasound
may increase decomposition and discoloration of the IL. Ultrasonication can
also be beneficial for improving current efficiency, and even influencing reaction
selectivity, during electrochemical fluorination reactions in ILs [62]. This type of
reaction is discussed further in the following.
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Figure 7.13 Overview of possible electrosynthesis reactions, showing reactive intermediates
that are formed electrochemically and a range of possible subsequent reactions to form the
final product. (Frontana-Uribe et al. 2010 [60]. Reproduced with permission of Royal Society of
Chemistry.)

7.5.1 Oxidation Reactions

7.5.1.1 Fluorination
The fluorination of organic compounds is one example where electrosynthesis
can avoid the use of toxic chemical reagents, in particular HF, and even allow
the reactions to be performed using normal glassware rather than containers
inert to reaction with HF. Fluorinated organic compounds are widely used in the
materials chemistry, agrochemical, and pharmaceutical fields and thus there is
significant interest in developing these electrosynthetic processes.
The electrochemical window of many ILs containing HF adducts, shown

in Figure 7.14 [62], is sufficient to support a range of fluorination reactions.
Et3N.3HF is an archetypal example and was the first to be used [66]. The
amine:HF ratio can be increased up to 1 : 5, which shifts the oxidation and
reduction potential in a positive direction, and for some reactions also changes
the selectivity [67]. In these electrochemical fluorination reactions, the IL acts
as both the medium and the source of the fluoride anion. Thus, radical cations
of the organic reagent are generated at the anode, which then react with the
fluoride of the IL to achieve selective fluorination. When Et3N⋅3HF is used
within molecular solvents such as acetonitrile, anode passivation (the formation
of a nonconducting film on the electrode) or the synthesis of unwanted products
is a common problem. This can be reduced by using an IL. For example,
[C2mim][OTf] has proven useful for a range of electrochemical fluorination
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Figure 7.14 Electrochemical window of fluoride-containing ionic liquids. (Fuchigami and
Inagi 2011 [62]. Reproduced with permission of Royal Society of Chemistry.)

O

10 mA cm−2

[C2mim][OTf]

F

O

O

O
−2e, −H+, F−

Figure 7.15 Electrochemical fluorination of pthalides in an ionic liquid. (Hasegawa et al. 2003
[68]. Reproduced with permission of Royal Society of Chemistry.)

reactions, used in combination with Et3N⋅nHF as the fluoride source [62].
Particularly for the reaction of molecules with high oxidation potentials, such
as phthalides (Figure 7.15), the use of this IL provides significantly improved
yields compared to acetonitrile or the neat Et3N⋅nHF salt. It is believed that the
IL increases the nucleophilicity of the fluoride anion and stabilizes the electro-
generated cationic intermediate [68]. Finally, when passivation of the electrode
occurs even in the IL system, one or two mediators can be added to the reaction.
These can improve the efficiency by reacting at the electrode, enabling the
desired fluorination reaction and then being subsequently regenerated. These
mediators may also be reused along with the IL [62].

7.5.1.2 Oxidation of Alcohols
Alcohols can be oxidized to carbonyl compounds using a TEMPOmediator [69].
The redox reaction of this catalyst in [C4mpyr][NTf2] is reversible, producing the
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catalytically active oxoammonium species (Figure 7.9b, right-hand structure).
This then oxidizes the alcohol to the corresponding aldehyde or ketone, which
in turn results in the electrochemical regeneration of the TEMPO. Comparison
of the reaction in the IL and in acetonitrile showed that mass transport rates
of TEMPO in the IL are relatively slow, but this is helped by a drop in viscosity
when the reagents and products are present.Thus, the catalytic currents in the IL
are about 4.5 times smaller than in acetonitrile. For most of the alcohol oxidation
reactions studied, 100% Faradaic efficiencies and 100% chemical selectivities
were observed [69].The exceptions to this are when the oxidation reaction forms
an aldehyde or ketone that is enolizable, as these react with the oxoammonium
species formed from the TEMPO. This is an irreversible reaction, resulting in
the consumption of the catalyst and low product yields unless the electrolysis
is performed using a low charge, which reduces the unwanted side reactions.
However, this problem is also observed in molecular solvents and in analogous
chemical oxidation reactions of these particular alcohols – it is not a result
peculiar to the use of an IL.

7.5.2 Reduction Reactions

7.5.2.1 CO2 Reduction
A variety of successful approaches to the electrochemical reduction of CO2
in ILs have been demonstrated. The electrochemical conversion of CO2 into
valuable chemicals, fuels, or feedstock is very attractive, as CO2 is both a cheap
reagent and also one that urgently needs to be removed from the atmosphere.
Furthermore, the high solubility of CO2 in many ILs is a significant advantage
in these processes. However, as CO2 is kinetically very stable, the efficiency
of the electrochemical reduction reaction depends on finding a good electro-
catalyst and suitable electrodes for the overall synthetic reaction. Overcoming
the high activation potential for CO2 reduction is an ongoing challenge for
electrochemists, and is also relevant to the development of direct solar-driven
processes [49].
Use of an aqueous solution (18mol%) of [C2mim][BF4] as the reactionmedium

for the electrocatalytic reduction of CO2 to CO can significantly reduce the
overpotential for this reaction, from nearly 1V to less than 0.2V. The decrease
in overpotential was attributed to the formation of a [C2mim]+–CO2

− complex
intermediate [70]. However, proton availability is also key to this reaction, in this
case aided by hydrolysis of the [BF4]− anion: a subsequent study showed that a
[C2mim][BF4]/water mixture with 89.5mol% H2O and a corresponding pH of
3.2 gives the highest currents [71]. Alternative strategies that avoid the use of
water to minimize the competing hydrogen evolution reaction and increase CO2
solubility (which is very low in water) include the use of superbase ILs [72] and
distillable (”dimcarb”) ILs [73]. In the latter case, whether the dominant reaction
is proton or CO2 reduction depends very much on the type of electrode used:
out of 17 metal electrodes tested, those made of Ag, Au, In, Sn, and Zn were
able to catalyze the reduction of CO2 to CO and formate. These different studies
clearly show how important it is to understand how the nature of the IL and the
electrode influences the mechanism and efficacy of CO2 reduction; optimizing
these continues to be an important active area of study [49, 74].
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Figure 7.16 Electrochemical synthesis of organic carbamates in an ionic liquid. Feroci et al.
2007 [75]. Reproduced with permission of American Chemical Society.)

For the electrosynthesis of organic molecules in ILs, one approach is to
reduce CO2 in the presence of a proton source to give hydrocarbons, alcohols,
or carboxylic acids. Another approach is to perform the electrochemical
synthesis in the presence of a second reagent – an organic molecule – to produce
carbamates, cyclic carbonates, dialkylcarbonates, and so forth [61, 63]. Such
processes are sometimes described as “electrochemical fixation” of CO2. For
example, ILs can be used to produce organic carbamates by the reaction of CO2
with amines (Figure 7.16) [75]. This electrosynthesis procedure is milder than
alternative chemical routes to carbamates which often involve toxic reagents
such as phosgene. In order for this reaction to be achieved in good yield, it
must proceed in favor of the reaction between the alkylating agent and the
carbamate anion rather than attack of the alkylating agent to the amine, that is,
O-alkylation over N-alkylation, to give product (a) over (b) or (c). In the example
shown in Figure 7.16, use of [C4mim][BF4] achieved complete selectivity for the
O-alkylation, likely through stabilization of the carbamate ion by interaction
with the [C4mim]+ cation, and allowed the reaction to proceed in 80% yield
when a Pt electrode was used. Thus, in this example, as in many others, the
ability of the chosen IL to stabilize a particular reaction intermediate is highly
beneficial. The same IL was also successfully used to produce carbamates from a
range of other primary and secondary amines, with varying yields [75].

7.5.2.2 Carbon–Carbon Bond Formation
The formation of dimers by C–C bond formation can be achieved by either oxida-
tion or reduction reactions depending on the nature of the reactant. For example,
aromatic compounds such as anisole andmesitylene can be oxidized to the corre-
sponding dimer in [C4mim][NTf2] [76]. In this setup, instead of using a sacrificial
counter-electrode (as is often used in electrochemical reduction synthesis), the
cathodic process is the reduction of protons produced during the oxidation of the
aromatic reagent.
The formation of C–C bonds by electrochemical reduction has been more

widely studied, and the nature of the electrode and the catalyst can again be
very important. Furthermore, some electrodes perform both roles. For example,
the reduction of benzoyl chloride can be performed in [C4mim][BF4] by using
a silver cathode and a magnesium anode (Figure 7.17) [77]. In this setup,
interaction between the organic halide and the silver surface helps to activate
the reaction, that is, it also performs a catalytic role. In contrast, the use of nickel
or copper cathodes gives lower yields. This is also an example where changing
the applied potential can change the product ratio and yield: in this case, when
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2003 [78]. Reproduced with permission of Royal Society of Chemistry.)

the potential was more negative than −1.2V, it formed more of product (b) and
less of the desired product (a).
This reaction is also an example of when a sacrificial anode (Mg, Al, or Zn) has

been used. In such a setup, the electrode is consumed during the reaction, as it is
oxidized to form themetal ions in solution.The desired organic products are then
separated from the metal salts in the IL by extraction, although it is important
to note that the metal salt becomes a byproduct of the process. This approach is
also beneficial for other reductive coupling reactions such as the nickel-catalyzed
electrochemical reduction of alkyl halides, where the use of a sacrificial anode
allows the reaction to be performed in an undivided cell [78]. In this early
example of electrosynthesis in ILs, the reaction proceeds in [C8mim][BF4]
(with a small amount of DMF to lower the viscosity and increase the conduc-
tivity) using a nickel, a stainless steel, or an iron bar as the sacrificial anode
(Figure 7.18a). Many reductive electrochemical coupling reactions also benefit
from the use of a catalyst, in this case aNi(bpy)2+ complex. A similarNi-catalyzed
electrosynthesis procedure can be used to achieve arylation of activated olefins
(Figure 7.18b) [78].
An alternative approach to catalyzing the coupling of aryl halides is by in situ

generation of the catalyst in the IL, in the form of Pd nanoparticles [79]. Oxida-
tion of a Pd anode, with a Pt cathode, produces Pd2+ ions in the IL.These are then
reduced to finally form Pd0 nanoparticles as a dispersion in [C8mim][BF4]. The
use of an IL in this process helps in stabilizing the nanoparticles as well as provid-
ing the required conductivemedium for the production of the catalyst and for the
electrochemical coupling reaction. The catalytic cycle is closed by electrochemi-
cal regeneration of the Pd(0) species, by a process that may require the oxidation
of trace water within the IL [79].
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7.6 Concluding Remarks

This chapter introduced some of the principles and laboratory practice of
electrochemistry as applied to studies involving IL electrolytes as media for
electrochemical reactions. These include a variety of redox processes, metal
ion-to-metal deposition and cycling processes, and organic synthetic reactions,
all of which benefit in a variety of ways from the high conductivity and/or low
volatility and extended temperature range of IL-based electrolytes. One of the
key features to note is the ability to use water as a reactant where required, rather
than as a reactant and solvent, thereby allowing better control of the reactant
concentration.
It is important to recognize that in all electrochemical processes there must be

a counter-electrode reaction that completes the electrochemical circuit. At the
laboratory level, these processes are easily separated from the main reaction
compartment by the use of a separator membrane or glass frit. In any large-scale
electrodeposition or electrosynthesis processes, these reactions become an
important consideration in terms of the overall chemistry, sustainability, and
economics. If the byproducts created by the counter-electrode reaction remain
in the IL solution, then separation of these can become a major challenge,
as disposal of the IL is rarely an acceptable option. If the byproducts reach
the working electrode, they will almost certainly become part of the process
occurring there, consuming current unproductively. Thus, various forms of
separators and IL-based membranes have been developed to separate the two
compartments while also allowing facile and selective conduction of one ion
through the membrane.
The superb properties of ILs as electrolytes have been the basis of a broad and

ever-increasing range of applications in electrochemical processes and, as the ILs
studied have been somewhat small in number, there is clearly considerable room
for further optimization and development of this field of IL electrochemistry.
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8

Electrochemical Device Applications

8.1 Introduction

The single ubiquitous property that should, in principle, be observable for all ionic
liquids (ILs) is ion conductivity, as introduced in Chapter 5. This makes the IL
medium intrinsically useful as an electrolyte in electrochemistry (as discussed in
Chapter 7) and in electrochemical devices. However, the ion conductivity is not
typically as high as is available in, for example, the aqueous salt solutions used
in metal–air batteries, or the organic carbonate–liquid-based electrolytes that
are present in most lithium-ion batteries. Thus, there is ever-growing focus on
improving and understanding ion transport in ILs and that of target ions, such as
Li+ for lithium-ion batteries, in IL media.

So why is there so much interest in IL-based electrolytes for devices? The
answer stems from their thermal properties in almost all cases. Solvent-based
electrolytes are intrinsically volatile, and that creates drying out problems at ele-
vated temperatures, requiring effective sealing of the device. Worse, the organic
solvent often makes the electrolyte flammable and potentially explosive under
adverse conditions. The Internet shows many examples of exploded laptops and
electric vehicles that have caught fire. These issues arise not only in situations
of damage or misuse; larger battery packs generate significant amounts of heat
during rapid charging or discharging, and ‘thermal management’ is required to
limit the internal temperature rise. Most of the battery packs now on the market
for domestic solar energy storage have active thermal management built in – in
some cases, liquid coolant circuits are used, adding considerably to the cost and
weight of the device. Of course, the energy lost as heat and in running the thermal
management system all detracts from the round-trip energy efficiency (energy
output vs energy input) of the device. In principle, ILs are more thermally stable
than these organic electrolytes and hence appear to offer a basis for a much safer
and more efficient device, especially when large devices are involved (electric
vehicles, grid storage, and so on). Similar thermal stability needs arise with
respect to dye-sensitized solar cells and supercapacitors. Thermocell electrolytes
and advanced fuel cells need to routinely operate at elevated temperatures, and
these applications are possible only with a medium that is quite stable in the
150 ∘C region.

Fundamentals of Ionic Liquids: From Chemistry to Applications, First Edition.
Doug MacFarlane, Mega Kar and Jennifer M Pringle.
© 2017 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2017 by Wiley-VCH Verlag GmbH & Co. KGaA.
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This chapter discusses the development and use of IL in these various devices.
Recent reviews are available for more extensive reference to the published litera-
ture for the interested reader [1–5].

8.2 Batteries

8.2.1 Lithium–Ion Battery

In battery applications, the IL is used as an ion conductive solvent for the species
involved in the electrochemical reactions. In lithium batteries, this means Li
salts, often using the same anion in the salt and the IL, for example Li[NTf2] in
[NTf2]−-based ILs. The use of [NTf2]−-based ILs for this application has been
studied for nearly 15 years, as this family offers some of the widest electrochem-
ical windows available (as discussed in Chapter 7). Of particular importance is
that the very negative reduction potentials of Li metal and Li–carbon are, in
principle, within the electrochemical window of these ILs. The use of Li metal
electrodes is one of the longer term goals of development in this area, as it offers
extremely high energy density. However, some serious incidents in the early
stages of Li metal battery development forced most manufacturers to shy away
from this approach. Instead, most of our Li batteries today are of the ‘Li-ion’ type
(Figure 8.1), meaning that the anode is made from graphite and that Li+ ions are
intercalated into the graphite during reduction:

Li+(solution) + e− + C → LiC6

Graphite can accommodate up to one lithium atom per six carbon atoms, at
a potential only slightly above (less negative than) the Li+/Li potential (i.e. close

Li– Intercalated
carbon anode

Li+ Containing
electrolyte

LiCoOx cathode

Aluminium
current collector

Li+

e–

Figure 8.1 Schematic of lithium-ion battery (arrows indicate direction of Li+ motion during
discharge and the direction of ‘normal’ current in the circuit (electron flow is in the opposite
direction).
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to that of the Li+ + e− →Li metal reaction, and thus allowing nearly the same
theoretical voltage in the battery). The advantage of graphite electrodes is that
discrete domains of Li metal do not form, and therefore the electrode is not as
prone to causing short-circuits by the formation of lithium dendrites at elevated
temperatures or upon overcharging. As the Li+ ion can be thought of as shuttling
between the anode and the cathode, these batteries are also described as ‘shuttle’
or ‘rocking chair’ batteries [6].

However, the practicalities of actual Li deposition and cycling tell a slightly
different and more subtle story. Figure 8.2 shows the typical cyclic voltammetry
experiment that an electrochemistry researcher carries out to explore Li metal
deposition (reduction) and stripping (oxidation). As shown, it is often observed
that the neat IL shows reductive decomposition before LI potential, yet stable Li
cycling is observed when sufficient, usually 0.5 mol/kg or more, Li salt is dissolved
in the IL. Inspection of the electrode by a variety of methods after multiple (often
many hundred) cycles shows that the surface is covered with a surface film. This
is also true of lithium cycled in standard carbonate electrolytes, and the film is
usually described as the ‘solid electrolyte interphase’ (SEI) layer. This layer con-
tains breakdown products of the solvent species, including some Li ions, and for
good cycling it must be conductive to Li+ ions. The typical thickness of the SEI
layer is in the 10–100 nm range.

The origin and composition of the SEI layers formed in ILs has been the subject
of many studies [8]. It is believed that extremely pure [NTf2]−-based ILs do not
generate such layers at the Li+/Li(s) potential, but the minor impurities present in
practical samples change the situation [9, 10]. Reactive impurities include H2O,
O2, N2, CO2, and byproducts of the IL synthesis, and all of these can become
chemically active at the very negative potentials involved. It is extremely difficult
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Figure 8.2 Cyclic voltammogram of Li deposition and stripping in an IL electrolyte, comparing
the neat [P1,1,1,i4][fsi] and solutions of 0.5, 3.2, and 3.8 mol kg−1 Li[fsi] in [P1,1,1,i4][fsi] at a Ni
working electrode with a potential sweep rate of 20 mV s−1 at 25 ∘C. (Girard et al. 2015 [7].
Reproduced with permission of Royal Society of Chemistry.)
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to remove these impurities to very low levels even if all of the synthesis and
handling is performed in an argon glove box.

By probing more deeply into the processes that could involve these impurities,
it has been shown that parts per million (ppm) levels of oxygen and water in the IL
can generate radical species such as ⋅O2

−, which in turn can cause the breakdown
of the solvent species. The SEI that forms on Li surfaces cycled in [NTf2]−-based
ILs shows fragments of the anion [11], and hence it appears that the anion may
be susceptible to attack by these radical species. Computational studies of the
likely course of such a radical attack on [NTf2]− support this view [12]. These
reactions cease once the active contaminants have been consumed, and therefore
as long as the levels of impurities are not excessive, the formation of the SEI is
not an impediment to the long-term cycling of the device. It is also important
to realize that, in a real device, small amounts of these active species can also
emanate from the other components, such as the counter-electrode, the casing,
and the separator.

It is also well recognized that SEI layers are present and important in the stable
operation of Li-graphite electrodes with the standard organic carbonate solvents.
However, the chemical makeup of these layers is again not completely under-
stood; to some extent, it must be different from those layers originating from an
IL. Thus, it becomes clear that SEI layers are very important in batteries oper-
ating at these very negative potentials and that their chemical makeup will vary
between different electrolytes or ILs [2]. For example, current work is exploring
the nature of the SEI that forms in ILs based on the [fsi]− anion, as discussed in
the following, and also from ILs based on quaternary phosphonium cations [13].

While the [NTf2]− anion has received much attention for Li battery applica-
tions, more recent studies have examined its smaller relative, the [fsi]− anion
[14–16]. One of the features of the ILs in this [fsi]− family is that the maximum
solubility of the Li salt (Li[fsi]) is much higher than the corresponding Li[NTf2]
solubility (typically 0.5–1 mol kg−1 in the latter case). In fact, so much Li[fsi]
can be dissolved that the liquids obtained are better thought of as salt mixtures,
in which there can be more Li+ ions present than the organic cation. Such
inorganic–organic salt mixtures exhibit interesting properties [7, 17]. Their
conductivity tends to decrease as the concentration of Li+ increases, as shown
in Figure 8.3, but the diffusion coefficients show that the total fraction of current
carried by the Li+ ion, as described by the transport number t(Li+), increases
because of the very high Li+ ion concentration. The impact of this is seen in
the charging curves of a Li|IL|LiCoOx battery, shown in Figure 8.4. (Note that
in electrochemical and battery nomenclature, solid vertical lines are used to
indicate the electrode/electrolyte interface, for example Li|IL denotes Li metal
in contact with the IL electrolyte.)

The data in Figure 8.4 shows how the potential rises as charge passes into the
battery during charging (1 mA h= 3.6 C= 3.6/F moles of Li). The rate at which
this is performed, which is related to how much current is applied to the device,
is called the ‘C’ rate, where charging in 1 h is called the ‘1C’ rate. Double this
current is the 2C rate, and the battery will charge in half an hour (and a 3C rate
takes 20 min, and so forth).
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Figure 8.5 Li(glyme) solvate structure in a solvate IL.

The key features in Figure 8.4 are a result of the high Li-ion concentration in this
electrolyte, in comparison to the standard carbonate electrolyte; as the current is
switched on for each charging cycle, there is a large spike due to ‘concentration
polarization,’ that is, the rapid depletion of Li+ at the interface and therefore a
change in potential there. As the cathode material in this experiment (LiCoOx)
cannot withstand more than 4.2 V versus Li, the voltage cannot be allowed to rise
above this value. Therefore, the battery cannot be charged at 4C and 5C rates in
this experiment. In contrast, in the concentrated Li/IL mixture the polarization
spike never appears at the rates studied here and the battery charges smoothly
even at 5C (i.e. in 12 min).

Interest in high-Li+-content electrolytes has also driven research into the
‘solvate’ ILs developed by the Watanabe group at Yokohama National University
[19]. These systems are based on solvation of the Li+ ion, from a Li salt such
as Li[NTf2], by a chelating solvent such as tetraglyme. At 1 mol salt: 1 mol
tetraglyme, the resultant liquid is best thought of as a [Li(glyme)][NTf2] IL,
where the cation is the chelated metal cation, or the ‘solvate’ species Li(glyme)+,
as shown in Figure 8.5 and discussed previously in Chapters 5 and 7. This liquid
has been shown to operate very effectively as an electrolyte in Li cells [20]. Such
solvate ILs have great potential as a largely unexplored area of IL chemistry,
offering all the advantages of IL media, except high temperature stability where
some additional volatility and flammability can be expected because of the
potentially volatile solvent component.

8.2.2 High-Voltage Cathodes

One of the important research directions in the lithium battery field is toward
higher voltage cathode materials. LiCoOx has been one of the most commonly
used cathodes for telephone and laptop batteries. However, similar materials
based on mixed metal oxides such as Ni–Mn–Co oxide can have higher oper-
ating voltages, in excess of 4.5 V versus Li/Li+. This places additional demands
on the oxidative stability of the electrolyte at these voltages, and ILs clearly have
a role to play here. As this voltage is only ∼1.3 V versus Ag/AgCl, in principle
many of the well-known ILs such as [C3mpyr][NTf2] should be comfortably
stable against these cathode materials. However, a different problem arises – the
stability of the commonly used aluminum foil current collector [2, 21]. At these
potentials, Al is unstable with respect to anodic dissolution (i.e. corrosion).
In many battery electrolytes, including ILs, the Al is stable only by virtue of a
thin passivating film formed from the electrolyte components. However, this
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stabilization becomes less effective as the voltage becomes higher in the anodic
direction. In this case, the limit to a long-life battery becomes this corrosion
reaction. Thus, it seems that high-voltage cathode materials will require either
novel ILs that produce passivating films on Al, or additives that have this effect.

The thermal stability of ILs when in contact with different electrode materials,
and in the presence of Li salts, is also important for Li battery applications. There
is a strong demand for batteries with increased temperature range of application,
for use in electric vehicles and tropical environments, as well as in mining,
military, or aerospace applications [22]. The [NTf2]−-based electrolytes appear
to be more stable compared to typical carbonate-based electrolytes when in
contact with LiCoO2 [23]. In contrast, and as discussed previously, [fsi]−-based
ILs can exhibit poorer thermal stability when in contact with some cathode
materials [24].

8.2.3 Alternative High-Energy-Density Batteries

As an alternative to lithium-ion batteries, there is increasing interest in Li–air and
Li–S batteries [25]. In these devices, the good electrochemical window and non-
volatility of ILs is again advantageous, and the nature of the SEI is of prime impor-
tance. In Li–S batteries, an additional electrolyte feature that is highly sought after
is low solubility of the polysulfide species [26, 27]. This type of battery commonly
suffers from rapid ‘capacity fade’ as a result of the dissolution of the redox-active
sulfur species in the electrolyte. In all kinds of batteries, if the amount of active
material is decreased when the battery is repeatedly charged and discharged, for
example, as a result of electrode decomposition or dissolution, then the amount
of charge that the battery can hold will also decrease. This is called capacity fade.
In Li–S batteries, ILs with [NTf2]− are again proving to be particularly good in
lowering S dissolution and enhancing the cycle life [26, 27].

A Li–air battery uses a porous cathode to allow O2 to enter from the atmo-
sphere and dissolve in the electrolyte, to be reduced when the battery is dis-
charged. To make this type of battery rechargeable, the electrolyte must be stable
in the presence of O2 (and the species produced when it is reduced) and must
allow good O2 solubility, reversible electrochemistry, and high diffusion rates of
Li+. There must also be some means (e.g. a ceramic membrane) of protecting
the anode from reacting with the O2. The Li[NTf2]–[C4mpyr][NTf2] electrolyte
allows the kind of stable SEI formation required for reversible charging and dis-
charging of the Li–air battery [28].

Concerns about the ultimate sustainability of Li supplies are fueling interest
in other light metals as anodes for high-energy-density batteries, including Na,
Al, Mg, and Ca. All of these light metals can be expected to behave similarly to
Li in a battery context but with the advantage of being more globally abundant
and therefore less sensitive to supply limitations. IL electrolytes are proving ben-
eficial to overcoming many of the challenges associated with these devices, and
this is helping to fuel a resurgence of of an IL suitable in their development. The
role of ILs in supporting good reversible electrochemical cycling with these met-
als is similar to their role with Li. In all cases, one of the greatest challenges is
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developing cathode materials that can support the relatively high positive volt-
ages involved. Similarly, stability against Al as a current collector is required. In
both of these regards, the use of ILs can be beneficial [1, 5].

The different solubility characteristics of these metal ions (Na+, Mg2+, etc.) in
the IL do create some constraints in regard to the metal salts and IL anions that
can be used in these electrolytes [5]. As for the Li systems discussed previously,
the use of high concentrations of Na salt can produce important increases in Na+
transport number [29, 30]. These high (e.g. 50 mol%) metal salt ILs allow higher
current densities and stability to be achieved in symmetric cells with Na metal
electrodes. Experimental and computational studies indicate that, with a high salt
content, the mechanism of conduction of the Na+ changes to one that is based on
structural rearrangement of the ions rather than simple diffusion, which allows
higher transport despite the high viscosity.

For these alternative battery technologies, the nature of the SEI is a unique
challenge in each case, given the different metal cation involved and the need
for transport of that cation through the SEI layer. Some of the complexities of
the deposition and stripping of different metals from ILs were introduced in
Chapter 7. For example, forming a good SEI on Mg is very challenging, as the
layer that forms on the surface is normally passivating, rather than allowing con-
duction of the Mg2+ ions. Approaches to address this include the incorporation
of Mg-based Grignard reagents or ethers within the IL electrolytes [5, 31].

As discussed in Chapter 7, the nature of Zn electrodeposition and stripping
from an IL is unusual, as it can benefit from the presence of a small amount
of water. Understanding and optimizing this phenomenon is the focus of many
studies, with the aim of developing rechargeable Zn–air batteries. It is clear that,
for the development of these different battery technologies to proceed, more
advanced ‘engineering’, as opposed to accidental creation, of the SEI layers will
be required in each case.

8.3 Fuel Cells

For more than a decade there has been much interest in developing protic ionic
liquids (PILs) that can operate as the electrolyte in a fuel cell at temperatures
above 100 ∘C, a regime of temperature that is generally inaccessible to aqueous
electrolytes and hydrated membranes. The interest in this development stems
from the understanding that the oxygen reduction reaction (ORR) is considerably
more efficient at these moderately elevated temperatures than it is at room tem-
perature. In polymer membrane fuel cell, which is the most commonly used tech-
nology, as shown in Figure 8.6, the membrane electrolyte is based on a hydrated
perfluorosulfonic acid polymer. The hydration of this type of membrane is critical
to the creation of conductive channels in the material. However, as the temper-
ature rises above ∼80 ∘C, evaporation of the water becomes detrimental to the
conductivity of the membrane. Thus, it is not possible to increase the operating
temperature of these devices beyond this point.
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Figure 8.6 Schematic of the operation of a polymer electrolyte membrane fuel cell. The PEM is
sandwiched between two porous, electrically conductive, and catalytically active electrodes.
(Rana et al. 2012 [32]. Reproduced with permission of Elsevier.)

On the other hand, an anhydrous PIL could potentially support the electro-
chemistry of a fuel cell via the following reactions:

Oxygen reduction reaction
(ORR)
Hydrogen oxidation reaction
(HOR)

2e− + ½O2 + 2RNH3+ ⇌ H2O + 2RNH2

½ O2 + H2 ⇌ H2O

2RNH2 + H2 ⇌ 2RNH3+ + 2e−

In this case, the protons are carried by the PIL cation and are readily available
in the electrolyte, in the same way as H3O+ is present in the aqueous electrolytes.
The conjugate base amine serves the role of proton acceptor, in the same way
that water does in an aqueous system. It would appear at first inspection that in
an operating cell there would be a constant flux of this base, from the cathode
where it is generated to the anode where it is re-protonated. However, given the
rapid proton transfer between an RNH2 molecule and a neighboring protonated
base molecule, it is likely that proton hopping would be the predominant mass
transport mechanism. Hence the proton conductivity of the electrolyte appears
as an important property in this application.

The water formed from the ORR accumulates to an extent in the electrolyte
but is mostly lost to the gas stream flowing across the cathode. The higher the
operating temperature, the more the possibility that this will occur.

A variety of ILs and support membranes have been explored for this form of
fuel cell [4], pioneered by the groups of Angell [33] and Watanabe [34, 35]. Both
inorganic and organic IL families have been investigated, showing that some offer
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extremely high conductivities and good cell performance. For example, in the
inorganic family, a 60 : 40 mixture of ammonium nitrate and ammonium triflate
gives an open-circuit voltage (OCV) of up to 1.2 V at 150 ∘C, with good stability
at current densities up to 0.5 mA cm−2 [36]. Of the organic ILs, diethylmethy-
lammonium trifluoromethanesulfonate ([DEMA][TfO], Figure 8.7), has proved
particularly promising. This IL has high conductivity, good thermal stability, and
a low melting point and can achieve an OCV of 1.03 V in a H2/O2 fuel cell at
150 ∘C without humidification [35].

There is an important relationship apparent between the ΔpK a of PILs (intro-
duced in Chapter 1) and the OCV of a fuel cell, which goes through a maximum
at ΔpK a = 17–18 [36, 37]. It is likely that at low ΔpK a the PIL contains neutral
species, as a result of incomplete proton transfer (which also results in poor ther-
mal stability), and this restricts the OCV. On the other hand, at very high ΔpK a
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Figure 8.7 (a) Schematic of H+ transport in a PIL of type [BH+][A−]. Here, the protonated
cations [BH+] of the PIL deprotonate at the cathode and generate free base species [B],
which migrate toward the anode to serve as a vehicle for the H+ species formed by the
hydrogen oxidation reaction. The anions [A−] of the PIL, due to their low basicity, either serve
as the proton defects (hopping sites) or can also serve as carriers (vehicles) if sufficiently basic.
(Rana et al. 2012 [32]. Reproduced with permission of Elsevier.) (b) Examples of proton-
conducting protic ILs and OIPCs, where dema=diethylmethylammoniun and dmeda=
N,N-dimethylethylenediamine.
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the PIL will contain very few neutral species, but has low proton activity, probably
because the N–H bond formed upon proton transfer is quite strong, and this also
limits OCV [37]. There is, therefore, an optimum ΔpK a for fuel cell performance.

For the application of ILs in fuel cells, it is necessary to support them on
polymer membranes, as has been demonstrated for [DEMA][TfO] on a poly-
sulfonylamide membrane. These membranes can support a current density of
400 mA cm−2 and a maximum power density of 150 mW cm−2 at 120 ∘C under
nonhumidified conditions [35].

However, one of the unresolved problems with PIL-based fuel cells, somewhat
analogous to the hydrated polymer membrane fuel cell, is that the PIL exhibits
some volatility because of the equilibrium

HA + B−−−−⇀↽−−−−HB+ + A−

This volatility could result in continuous loss of amine from the electrolyte at
elevated temperatures. This could, in turn, require periodic ‘topping up’ of the
electrolyte. There are also environmental and toxicity issues associated with the
loss of amine. However, the exploration of high molecular weight and multifunc-
tional amines and relatively non-volatile acids may yet provide a solution to these
problems. It is also useful to recall Section 5.6, where the role of oligomeric acids
of the general formula (HA)x was discussed. These tend to have relatively higher
activity and therefore maintain the base in a more completely protonated state;
hence nonstoichiometric formulations of organic acid and base may prove to be
optimal for this application.

Related strategies for the development of solid-state ionic materials for non-
humidified proton exchange membranes (PEMs) include the use of polymer-
ized ILs or organic ionic plastic crystals (OIPCs), introduced in Chapter 1.
While a variety of polymerized ILs are known, and synthetic techniques are
available for controlling their chemistry and morphology, few materials have
been tested in fuel cells [38, 39]. One example is the polymerized IL formed by
the photopolymerization of the IL monomer [1-(4-sulfo-butyl)-3-vinylimida-
zolium][TfO], tested without humidification, which produced current densities
of >150 mA cm−2 at 25 ∘C and peak power densities of ∼33 mW cm−2 [38].

OIPCs, which are structurally similar to ILs but solids at room temperature,
can also be designed to conduct protons [4, 32]. While these materials may still
need to be supported on a polymer membrane to achieve flexibility, they are likely
to be more resistant to phase separation and more tolerant to high pressure dif-
ferences across the membrane than ILs. Proton conductivity in these materials
can be achieved either by doping an aprotic OIPC with acid or by using a protic
OIPC. The most widely studied aprotic OIPC is choline dihydrogenphosphate,
[choline][dhp], which has good thermal stability and high conductivity in the
plastic phase. The proton conductivity can be further increased by doping with
acids such as HNTf2 or HTfO.

Very recently, it has been shown that protic OIPCs can be made with either
mono- or diprotonated cations [40]. The diprotonated cation of N,N-dimethyl-
ethylenediamine, with 2 equivalents of the triflate anion (Figure 8.7), gives signif-
icantly higher conductivity compared to the mono-protonated cation salt. This
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points to an interesting new direction for the development of this type of solid,
proton-conducting electrolyte.

8.4 Dye-Sensitized Solar Cells
and Thermoelectrochemical Cells

These two devices are grouped together as they have an important operating
principle in common – a redox couple in an electrolyte that carries the current
continuously between the two operating electrodes (Figure 8.8). Energy input at
one of the electrodes, either in the form of light in the case of the dye-sensitised
solar cell (DSSC) or heat in the thermocell, drives the reaction at that electrode.
The redox product formed then migrates to the other electrode, where the reverse
reaction re-forms the original component. The IL electrolyte should provide a
stable, nonvolatile solvent for the redox couple in these devices. The IL anions
may even be part of the redox couple, that is, the redox-active ILs introduced in
Chapter 7. The nonvolatility of the IL is a particularly important property here,
as sealing large-area devices such as these is mechanically difficult. For the same
reason, there is significant research effort going on in the development of solid
electrolytes, such as polymer gels or OIPCs, for these devices [41–43].

In a DSSC, the photo-driven electrode can take a number of forms, usually
involving a semiconductor that is sensitized by a photoactive dye. On irradia-
tion, photoexcitation of the electrons in the highest occupied molecular orbital
(HOMO) of the dye creates a population of electrons in the lowest unoccupied
molecular orbital (LUMO) level and above. If the dye and semiconductor are cho-
sen such that this level is above the conduction band of the semiconductor, then
electrons will transfer to the semiconductor and then migrate to the external cir-
cuit. The loss of these electrons effectively oxidizes the dye. The role of the redox
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Figure 8.8 Redox shuttling in a dye-sensitized solar cell or a thermoelectrochemical cell, with
the CoII/III(bpy)3 redox couple as an example.
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couple in this case is to rapidly reduce the oxidized dye to its ground state by
transferring an electron, the net result being the creation of the oxidized form
of the redox couple. The rate of this process is extremely important in the effi-
cient operation of the cell; if the dye is not rapidly returned to its ground state,
then either a decomposition reaction or recombination with the released electron
can occur. Thus a high steady-state concentration of the reduced redox species is
required close to the photoactive surface.

Looking at the operating mechanism of a DSSC shows that there are two key
aspects to achieving high efficiency. The first relates to the thermodynamics in
the system – achieving the optimum energy levels of the different components
(dye, TiO2, and redox couple). The second relates to transport, as a high diffusion
rate of the redox couple is essential to support high currents. The use of an IL in
the DSSC can influence both of these aspects [42].

A common strategy in DSSC development is to incorporate additives within the
electrolyte that shift the position of the TiO2 conduction band; these are most
commonly lithium salts and t-butyl pyridine. However, when an IL is used as
the electrolyte, the nature of both cation and anion can also affect the position
of the conduction band edge [44]. This provides an additional mechanism for
increasing device performance. However, optimizing the thermodynamics and
kinetics in these systems is very complex. The energy levels of both the dye and the
semiconductor are important and affect both the OCV and the short-circuit cur-
rent (a large energy gap between the two increases the driving force for electron
transfer, which helps the current, but can decrease OCV). Further, the diffusion
rate of the redox couple can be a limiting factor, particularly in IL-based elec-
trolytes. A prime example of this complicated interplay between different effects
is seen when imidazolium ILs with the basic [dca]− anion or [B(CN)4]− are used
in combination with the I−/I3

− redox couple. Both of these ILs have been used to
optimize the OCV, in combination with either organic or inorganic dyes, as both
interact strongly with TiO2. However, the [B(CN)4]− species is more widely used,
as it produces a more fluid and more stable system [45].

As introduced in Chapter 7, the I−/I3
− redox couple is widely used in DSSCs,

as it has appropriate energy levels and can achieve high diffusion rates. More
recently, the CoII/III(bpy)3 couple has attracted significant attention, as this is not
corrosive and can produce higher device efficiencies [46]. However, the diffusion
rate of this larger couple through ILs or solid-state electrolytes can be a limitation.

In the thermocell, which has an analogous, but simpler, device structure to a
DSSC (Figure 8.8), the energy input to the cell is in the form of heat. In this device
there is no requirement for a photosensitized semiconductor or a transparent
substrate, which makes the device design easier. It does, however, still feature a
redox couple contained in an electrolyte. In this device, one of the electrodes is
maintained at a higher temperature than the other, via some form of heat source.
In fact, there are many sources of ‘waste’ or low-grade heat that are suitable for
harvesting, for example, from power stations where water is used in a steam cycle.
If the other electrode is maintained at some lower temperature (e.g. by cooling
in air), then a potential difference is generated between the two electrodes. This
is due to the effect of temperature on the redox reaction, the size of which is
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given by a term commonly referred to as the ‘Seebeck coefficient’ Se. Most redox
reactions will have some temperature dependence; the goal with these devices
is to find those with sufficiently large Se to be useful. Interestingly, one of the
champions [47]

Co(bpy)3
2+ −−−−⇀↽−−−−Co(bpy)3

3+ + e−

is also a very effective redox couple in DSSCs, as introduced previously.
The Seebeck coefficient is a thermodynamic quantity that can be simply related

to the entropy change in the redox reaction, ΔSR/OX. To determine Se, we can
measure ΔV /ΔT for the redox couple/electrolyte system using a non-isothermal
cell, that is, two half-cells connected by a salt bridge, where one half is hotter than
the other. Measurement of the OCV with increasing temperature gradient allows
direct determination of Se [47].

For the Co(bpy)3
2+/3+ couple, ΔSR/OX is primarily made up of two components:

ΔSsolv, which is the solvent reorganization entropy due to the change in redox
state of the redox couple, and ΔSspin, which is a component arising from an
electronic spin state change (which, in turn, also produces a vibrational entropy
change). For redox couples that do not undergo a change of electronic spin state
upon electron transfer, the ΔSspin term is not applicable and the total ΔSR/OX is
commonly observed to be ∼80 J K−1 mol−1 lower [48].
ΔSsolv is a function of the chemistry of the solvent and the concentration of

the redox couple; typically, the ΔSsolv component decreases with increasing con-
centration. These terms need not have the same sign, and the overall Se can be
either positive or negative. For good device performance, it is the magnitude of
Se that is important – the sign simply dictates which electrode (hot or cold) is the
cathode, and vice versa. However, the possibility of having different signs of Se
provides some opportunity for creating a series interconnection of an array of
cells to build up the voltage.

Until recently, the development of thermoelectrochemical cells was pre-
dominantly focused on water-based electrolytes, most commonly using the
Fe(CN)6

3−/4− redox couple [49, 50]. However, the use of ILs in these devices
opens up the possibility of harvesting waste heat at temperatures above the
boiling point of water. It also provides a new avenue for developing high Se redox
systems by providing unique solvation environments, thus changing ΔSsolv, and
also by enabling the dissolution of redox couples, such as the Co(bpy)3

2+/3+

system, that are poorly soluble in water. The effect of different ILs on the Se of
redox couples is still not well understood, and so investigating this is important
for developing these new devices.

As for many of the technologies discussed here, the viscosity of the IL
electrolyte can be problematic, but adding a molecular solvent, in this case
high-boiling options, such as dimethylsufoxide (DMSO) or methoxypropioni-
trile, can significantly increase the power output [51]. Once again, containing
the redox couple within a solid electrolyte is highly desirable [43]. Apart from
the other advantages mentioned earlier, this would support flexible devices and
also allow them to be printed in large-area formats to reduce the cost.
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8.5 Supercapacitors

Supercapacitors are devices containing an electrolyte that store charge in the dou-
ble layer at the surface of the electrodes. They typically have lower energy storage
capacity than batteries but can deliver it at higher rates (higher power) and can do
so over a very large number of cycles. This is because the charge storage mecha-
nism is primarily a physical surface effect and is less affected by the overpotentials
that limit battery power (where the energy is stored through electrochemical pro-
cesses). In the simplest supercapacitor form, no electrochemical reactions take
place – ions in the electrolyte simply accumulate at the surface, attracted by the
charge in the electrode, as shown in Figure 8.9 [52]. This is a classic capacitor
configuration, and the voltage drop across the layers is related to the quantity
of charge and the capacitance of the structure. The latter is related to a num-
ber of geometric factors, but most importantly to the distance between the layers
of charge.

The energy stored in this arrangement is given by E= 1/2CV 2, where E is the
energy (J), C the capacitance (F), and V the cell voltage (V), while the power,
P=V 2/4R, where R is the resistance. These relationships are significant, as they
indicate that increasing the voltage of the device produces a squared effect on the
energy stored and the power output. However, in reality, the electrochemistry,
such as the window of stability of the electrolyte, limits this voltage. Typically,
a double-layer capacitor has two electrodes – one accumulating anions, and the
other accumulating cations – in equal amounts of charge.
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Figure 8.9 (a) Configuration of a simple electrochemical double-layer capacitor and (b) the
ion distribution and potential profile at the positive electrode, where 𝜙M is the potential at the
electrode surface and 𝜙s is the potential of the Stern layer. Further from the electrode is the
Gouy–Chapman diffuse layer.
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ILs have three main advantages to offer such a device:

• The generally larger electrochemical window of ILs compared to most
solvent-based systems should allow an increase in the operating voltage of
the device. Given the squared relationship shown previously, this creates an
even greater improvement in the energy storage capacity of the device. This is
particularly important because the energy storage capacity of supercapacitors,
in terms of megajoules (MJ) of energy stored per kilogram of materials
involved, is always lower than for a battery.

• The ion concentration present in an IL, measured in moles of ions per unit vol-
ume of liquid, is very high, often approaching as much as 5 mol L−1. This means
that the volume of electrolyte required to satisfy the charge requirements of the
electrodes can be lowered. It is quite possible for the ion availability to become
a limiting factor in the overall capacity of supercapacitors, and therefore higher
ion concentrations allow higher capacity for less weight and volume.

• The absence of a solvent allows, when the ions are reasonably small, dense
packing of the ions at the interface. This decreases the average distance
between the charge layers in Figure 8.9 and thereby increases the capacity.

However, some of these advantages are not readily apparent in practice
for a number of reasons. The lower conductivity of ILs compared to aprotic
solvent-based electrolytes can lower the apparent capacity of the device.
Commonly, high-surface-area carbon-based electrodes are used to increase
the capacity, but conduction within the small channels and cavities can be
particularly restricted with large IL ions [53, 54]. The larger electrochemical
window of ILs often does not translate into better performance in practical
devices because of other limiting electrochemical reactions, such as corrosion of
the aluminum current collectors at elevated anodic potentials [55]. Furthermore,
to avoid SEI formation (discussed previously in the battery section), which
results in increased resistance in the device (and thus lower powers), the voltages
must be kept well within the electrochemical window of the electrolyte.

At present, the ILs that have proven most promising for supercapacitor appli-
cations are similar to those used in batteries, for example, imidazolium or pyrroli-
dinium cations paired with the common fluorinated anions, as these are the most
conductive and electrochemically stable species [1, 3]. The use of ether groups on
the cation can also be an advantage, as demonstrated for a phosphonium IL [56].
However, one of the unique features of supercapacitors that impacts the choice
of IL is that the pore size of the electrodes can dictate the ideal ion size [54].

As in other electrochemical applications, the combination of ILs with molec-
ular solvents can be beneficial for device performance, as a result of increased
conductivity [3]. However, this strategy brings with it the problems associated
with molecular solvent systems, such as volatility and decreased thermal and
electrochemical stability. It also introduces an additional component that does
not directly participate in the energy storage process. As an alternative, the use
of mixtures of ILs may be beneficial in achieving the optimum properties.

ILs can also be used in pseudocapacitors, which combine the double-layer
charging process described above with an additional electron-transfer reaction
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to increase the capacitance [3]. Protic ILs can also be used in this application,
although their lower electrochemical stability limits the cell voltages.

In summary, while many of the problems associated with the use of IL elec-
trolytes in supercapacitors are potentially solvable by careful design and selection
of all the components in the device, including the IL, ILs in general are not a sim-
ple panacea for double-layer capacitor performance. More fundamental studies
on the nature of the electric double-layer structure, and therefore the capacitance
performance, of ILs on (and in) different electrodes is very important. As intro-
duced in Chapter 3, ILs can exhibit unique structuring phenomena, both in the
bulk and on surfaces, which depend on the nature of the ions, the type of surface,
and the charge on that surface. Better understanding these effects, using a combi-
nation of experimental and computational techniques, would be highly beneficial
to the development of IL-based supercapacitors.

8.6 Actuators

An ‘electromechanical actuator’ is a device that transforms an electrical impulse
into mechanical action. A solenoid is the simplest version of this. The develop-
ment of devices that work on an electrochemical principle have also been the
focus of significant effort recently because of the high forces they can generate
per unit mass of materials and because of the flexible form and type of actuation
that they can exhibit. Devices like this are of interest in bionics and robotics; in
some contexts, the devices are described as ‘artificial muscles’, as ultimately their
function and mode of operation have much in common with muscle fibers [57].

One mechanisms by which these devices can work is based on the charging and
discharging of conducting polymer materials such as polypyrrole (Ppy) as thin
coatings on flexible, conductive substrates in contact with a solvent/supporting
electrolyte system:

Ppy + X− −−−−⇀↽−−−−Ppy+X− + e−

The oxidized form, Ppy+X−, incorporates the anion X-, from the electrolyte, to
neutralize the positive charge and therefore has a larger volume than the reduced
form. Hence, when the electrode is oxidized, the Ppy expands and the electrode
tends to curl. If the other electrode is designed such that it has the opposite vol-
ume change (e.g. Ppy contracting upon reduction, accompanied by anion expul-
sion), then the degree of curl is accentuated. Sufficient force can be generated
by this mechanism to lift relatively massive objects (relative to the mass of the
actuator device itself ).

Clearly, as for many of the devices discussed in this chapter, the electrolyte used
here needs to be sealed into the device and not be easily lost to evaporation.
Hence, IL-based electrolytes have much to offer in this regard. The wide elec-
trochemical window is also vital in such devices, as the performance and lifetime
are often limited by degradation of the molecular solvent-based electrolytes or
by degradation of the conducting polymer when in contact with these solvents.
For example, the use of [C4mim][PF6] in a Ppy-based actuator has allowed stable
electrochemical cycling beyond 6000 cycles, in comparison to ∼2000 cycles with
a propylene carbonate-based electrolyte [58]. It is interesting to note that many of
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the same anions that appear in IL chemistry, such as [PF6]−, [BF4]−, and [NTf2]−,
are also those that make ideal counter-ions for the conducting polymer (X− in
the scheme above). Hence the high concentration of the active ions in the IL is of
further advantage in terms of capacity (or extent) of the actuation effect.

As an alternative to conducting-polymer-based actuators, ILs can be used
within IL/polymer composites sandwiched between two electrodes, producing a
bending motion as a result of ion diffusion. One example of this is [C2mim][NTf2]
incorporated within a microstructured ion gel consisting of a block copolymer
of polystyrene and poly(methyl methacrylate) (PMMA), sandwiched between
two carbon electrodes [59]. The IL-incompatible polystyrene provides physical
cross-linking in the gel but is phase-separated from the IL-compatible PMMA,
resulting in domain formation and ion conduction paths that enable conduc-
tivities of >10−3 S cm−1. The application of low voltages (<3 V) results in some
bending motion, attributed to differences in mobility of the cation versus the
anion, which creates a difference in volume between the cathodic and anodic
side. Alternatively, the use of a soluble sulfonated polyimide with the IL allows
printability and stable actuation (80% retention of displacement) for >5000
cycles [60].

The nature of both the cation and the anion in polymer/IL composites can
impact the actuation response, because the bending is caused by ion movement.
Thus, a study of polyvinylidene fluoride (PVDF)-based composites with a range
of imidazolium Cl− or [NTf2]− ILs showed that, while the mechanical proper-
ties were relatively independent of the IL type, the [NTf2]− ILs always produced
more conductive composites and the size of both the cation and anion of the IL
influenced the degree of bending achieved [61].

The conductivity of the electrolyte impacts the rate at which actuator devices
can be polarized and hence the speed of the actuation response. Therefore, ILs
may not be able to support as high a frequency actuation, or rapid response, as
an aqueous electrolyte. Nonetheless, there are many applications in the robotics
and bionics area where a response in the 0.1–10 s timescale is all that is required,
and ILs may be quite suitable for this.

8.7 Concluding Remarks

This chapter discussed the various electrochemical device technologies in which
ILs are finding important applications. In particular, their high conductivity and
excellent thermal properties are significant in these applications, while their non-
volatility is highly beneficial for device lifetimes. The electrochemical stability in
some cases, such as in ILs with the [NTf2]− anion, is also an important factor in
opening new realms of electrochemical application. It is likely that these devices
will become some of the most widespread application of ILs in the technological
world, driven in part by the large-scale need for safe and reliable energy genera-
tion and storage devices.
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9

Biocompatibility and Biotechnology Applications
of Ionic Liquids

9.1 Biocompatibility of Ionic Liquids

Thus far we have focused chiefly on the chemical, thermal, and physical prop-
erties of ionic liquids (ILs). However, biocompatibility becomes a significant
property in two distinct contexts: (i) where there is the possibility of workplace
or environmental impact of exposure to the IL, and (ii) where the application
of the IL intrinsically involves environmental or human/animal exposure to
the material. The first context has produced a range of studies on the toxicity
and biodegradation of traditional ILs and some attempts to design-in the
biocompatibility and/or biodegradation feature. For a recent review, see the
paper by Stolte and coworkers [1].

The second context has produced a range of applications where the IL is
custom-designed to have a bioactive function; for a good review of these
applications, see the articles by Smiglak et al. [2] and Ananikov et al. [3].

Biocompatibility is a significant issue in many ‘green chemistry’ contexts where
the use of ILs is proposed, for example, as novel solvents in chemical synthesis
or biomass treatment. Used in large volumes, it is inevitable that small amounts
of the IL will escape into the environment in one form or another, and both its
immediate impact on the local ecosystem and also its ultimate biodegradation
need to be carefully considered. Unfortunately, the literature has many claims to
‘green’ processes where these aspects have not been adequately considered and
where, in fact, the performance of the IL in terms of its environmental impact
might very likely render the process not ‘green’ at all. It is important to remember
that low toxicity does not necessarily mean complete biocompatibility. The use
of large volumes of ethylene glycol solutions as aircraft de-icing sprays is a classic
(non-IL) example; precisely because of its low toxicity, once in the local aquatic
system it produces eutrophication and algal blooms, which in turn interfere with
other aquatic life.

9.1.1 Chemical Toxicity

Toxicity is often tested either by exposure of cell lines or small organisms to the
solutions of the IL to determine the LD50 (lethal dose for 50% of the popula-
tion), which in this context is the same as the EC50 value (effective concentration

Fundamentals of Ionic Liquids: From Chemistry to Applications, First Edition.
Doug MacFarlane, Mega Kar and Jennifer M Pringle.
© 2017 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2017 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 9.1 Toxicity data (EC50 values) as a function of cation side-chain length n in halide and
[BF4]− salts; Black squares: Chlorella vugaris in [Cnmim]Cl; Red circles: Leukaemia cells IPC-81 in
[Cnmim]Cl; Blue triangles: V. fischeric in [Cnmim][BF4]; Green triangles: S. obliquus in [Cnmim]Br.
(Zhao et al. 2014 [4]. Reproduced with permission of Elsevier.)

at which the response is half way from base line to maximum). These experi-
ments are normally done with increasingly high concentrations of IL, starting
from quite low values, dissolved in aqueous solution. In most cases, at some value
the material becomes toxic. An extensive database of toxicity data for ILs has
been compiled by Zhao et al. [4]. Generally, it is observed that toxicity increases
as the alkyl chain length of the cation increases, as illustrated in Figure 9.1, due
to the tendency of the alkyl group to dissolve into membrane bilayers, disrupting
the normal membrane function of cells. Anionic effects tend to be much more
specific, ranging from the quite benign, for example chloride, to the distinctly
toxic, such as [NTf2]−, because of the nature of the interactions with cellular and
enzymatic systems. Synergistic effects between the ions are also possible in dilute
aqueous solution, such that toxicity may be higher or lower than expected on the
basis of the ions alone [5].

9.1.2 Osmotic Toxicity

At aqueous concentrations greater than normal mammalian cell salt concentra-
tions (∼0.1 M), a condition referred to as hypertonic, the IL can have a strong and
immediate dehydrating effect on a cell as water rushes across the cell membrane
toward the lower water activity environment. This is the phenomenon of ‘osmo-
sis’, and the difference in water activity on either side of the cell membrane pro-
duces an ‘osmotic pressure’, which represents a real hydrostatic pressure differ-
ence across the cell membrane. Cell biologists refer to any external medium that
has water activity lower than the internal cell as ‘hypertonic’ or hyper-osmotic.
With most ILs representing a molar concentration of ions of ∼4–5 molar, an IL
represents an extremely hyper-osmotic environment for most cells. Thus rapid
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dehydration occurs and usually produces cell death in animal cells. Normal or
‘isotonic’ condition of ∼0.1 M solutes thus represents the ‘osmotic limit’ of bio-
compatibility; that is, most mammalian cells will not survive beyond this concen-
tration limit, for osmotic reasons rather than chemical toxicity.

For this reason, cellular organisms of most types are not able to survive in
pure ILs, or in aqueous mixtures of the ILs where the water activity remains
lower than that of the internal solution of the organism. It is important to note
that cell-membrane-based organisms have evolved to survive in sea water, which
has a salt concentration of ∼1 M, whereas mammalian and many other terres-
trial organisms have intracellular salt concentrations of ∼0.1 M. Beyond 1 M, a
very limited group of cell types are able to cope with this highly saline environ-
ment; however, these are the exception rather than the rule. Such ‘extremophiles’
present a fascinating insight into how organisms can adapt to extremely salty
environments. One only needs to walk among rock pools in sunny coastal areas
to observe extremophiles in action; between tides, evaporation can increase the
salt concentration in the pool to well in excess of 1 M. Similarly, the Halobac-
terium microorganisms, which flourish in the receding waters of salt lakes such
as Lake Eyre in South Australia, giving them their dramatic pink colouration, are
superbly adapted to thrive in high salt concentration environments.

9.1.3 Biodegradation

Biodegradation is a further aspect of the bigger picture of biocompatibility that
has received some attention. The very stability that makes ILs of value in many
applications also can make them quite persistent in the environment. Typically,
this is assessed using a standard method involving a multi-week test in an aque-
ous environment into which microorganisms from the sludge of an urban waste
treatment plant have been inoculated [6]. In general, simple imidazolium and
pyrrolidinium ILs show little more than 1% degradation after 28 days and thus
must be considered as ‘not readily biodegradable’ [6].

Attempts have been made to introduce readily hydrolysable, or photolysable,
functional groups into the cation to aid in its degradation; for example, intro-
ducing an amide or ester functional group into the alkyl side chain can aid in
its enzymatic hydrolysis, leaving products that are, hopefully, more readily sus-
ceptible to further degradation. Scammells and coworkers [7] have shown that
pyridinic and nicotinic cations (Figure 9.2) are generally more biodegradable than

Figure 9.2 Biodegradable nicotinic and
pyridinic cation derivatives.
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imidazolium cations and that the introduction of an ester functionality into a
cation can provide additional biodegradation pathways.

It is important to recognize, however, that simple degradation of the orig-
inal cation into two or more subunits is not itself an indication of complete
biodegradability and bio-acceptability – the fate and toxicity of these subunits
must also be understood and characterized. Thus the most comprehensive
biodegradation studies are those that involve the use of common microorgan-
isms and a complete characterization of the process in terms of products and
the microorganism’s lifecycle.

9.1.4 Hydrated Ionic Liquids

In the context of applications where the IL is intended for direct environmen-
tal or human exposure, there has been considerable effort to develop families of
ILs that are distinctly biocompatible by virtue of their relatively benign ions. The
classic example is choline dihydrogen phosphate, [Ch][dhp]. This choline cation
(more precisely named the cholinium cation) is mass-produced as its chloride
salt [Ch]Cl for use in animal feeds. It is a key biochemical, being part of the phos-
phatidylcholine that is found in most animal cell membranes; the LD50 of [Ch]Cl
is 3400 mg kg−1. The dihydrogen phosphate anion is a key to maintaining this bio-
compatibility in [Ch][dhp]; it is a substantial component of animal biochemistry
and is present in many foods. The LD50 of [Ch][dhp] has thus been determined
to be effectively the isotonic limit, that is, it exhibits little chemical toxicity [8].

[Ch][dhp] has melting point of 190 ∘C, which limits its usefulness as a pure
material. However, addition of around 20% w/w water is sufficient to render it
a fluid liquid at room temperature. In many of the applications of this material
discussed in the following, the presence of this small amount of water is advan-
tageous. Nonetheless, it is worth remembering that 20 wt% water in this case
equates to 74 mol% water and therefore it very much should be considered as
a mixture.

The discovery of [Ch][dhp] about 10 years ago has prompted the investigation
of many relatives of this compound, for example, with acetate, formate, and so
on. As discussed further later, the need for controlled proton activity and prop-
erties of the dihydrogen phosphate monohydrogen phosphate equilibrium has
prompted the development of ‘buffer’ ILs.

9.2 Ionic Liquids from Active Pharmaceutical
Ingredients

In this context, the IL is intended for human/animal contact as a pharmaceuti-
cal, or other ‘active’ function, and therefore at some appropriate level the IL must
be biocompatible (although it is important to recognize that many pharmaceuti-
cals are not intended to be benign) [9]. One of the main concepts involved here
is that a liquid pharmaceutical may offer advantages in, for example, the mode
of delivery over (often poorly soluble) crystalline materials. The approach devel-
oped by Rogers, MacFarlane, Scott, and coworkers to the development of these
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compounds involved use of one or more known ‘active pharmaceutical ingre-
dients’ (APIs) in preparing ILs [9]. Recognizing that ∼50% of pharmaceuticals
that are on the market are produced as salts, there is clearly huge scope for turn-
ing these into liquids by manipulation of the counter-ion. In current mode APIs,
the counter-ion is typically a fully biocompatible ion such as Br− or Na+ and, as
such, offers nothing to the pharmaceutical action of the salt other than allow-
ing it to be made in a highly pure crystalline form. The API–IL concept involves
replacing these ballast ions with other biocompatible ions that encourage liquid
formation.

9.2.1 Dual Actives

The classic work of Davis et al. [10] in producing ILs from food sweetener
ions such as the cyclamates provides a useful platform of anions to match
with API cations. Thus, for example, propantheline bromide, an API sold as an
anti-muscarinic, can be turned into a liquid form by production of the cyclamate
salt (Figure 9.3) by metathesis with sodium cyclamate (a commonly available
artificial sweetener). As an API designed to dissolve quickly in the stomach
fluids, this liquid salt clearly offers a faster acting form of the active species. The
sweetener ion also provides an additional benefit of increasing the palatability of
the liquid formulation of the API. Since the balancing ion in this case is providing
an additional mode of action to the API compound, these compounds have been
described as ‘dual-active APIs’.

This dual action concept has been further developed in the API–IL field by
producing a number of liquid compounds that offer two distinct pharmaceuti-
cal properties. For example, combination of the local anesthetic often used by
dentists, lidocaine, which is a simple ammonium compound usually present as
its chloride salt, with the skin emollient docusate produces the liquid compound
lidocanium docusate. This offers both properties in an advantageous way as a
more effective topical pain killer [9].

A very useful property exhibited by some of these API–ILs is revealed by
membrane transport studies [12, 13]. These have shown that, in a number of
studied cases, the ionic liquid can transport across a membrane as a neutral
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Figure 9.3 Preparation of propantheline cyclamate as a dual-active pharmaceutical ionic
liquid. (Dean et al. 2009 [11]. Reproduced with permission of American Chemical Society.)
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ion pair, their binding enhanced by the specific interactions such as H-bonds
between the ions. Single ions are not readily transported because of the
hydrophobic nature of the internal structure of the bilayer membranes. On the
other hand, the inorganic salt analogs of the APIs, for example, the sodium
salts, are much less rapidly transported because of the lower tendency of
these salts to produce ion pairs in solution. Since membrane transport is an
important aspect of bioavailability and the kinetics of drug action, this approach
to the design of API formulations offers an important strategy to the medicinal
chemist.

The nature of the, often highly functionalized, ions involved in many of these
API–ILs often means that there are strong interactions (H-bonds, dipolar
interactions, etc.) possible between the ions. This tends to mean that the liquid,
when formed, has increased viscosity and in some cases a high Tg. Propantheline
cyclamate (Figure 9.3) is a classic example; it has a melting point above 120 ∘C,
but easily supercools and forms a glass around room temperature. On one hand,
this assists in liquid formation at the laboratory scale, but on the other, it may
impede application on a larger scale. However, the use of diluents and solvents
to lower viscosity is often a useful approach, as most of these APIs are rarely
used in their pure state.

9.2.2 Patent Matters

There is a second reason why IL forms of APIs are of interest in the pharma-
ceutical industry [9]. A number of years ago, the famous case surrounding the
patents on Zantac established, legally, that different phases of a pharmaceutical
were patentably different from one another. In this case, the phases involved were
different crystal phases, or polymorphs, of the same compound. Since the differ-
ent polymorphs can have different properties, for example, the rate of dissolution
in the stomach, it makes sense that they should be patentable as such. Similarly,
an IL phase of a given API is separately patentable. This opens up new avenues
for the development of novel forms of well-known and understood APIs.

Interestingly, one of the reasons why the API chemist might look to a
liquid-phase form of the API is to avoid problems of polymorphism. Poly-
morphs, unfortunately, have a propensity to change over time into the stable
form, in most cases there being only one thermodynamically stable crystalline
phase. This can happen days or months after the original synthesis and isolation.
This potentially alters the advertised efficacy of the drug, a very unsatisfactory
situation from a treatment point of view. On the other hand, as long as the liquid
form is above its melting point, it is completely stable and will not be beset by
such problems.

9.2.3 Protic Forms of APIs

Several further variations of this concept are possible in protic ILs, in addition
to the strategy above of replacing a ‘ballast’ ion. Where the active ingredient is a
pure organic acid, for example, acetylsalicylic acid (aspirin), or a pure organic base
such as lidocaine, simple protic ILs can be made by combining with an appropri-
ate counter-ion. Properties such as hydrophobicity and water miscibility can be
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Table 9.1 Protic pharmaceutical ILs and modulation of their solubility properties.
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1 : 1
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 (Bz–Bz)–

1 : 2*

Benzoic acid (BzH) – preservative

– Nasal decongestant

(liquid, b.p. 143 °C, pKa 10.50, water
insoluble)

(liquid, b.p. 80 °C, pKa 9.44, water
soluble)

(solid, m.p. 206–208 °C, pKa
10.10, water insoluble)

(solid, m.p. 122 °C, pKa 4.19, soluble
in hot water)

(solid, m.p. 159 °C, pKa 2.98, poorly
soluble in water)

(solid, m.p. 200 °C, pKa 2.93, soluble
 in hot water)

Salicylic acid (SalH) – keratolytic

Gentisic acid (GenH) – analgesic

– antiviral/anti-Parkinson – GRAS
Amantadine (NAH2) 2-Pyrrolidinoethanol ((EtOH)pyr)

ΔpKa 6.31
solid

DSC: Tm 91±2 °C

ΔpKa 5.25
solid, DSC: Tg –

40±2 °C, Tr –24±2 °C
Tm 28±2 °C

ΔpKa 5.91
solid

DSC: Tm 256±2 °C
liquid

DSC: Tg –43±2 °C
liquid

DSC: Tg –49±2 °C
Water soluble

ΔpKa 7.52
liquid

DSC: Tg –40±2 °C
Water soluble

ΔpKa 7.57
solid

DSC: Tm 121±2 °C
Water soluble

ΔpKa 6.51
solid

DSC: Tm 97±2 °C
Water soluble

ΔpKa 7.17
solid

DSC: Tm 250±2 °C
Water insoluble

ΔpKa 7.12
solid

DSC: Tm 216±2 °C
Water insoluble

Water soluble

ΔpKa 6.46
solid,

DSC: Tg –44±2 °C,
Tr 6±2 °C, Tm 49±2 °C

Water soluble

Water insoluble

liquid
DSC: Tg –40±2 °C
Water insoluble

liquid
DSC: Tg –46±2 °C
Water insoluble

Water insolublePoorly water soluble

* Represents compounds with two moles of acid, in some cases two different acids, to one mole of
base. GRAS=Generally Regarded As Safe. Reproduced from Ref. [14].

modulated in this way. Some examples, and the properties achieved, are listed in
the matrix of Table 9.1 [14].

Recognizing that the 1 : 1 acid/base IL is only one formulation in a spectrum
of mixtures of the acid and base, as discussed in Section 5.6, one can also pre-
pare a variety of other mixtures of any given acid and base. For example, the 2 : 1
acid/base mole ratio is often more strongly proton-transferred than the 1 : 1 mix-
ture. A number of such [BH+][HA2

−] salts are also listed in Table 9.1, and these
exhibit usefully different solubility properties compared to their 1 : 1 analogs.

9.2.4 Antimicrobials

An important area of application of active ILs is as antimicrobial compounds.
This field includes the familiar and increasingly ineffective antibiotic pharmaceu-
ticals, but more broadly includes compounds for surface treatments and other
approaches to removing microbial infection outside the body and in the environ-
ment. A good example is the 1-alkylquinolinium bromide family of ILs developed
by Seddon and coworkers [15] for this application. The low volatility of the IL
active in this case would seem to offer considerable advantages in surface coatings
for disinfection.

9.2.5 Other Actives – Pesticides and Herbicides

This principle of turning a known active compound into a liquid form has
very broad potential application beyond pharmaceuticals [16]. In the many
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compounds that are used as pesticides, herbicides, and as other agricultural
chemicals, there are applications where a liquid form would be more convenient
to use than a slow-to-dissolve solid form. The bulk density (the volume occupied
by a practical amount of the compound in a container) of a liquid is usually
smaller than that of a solid. For large-scale application, liquids are also often
more easily metered for mixing than solids. For various spraying applications,
especially aerial spraying, a more concentrated or even neat form of the active
can be more economical to spray than a dilute solution of a crystalline solid.

For example, Rogers et al. [16] have shown that a wide range of ionic liquid
forms of the herbicide dicamba (3,6-dichloro-2-methoxybenzoic acid) acid can
be prepared, showing improved efficacy and reduced volatility.

9.3 Biomolecule Stabilization in IL Media

A related area of biotechnological application of ILs has developed around the
observation by Fujita and coworkers [17] that proteins can be quite soluble in ILs
and that, in solution, they can show remarkable stability. It is important to note
that in almost all cases the ILs used in this area are ‘hydrated’, that is, they contain
a significant amount of water, usually much less than 50% by volume or mass, but
that the water can make up a significant mole fraction of the mixture.

9.3.1 Proteins

Choline dihydrogen phosphate, [Ch][dhp], mixed with 20 wt% water (known as
hydrated [Ch][dhp]) is one of the famous mixtures in this area. Fujita et al. [17]
showed that cytochrome-c could be quite soluble in this IL, forming a deep red
solution at room temperature. In such unusual solutions, an immediate ques-
tion arises: does the protein retain its ‘native’ structure and its function? In many
cases, the answer is ‘yes’ to this key question. Cyt-c retains the infrared amide
bands that are characteristic of its secondary structure, as well as its circular
dichroism features that are indicative of its tertiary structure. It also shows the
usual endothermic transition associated with heating in thermal analysis studies.
This transition is often referred to as ‘melting’, but although it is a thermody-
namic ‘disordering’ phenomenon, melting is an inappropriate description since
it implies that the protein was crystalline below the transition, which it was not.
‘Denaturing’ is a more appropriate term. Below the transition, the protein exists
in its coiled native structure, which is usually critical to its enzymatic function.
At the transition, the entropy gain from giving up this structure, tips the thermo-
dynamics of the whole solution in favor of the disordered, or amorphous, state,
and a substantial endotherm can be observed. This is the same phenomenon as
the whitening of an egg in boiling water. In aqueous solution, this transition is
normally observed between 50 and 80 ∘C; in the hydrated [Ch][dhp] medium
the transition is still observed, but at a much higher temperature – typically as
high as 120–130 ∘C. This implies additional thermal stability of the protein in
solution in this mixture. To understand this, it is important to understand the
events taking place in aqueous solutions as water approaches its boiling point.
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The increasing thermal energy and motion of the water molecules discourages
hydrogen bonding between themselves and between them and the protein coil.
Allowing the structure to uncoil increases the entropy of both the protein and
the water molecules surrounding it. In the IL solutions, the interactions are much
stronger and there is less entropic gain (to the solvent) available in uncoiling the
protein, with the net result that the transition is delayed to considerably higher
temperatures.

A further aspect of stability was revealed by the work of Fujita et al. In exten-
sive shelf-stability tests conducted over several years [17], they showed that Cyt-c
could remain active during storage in the IL medium for much longer than was
the case for an equivalent aqueous solution. This is probably a result of a combina-
tion of effects acting to slow down the processes which otherwise cause protein
degradation. Unless extreme experimental precautions are taken, the environ-
ment is usually rich in organisms and proteases that are catalytic toward the
breaking down of larger proteins. As discussed earlier, cellular organisms do not
readily survive in the hypertonic medium that the IL represents; hence these are
not active. Proteases have rather specific modes of binding and reacting with a
protein chain, which are probably disrupted by the IL medium, and hence they
become much less active.

This extended stability is of technological interest in regard to handling and
transporting proteins. Protein therapies, that is, medical treatments that involve
active proteins, are becoming increasingly common but are hampered by the lack
of stability of the protein during transportation from the factory to the surgery.
Freeze-drying, also known as lyophilization, is currently the preferred method
of preservation, but even these formulations are not guaranteed to produce a
long shelf-life and, in many cases, still require low-temperature storage and trans-
portation.

9.3.2 DNA and RNA

Recent research has shown that the same phenomena also emerge in IL solu-
tions of DNA and RNA. These helical biopolymers are constructed from a
phosphate–sugar backbone, distinctly different from the amide linkages of a
protein, but the secondary and tertiary structures of the molecules are based
on hydrogen bonding. The stabilization phenomenon found for proteins is
also observed [18] in solutions of these biopolymers in [Ch][dhp], probably for
similar reasons; that is, the natural environment is rich in enzymes (‘DNA-ases’
and ‘RNA-ases’) that break down these polymer backbones, targeted in very
specific ways, and these reactions seem to be much inhibited in the IL medium.

Plasmid DNA [18] (pDNA) is an example of an important biopolymer that is
susceptible to DNAases during handling. It is used in genetics for expressing
particular genes or therapeutic agents, but is susceptible to enzymatic depoly-
merization and its half-life in some circumstances is as short as 15 minutes. Once
again, hydrated [Ch][dhp] has been shown to provide impressive stabilization in
mixtures around the 50% composition, as shown in Figure 9.4.

Figure 9.5 illustrates an example where this stabilization has direct therapeutic
value. Small interfering RNA (siRNA) is a small RNA biopolymer that can be



240 9 Biocompatibility and Biotechnology Applications of Ionic Liquids

(i) (i) (i)50 μm 50 μm 50 μm

(ii) (ii) (ii)50 μm 50 μm 50 μm

Figure 9.4 Confocal microscopy images of (i) blue stained nucleic acids and (ii) a yellow
fluorescent protein expressing pDNA transfected into HEK 293T cells after storage in
phosphate buffered saline solution (left), 20% [Ch][dhp] (middle), and 50% [Ch][dhp] (right)
after 28 days of storage at 37 ∘C. The much higher rate of transfection on the right indicates
much greater stability of the pDNA during storage in the 50% [Ch][dhp]. (Mazid et al. 2015 [18].
Reproduced with permission of Royal Society of Chemistry.)

RNAse
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siRNA
~ 25 base pairs

Stabilized in buffer IL

Gene ″silenced″

Figure 9.5 Stabilization of small interfering RNA in hydrated [Ch][dhp]. (Mazid et al. 2014 [19].
Reproduced with permission of Royal Society of Chemistry.)

used to inhibit the growth of certain cancer cells by binding to the corrupted
DNA. But siRNA is a very unstable molecule and is therefore difficult to generate
on a substantial scale and utilize in a clinical setting. Mazid and coworkers have
shown that the stability problems can be largely solved by handing and storing the
siRNA in hydrated buffer [Ch][dhp] [19]. There may be several effects operating
to stabilize the siRNA; it is certainly likely that the IL is disrupting the action of
RNA-ase enzymes which are extremely prevalent in the everyday environment
and therefore difficult to totally remove from laboratory preparations.
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9.3.3 Buffer ILs

The role of ‘buffering’ is important in applications such as this. ILs have an
intrinsic proton acidity/basicity by virtue of any proton-donating or -accepting
functionality in their molecular structure. [Ch][dhp] is slightly acidic because
of the proton-donating ability of the H2PO4

− (dhp) anion. On the other hand,
many enzyme and biomolecular functions are sensitive to proton acidity, and
therefore the pH of the medium is an important aspect of its potential impact on
a dissolved biomolecule. In the case of many enzymes and also the siRNA, the
pH of the [Ch][dhp] had to be increased slightly to bring it into a more neutral
region. This was done by adding further choline hydroxide to the hydrated salt
[20], effectively creating a mixture of [Ch][dhp] and [Ch]2[HPO4]. The siRNA
stability was considerably enhanced when this moderation the pH of the medium
was carried out [19].

Such mixtures of H2PO4
− and HPO4

2− are well known in classical aqueous
chemistry as phosphate buffers, and their action can be similar in the IL state
also. That is to say, their role as a medium that can act as both proton acceptor
or proton donor is also present in the IL mixture. As such, they can be thought
of as ‘buffer ILs’. Like classical buffers, they control the pH of the system because
they can absorb or donate significant quantities of protons without significantly
changing the proton activity (as demonstrated in Figure 9.6). In the IL case, this
remains true: the proton activity is tightly maintained by the reaction:

H2PO4
− −−−−⇀↽−−−−H+ + HPO4

2−

as long as the molar concentration of either anionic species is not exceeded by
the added acid or base – as for classic buffer chemistry.

0.25

0.15

0.20

A
bs

or
ba

nc
e 

(a
.u

.)

0.10

0.05

0.00

400 500 600 700

Wavelength (nm)

Buffer
Buffer + 10 mol% acid
Buffer + 50 mol% acid
Buffer + 250 mol% acid

Figure 9.6 Action of added acid on a choline H2PO4
−/HPO4

2− ([Ch][dhp/mhp]) buffer ionic
liquid. The spectra are of phenol red indicator present in the IL. The addition of up to 50 mol%
acid produces little change in the spectrum of the indicator. Adding 250 mol% acid, which
swamps the buffer, produces a distinct color change and shift in the spectrum. (MacFarlane
et al. 2010 [20]. Reproduced with permission of Royal Society of Chemistry.)
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Figure 9.7 Fluorescence micrographs of L-929
cells growing actively on [Ch]tartrate cross-linked
collagen materials. Scale bars represent 50 mm.
(Vijayaraghavan et al. 2010 [21]. Reproduced with
permission of Royal Society of Chemistry.)

9.3.4 Structural Proteins

Collagen, keratin, and fibroin are the three main types of structural proteins. All
have been shown to be soluble in ILs. Keratin dissolution has been discussed in
more detail in Section 6.6 as an example of the use of ILs in biomass dissolu-
tion. Collagen is a similar protein that forms a triple-helix structure that forms
most of the protective and connective tissue in animals [21]. It is of consider-
able importance as a biocompatible material for medical implants such as heart
valves and artificial skin. However, once extracted from its source and processed,
it must be cross-linked to give it good mechanical properties as a biomaterial.
Typically, glutaraldehyde is used, and although its toxicity is of increasing con-
cern, it is considered to be the gold standard of collagen cross-linkers. The work
of Vijayaraghavan has shown that a number of biocompatible choline salts can
be used as cross-linkers [21]. Their IL nature allows them to incorporate fully
into the collagen structure, while their biocompatible nature encourages native
cell proliferation and attachment to the material. Figure 9.7 shows L-929 cells
(a mouse fibroblast cell line – fibroblast cells are collagen producing cells in con-
nective tissue and skin) growing actively on an artificial skin membrane prepared
from choline tartrate cross-linked collagen.

9.4 Concluding Remarks

This chapter discussed the biocompatibility of ILs in terms of toxicity and
their biodegradation in the environment. These properties are obviously of
generic importance across the whole range of ILs. The stability that makes
them of value in the world of synthetic chemistry and electrochemistry has
the potential to make them problematic if released to the environment; hence
studies of biocompatibility and biodegradation pathways are always vital where
scale-up to application is envisaged. Equally, toxicity, whether it be with respect
to occupational exposure or in use and disposal, is important to both evaluate
and understand for these relatively new compounds. The sheer novelty of the
chemistry and properties that has made ILs so intensely interesting in the last
two decades must also make us wary of their long-term effects on the biosphere.
Obviously, no ionic liquid chemist wants to be responsible for another ozone
hole or the widespread use of toxic chemicals the way that carbon tetrachloride
was used in the dry cleaning industry until 25 years ago.
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On the other hand, this chapter described how efforts to design-in biocom-
patibility can produce ILs that can be distinctly nontoxic and that can have sig-
nificant stabilizing effects on biopolymers including proteins, DNA, and RNA.
From these unique ionic liquid effects, whole new approaches to the production
and delivery of therapies may emerge.

Going one step further, IL chemistry has turned traditional medicinal com-
pounds into ILs by altering the ballast ion that many such compounds are
produced with. This will allow a variety of different delivery modalities to be
developed for known actives. It also provides the medicinal chemist with an
alternative way of dealing with the problem of polymorphism in crystalline
compounds. Combining two ‘actives’ into the same IL in various proportions
allows the creation of a dual-active material and the modulation of its properties
to create a compound that, in some cases, displays a synergy between the two
ions in terms of properties such as membrane transport.
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