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Preface

“We prided ourselves that the science we were doing could
not, in any conceivable circumstances, have any practical
use. The more firmly one could make that claim, the more
superior one felt.”

The Two Cultures, C.P. Snow (1959)

A book about ionic liquids? Over three hundred pages? Why? Who needs it? Why
bother? These aren’t simply rhetorical questions, but important ones of a nature
that must be addressed whenever considering the publication of any new book. In
the case of this one, as two other books about ionic liquids will appear in 2002, the
additional question of differentiation arises — how is this distinctive from the other
two? All are multi-author works, and some of the authors have contributed to all
three books.

Taking the last question first, the answer is straightforward but important. The
other two volumes are conference proceedings (one of a NATO Advanced Research
Workshop, the other of an ACS Symposium) presenting cutting-edge snapshots of
the state-of-the-art for experts; this book is structured. Peter Wasserscheid and Tom
Welton have planned an integrated approach to ionic liquids; it is detailed and com-
prehensive. This is a book designed to take the reader from little or no knowledge
of ionic liquids to an understanding reflecting our best current knowledge. It is a
teaching volume, admirable for use in undergraduate and postgraduate courses, or
for private learning. But it is not a dry didactic text - it is a user’s manual! Having
established a historical context (with an excellent chapter by one of the fathers of
ionic liquids), the volume describes the synthesis and purification of ionic liquids
(the latter being crucially important), and the nature of ionic liquids and their phys-
ical properties. Central to this tome (both literally and metaphorically) is the use of
ionic liquids for organic synthesis, and especially green organic synthesis, and this
chapter is (appropriately) the largest, and the raison d’étre for the work. The book
concludes with much shorter chapters on the synthesis of inorganic materials and
polymers, the study of enzyme reactions, and an overview and prospect for the area.
This plan logically and completely covers the whole of our current knowledge of
ionic liquids, in a manner designed to enable the tyro reader to feel confident in
using them, and the expert to add to their understanding. This is the first book to
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Preface

attempt this task, and it is remarkably successful for two reasons. Firstly, the vol-
ume has been strongly and wisely directed, and is unified despite being a multi-
author work. Secondly, the choice of authors was inspired; each one writes with
authority and clarity within a strong framework. So, yes, this book is more than jus-
tified, it is a crucial and timely addition to the literature. Moreover, it is written and
edited by the key people in the field.

Are ionic liquids really green? A weakly argued letter from Albrecht Salzer in
Chemical and Engineering News (2002, 80 [April 29], 4-6) has raised this nevertheless
valid question. Robin Rogers gave a tactful, and lucid, response, and I quote direct-
ly from this: “Salzer has not fully realized the magnitude of the number of poten-
tial ionic liquid solvents. I am sure, for example, that we can design a very toxic
ionic liquid solvent. However, by letting the principles of green chemistry drive this
research field, we can ensure that the ionic liquids and ionic liquid processes devel-
oped are in fact green. [. . .] The expectation that real benefits in technology will
arise from ionic liquid research and the development of new processes is high, but
there is a need for further work to demonstrate the credibility of ionic liquid-based
processes as viable green technology. In particular, comprehensive toxicity studies,
physical and chemical property collation and dissemination, and realistic compar-
isons to traditional systems are needed. It is clear that while the new chemistry
being developed in ionic liquids is exciting, many are losing sight of the green goals
and falling back on old habits in synthetic chemistry. Whereas it is true that incre-
mental improvement is good, it is hoped that by focusing on a green agenda, new
technologies can be developed that truly are not only better technologically, but are
cleaner, cheaper, and safer as well.”

120
100
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Figure 1: The rise in publications concerning ionic liquids as a function of time, as determined
using SciFinder.
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Robin’s response is insightful. It reflects, in part, the burgeoning growth of papers
in this area (see Figure 1) combined with the inevitable (and welcomed) rise in new
researchers entering the area. However, with increasing activity comes the
inevitable increasing “garbage” factor. In recent years we have (unfortunately) seen
papers reporting physical data on ionic liquids that were demonstrably impure, lig-
uids reported as solids and solids reported as liquids because of the impurity level,
communications “rediscovering” and publishing work (without citation) already
published in the patent literature, the synthesis of water-sensitive ionic liquids
under conditions that inevitably result in hydrolysis, and academically weak publi-
cations appearing in commercial journals with lax refereeing standards. I truly
believe that this book will help combat this; it should, and will, be referred to by all
workers in the field. Indeed, if the authors citing it actually read it too, then the
garbage factor should become insignificantly small!

In conclusion, this volume reflects well the excitement and rapid progress in the
field of ionic liquids, whilst effectively providing an invaluable hands-on instruction
manual. The lacunae are emphasised, and the directions for potential future
research are clearly signposted. Unlike Snow in his renowned Two Cultures essay,
many of us (Mamantov, Osteryoung, Wilkes, and Hussey, to name but a few of the
founding fathers) who entered this area in its early (but not earliest!!) days prided
ourselves that the science we were doing could not fail to have a practical use.
Whether that use was battery applications, fuel cells, electroplating, nuclear repro-
cessing, or green industrial synthesis, we all believed that ionic liquids (or room-
temperature molten salts, as they were then commonly known) offered a unique
chemical environment that would (must) have significant industrial application.
Because of this, we suffered then (and to some extent now) from the disdain of the
“pure” scientists, who failed (and still fail) to appreciate that, if selecting an exam-
ple to study to illustrate a fundamental scientific principle, there is actually some
merit in selecting a product manufactured at the one million ton per annum level,
rather than an esoteric molecule of no use and even less interest. Unfortunately, the
pride and superiority Snow refers to is still alive and well, and living in the hearts
of some of the academic establishment. I believe that this book will help tackle this
prejudice, and illustrate that useful practical applications and groundbreaking fun-
damental science are not different, opposing areas, but synergistic sides of the same
coin.

K.R. Seddon
May, 2002

X
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A note from the editors

This book has been arranged in several chapters that have been prepared by differ-
ent authors, and the reader can expect to find changes in style and emphasis as they
go through it. We hope that, in choosing authors who are at the forefront of their
particular specialism, this variety is a strength of the book. The book is intended to
be didactic, with examples from the literature used to illustrate and explain. There-
fore, not all chapters will give a comprehensive coverage of the literature in the area.
Indeed, with the explosion of interest in some applications of ionic liquids compre-
hensive coverage of the literature would not be possible in a book of this length.
Finally, there is a point when one has to stop and for us that was the end of 2001.
We hope that no offence is caused to anyone whose work has not been included.
None is intended.
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Introduction

John S. Wilkes

Ionic liquids may be viewed as a new and remarkable class of solvents, or as a type
of materials that have a long and useful history. In fact, ionic liquids are both,
depending on your point of view. It is absolutely clear though, that whatever “ionic
liquids” are, there has been an explosion of interest in them. Entries in Chemical
Abstracts for the term “ionic liquids” were steady at about twenty per year through
1995, but had grown to over 300 in 2001. The increased interest is clearly due to the
realization that these materials, formerly used for specialized electrochemical appli-
cations, may have greater utility as reaction solvents.

For purposes of discussion in this volume we will define ionic liquids as salts
with a melting temperature below the boiling point of water. That is an arbitrary
definition based on temperature, and says little about the composition of the mate-
rials themselves, except that they are completely ionic. In reality, most ionic liquids
in the literature that meet our present definition are also liquids at room tempera-
ture. The melting temperature of many ionic liquids can be problematic, since they
are notorious glass-forming materials. It is a common experience to work with a
new ionic liquid for weeks or months to find one day that it has crystallized unex-
pectedly. The essential feature that ionic liquids possess is one shared with tradi-
tional molten salts: a very wide liquidus range. The liquidus range is the span of
temperatures between the melting point and boiling point. No molecular solvent,
except perhaps some liquid polymers, can match the liquidus range of ionic liquids
or molten salts. Ionic liquids differ from molten salts in just where the liquidus
range is in the scale of temperature.

There are many synonyms used for ionic liquids, which can complicate a litera-
ture search. “Molten salts” is the most common and most broadly applied term for
ionic compounds in the liquid state. Unfortunately, the term “ionic liquid” was also
used to mean “molten salt” long before there was much literature on low-melting
salts. It may seem that the difference between ionic liquids and molten salts is just
a matter of degree (literally); however the practical differences are sufficient to jus-
tify a separately identified niche for the salts that are liquid around room tempera-
ture. That is, in practice the ionic liquids may usually be handled like ordinary sol-
vents. There are also some fundamental features of ionic liquids, such as strong
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ion—ion interactions that are not often seen in higher-temperature molten salts.
Synonyms in the literature for materials that meet the working definition of ionic
liquid are: “room temperature molten salt”, “low-temperature molten salt”, “ambi-
ent-temperature molten salt”, and “liquid organic salt.”

Our definition of an ionic liquid does not answer the general question, “What is
an ionic liquid?” This question has both a chemical and a historical answer. The
details of the chemical answer are the subject of several subsequent chapters in this
book. The general chemical composition of ionic liquids is surprisingly consistent,
even though the specific composition and the chemical and physical properties vary
tremendously. Most ionic liquids have an organic cation and an inorganic, poly-
atomic anion. Since there are many known and potential cations and anions, the
potential number of ionic liquids is huge. To discover a new ionic liquid is relative-
ly easy, but to determine its usefulness as a solvent requires a much more substan-
tial investment in determination of physical and chemical properties. The best trick
would be a method for predicting an ionic liquid composition with a specified set
of properties. That is an important goal that awaits a better fundamental under-
standing of structure—property relationships and the development of better compu-
tational tools. I believe it can be done.

The historical answer to the nature of present ionic liquids is somewhat in the
eye of the beholder. The very brief history presented here is just one of many pos-
sible ones, and is necessarily biased by the point of view of just one participant in
the development of ionic liquids. The earliest material that would meet our current
definition of an ionic liquid was observed in Friedel-Crafts reactions in the
mid-19th century as a separate liquid phase called the “red oil.” The fact that the red
oil was a salt was determined more recently, when NMR spectroscopy became a
commonly available tool. Early in the 20th century, some alkylammonium nitrate
salts were found to be liquids [1], and more recently liquid gun propellants based
on binary nitrate ionic liquids have been developed [2]. In the 1960s, John Yoke at
Oregon State University reported that mixtures of copper(I) chloride and alkylam-
monium chlorides were often liquids [3]. These were not as simple as they might
appear, since several chlorocuprous anions formed, depending on the stoichiome-
try of the components. In the 1970s, Jerry Atwood at the University of Alabama
discovered an unusual class of liquid salts he termed “liquid clathrates” [4]. These
were composed of a salt combined with an aluminium alkyl, which then formed an
inclusion compound with one or more aromatic molecules. A formula for the ionic
portion is M[Al,(CH;)¢X], where M is an inorganic or organic cation and X is a
halide.

None of the interesting materials just described are the direct ancestors of the
present generation of ionic liquids. Most of the ionic liquids responsible for the
burst of papers in the last several years evolved directly from high-temperature
molten salts, and the quest to gain the advantages of molten salts without the dis-
advantages. It all started with a battery that was too hot to handle.

In 1963, Major (Dr.) Lowell A. King (Figure 1.1) at the U.S. Air Force Academy
initiated a research project aimed at finding a replacement for the LiCl/KCI molten
salt electrolyte used in thermal batteries.
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Figure 1.1:  Major (Dr.) Lowell A. King at the
U.S. Air Force Academy in 1961. He was an
early researcher in the development of low-
temperature molten salts as battery elec-
trolytes. At that time “low temperature” meant
close to 100 °C, compared to many hundreds
of degrees for conventional molten salts. His
work led directly to the chloroaluminate ionic
liquids.

Since then there has been a continuous molten salts/ionic liquids research pro-
gram at the Air Force Academy, with only three principal investigators: King, John
Wilkes (Figure 1.2), and Richard Carlin. Even though the LiCl/KCl eutectic mixture
has a low melting temperature (355 °C) for an inorganic salt, the temperature caus-
es materials problems inside the battery, and incompatibilities with nearby devices.
The class of molten salts known as chloroaluminates, which are mixtures of alkali
halides and aluminium chloride, have melting temperatures much lower than near-
ly all other inorganic eutectic salts. In fact NaCl/AICl; has a eutectic composition
with a melting point of 107 °C, very nearly an ionic liquid by our definition [5].
Chloroaluminates are another class of salts that are not simple binary mixtures,
because the Lewis acid-base chemistry of the system results in the presence of the
series of the anions CI7, [AICL,]", [ALL,Cl;]", and [Al;Clo]” (although fortunately not
all of these in the same mixture). Dr. King taught me a lesson that we should take
heed of with the newer ionic liquids: if a new material is to be accepted as a techni-
cally useful material, the chemists must present reliable data on the chemical and
physical properties needed by engineers to design processes and devices. Hence,
the group at the Air Force Academy, in collaboration with several other groups,
determined the densities, conductivities, viscosities, vapor pressures, phase equi-
libria, and electrochemical behavior of the salts. The research resulted in a patent
for a thermal battery that made use of the NaCl/AICl; electrolyte, and a small num-
ber of the batteries were manufactured.

Early in their work on molten salt electrolytes for thermal batteries, the Air Force
Academy researchers surveyed the aluminium electroplating literature for elec-
trolyte baths that might be suitable for a battery with an aluminium metal anode
and chlorine cathode. They found a 1948 patent describing ionically conductive
mixtures of AlCl; and 1-ethylpyridinium halides, mainly bromides [6]. Subsequent-
ly, the salt 1-butylpyridinium chloride/AICl; (another complicated pseudo-binary)

3
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Figure 1.2:  Captain (Dr.) John S. Wilkes at
the U.S. Air Force Academy in 1979. This offi-
cial photo was taken about when he started his
research on ionic liquids, then called “room-
temperature molten salts.”

Figure 1.3:  Prof. Charles Hussey of the Uni-
versity of Mississippi. The photo was taken in
1990 at the U.S. Air Force Academy while he
was serving on an Air Force Reserve active duty
assignment. Hussey and Wilkes collaborated in
much of the early work on chloroaluminate
ionic liquids.

was found to be better behaved than the earlier mixed halide system, so its chemi-
cal and physical properties were measured and published [7]. I would mark this as
the start of the modern era for ionic liquids, because for the first time a wider audi-
ence of chemists started to take interest in these totally ionic, completely nonaque-
ous new solvents.

The alkylpyridinium cations suffer from being relatively easy to reduce, both
chemically and electrochemically. Charles Hussey (Figure 1.3) and I set out a pro-
gram to predict cations more resistant to reduction, to synthesize ionic liquids on
the basis of those predictions, and to characterize them electrochemically for use as
battery electrolytes.
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Figure 1.4:  Dr. Michael Zaworotko from Saint
Mary’s University in Halifax, Nova Scotia. He
was a visiting professor at the U.S. Air Force
Academy in 1991, where he first prepared
many of the water-stable ionic liquids popular
today.

We had no good way to predict if they would be liquid, but we were lucky that
many were. The class of cations that were the most attractive candidates was that of
the dialkylimidazolium salts, and our particular favorite was 1-ethyl-3-methylimid-
azolium [EMIM]. [EMIM]CI mixed with AlCl; made ionic liquids with melting tem-
peratures below room temperature over a wide range of compositions [8]. We deter-
mined chemical and physical properties once again, and demonstrated some new
battery concepts based on this well behaved new electrolyte. We and others also
tried some organic reactions, such as Friedel-Crafts chemistry, and found the ionic
liquids to be excellent both as solvents and as catalysts [9]. [t appeared to act like ace-
tonitrile, except that is was totally ionic and nonvolatile.

The pyridinium- and the imidazolium-based chloroaluminate ionic liquids share
the disadvantage of being reactive with water. In 1990, Mike Zaworotko (Figure 1.4)
took a sabbatical leave at the Air Force Academy, where he introduced a new dimen-
sion to the growing field of ionic liquid solvents and electrolytes.

His goal for that year was to prepare and characterize salts with dialkylimidazoli-
um cations, but with water-stable anions. This was such an obviously useful idea
that we marveled that neither we nor others had tried to do it already. The prepara-
tion chemistry was about as easy as the formation of the chloroaluminate salts, and
could be done outside of the glove-box [10]. The new tetrafluoroborate, hexafluo-
rophosphate, nitrate, sulfate, and acetate salts were stable (at least at room temper-
ature) towards hydrolysis. We thought of these salts as candidates for battery elec-
trolytes, but they (and other similar salts) have proven more useful for other appli-
cations. Just as Zaworotko left, Joan Fuller came to the Air Force Academy, and
spent several years extending the catalog of water-stable ionic liquids, discovering
better ways to prepare them, and testing the solids for some optical properties. She
made a large number of ionic liquids from the traditional dialkylimidazolium
cations, plus a series of mono- and trialkylimidazoliums. She combined those
cations with the water-stable anions mentioned above, plus the additional series of
bromide, cyanide, bisulfate, iodate, trifluoromethanesulfonate, tosylate, phenyl-

5
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phosphonate, and tartrate. This resulted in a huge array of new ionic liquids with
anion sizes ranging from relatively small to very large.

It seems obvious to me and to most other chemists that the table of cations and
anions that form ionic liquids can and will be extended to a nearly limitless num-
ber. The applications will be limited only by our imagination.
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2
Synthesis and Purification of lonic Liquids

James H. Davis, Jr., Charles M. Gordon, Claus Hilgers, and Peter Wasserscheid

2.1
Synthesis of lonic Liquids

Charles M. Gordon

2.1.1
Introduction

Despite the ever-growing number of papers describing the applications of ionic lig-
uids, their preparation and purification has in recent years taken on an air of “need
to know”. Although most researchers employ similar basic types of chemistry, it
appears that everyone has their own tricks to enhance yields and product purity.
This chapter is an attempt to summarize the different methods reported to date,
and to highlight the advantages and disadvantages of each. The purity of ionic lig-
uids is also an area of increasing interest as the nature of their interactions with dif-
ferent solutes comes under study, so the methods used for the purification of ionic
liquids are also reviewed. The aim is to provide a summary for new researchers in
the area, pointing to the best preparative methods, and the potential pitfalls, as well
as helping established researchers to refine the methods used in their laboratories.

The story of ionic liquids is generally regarded as beginning with the first report
of the preparation of ethylammonium nitrate in 1914 [1]. This species was formed
by the addition of concentrated nitric acid to ethylamine, after which water was
removed by distillation to give the pure salt, which was liquid at room temperature.
The protonation of suitable starting materials (generally amines and phosphines)
still represents the simplest method for the formation of such materials, but unfor-
tunately it can only be used for a small range of useful salts. The possibility of
decomposition through deprotonation has severely limited the use of such salts,
and so more complex methods are generally required. Probably the most widely
used salt of this type is pyridinium hydrochloride, the applications of which may be
found in a thorough review by Pagni [2].
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Figure 2.1-1:  Exam-

/@\ / \ N ples of cations com-
+
X~

monly used for the
R formation of ionic
liquids.

[NR,I* [PR,I" [SR,I"

Thus, most ionic liquids are formed from cations that do not contain acidic pro-
tons. A summary of the applications and properties of ionic liquids may be found
in a number of recent review articles [3]. The most common classes of cations are
illustrated in Figure 2.1-1, although low melting point salts based on other cations,
such as complex polycationic amines [4] and heterocycle-containing drugs [5], have
also been prepared.

The synthesis of ionic liquids can generally be split into two sections: the forma-
tion of the desired cation, and anion exchange where necessary to form the desired
product (demonstrated for ammonium salts in Scheme 2.1-1).

In some cases only the first step is required, as with the formation of ethylam-
monium nitrate. In many cases the desired cation is commercially available at rea-
sonable cost, most commonly as a halide salt, thus requiring only the anion
exchange reaction. Examples of these are the symmetrical tetraalkylammonium
salts and trialkylsulfonium iodide.

This chapter will concentrate on the preparation of ionic liquids based on 1,3-
dialkylimidazolium cations, as these have dominated the area over the last twenty

NR 3
RX
[NRgRTH X
1. + metal salt M*[A]
- MX
+ Lewis acid MX, 2. + Bronsted acid H*[A]
- HX Scheme 2.1-1:  Typical
3. lon exchange resin synthesis paths for the

preparation of ionic

liquids (adapted from
[NRRT MX, 1] INRR'T'[AT Ref. 3¢).
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years. The techniques discussed in this chapter are generally applicable to the other
classes of cations indicated in Figure 2.1-1, however. The original decision by
Wilkes et al. to prepare 1-alkyl-3-methylimidazolium ([RMIM]") salts was prompted
by the requirement for a cation with a more negative reduction potential than
AI(III) [6]. The discovery that the imidazolium-based salts also generally displayed
lower melting points than the 1-alkylpyridinium salts used prior to this cemented
their position as the cations of choice since then. Indeed, the method reported by
Wilkes et al. for the preparation of the [RMIM]CI/AICl;-based salts remains very
much that employed by most workers to this day.

2.1.2
Quaternization Reactions

The formation of the cations may be carried out either by protonation with a free
acid as noted above, or by quaternization of an amine or a phosphine, most com-
monly with a haloalkane. The protonation reaction, as used in the formation of salts
such as ethylammonium nitrate, involves the addition of 3 M nitric acid to a cooled,
aqueous solution of ethylamine [7]. A slight excess of amine should be left over, and
this is removed along with the water by heating to 60 °C in vacuo. The same gener-
al process may be employed for the preparation of all salts of this type, but when
amines of higher molecular weight are employed, there is clearly a risk of contam-
ination by residual amine. A similar method has been reported for the formation of
low melting point, liquid crystalline, long alkyl chain-substituted 1-alkylimidazoli-
um chloride, nitrate, and tetrafluoroborate salts [8]. For these a slight excess of acid
was employed, as the products were generally crystalline at room temperature. In
all cases it is recommended that addition of acid be carried out with cooling of the
amine solution, as the reaction can be quite exothermic.

The alkylation process possesses the advantages that (a) a wide range of cheap
haloalkanes are available, and (b) the substitution reactions generally occur smooth-
ly at reasonable temperatures. Furthermore, the halide salts formed can easily be
converted into salts with other anions. Although this section will concentrate on the
reactions between simple haloalkanes and the amine, more complex side chains
may be added, as discussed later in this chapter. The quaternization of amines and
phosphines with haloalkanes has been known for many years, but the development
of ionic liquids has resulted in several recent developments in the experimental
techniques used for the reaction. In general, the reaction may be carried out with
chloroalkanes, bromoalkanes, and iodoalkanes, with the reaction conditions
required becoming steadily more gentle in the order Cl — Br — I, as expected for
nucleophilic substitution reactions. Fluoride salts cannot be formed in this manner.

In principle, the quaternization reactions are extremely simple: the amine (or
phosphine) is mixed with the desired haloalkane, and the mixture is then stirred
and heated. The following section refers to the quaternization of 1-alkylimidazoles,
as these are the most common starting materials. The general techniques are sim-
ilar, however, for other amines such as pyridine [9], isoquinoline [10], 1,8-diazabi-
cyclo[5,4,0]-7-undecene [11], 1-methylpyrrolidine [12], and trialkylamines [13], as
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well as for phosphines. The reaction temperature and time are very dependent on
the haloalkane employed, chloroalkanes being the least reactive and iodoalkanes the
most. The reactivity of the haloalkane also generally decreases with increasing alkyl
chain length. As a general guide, in the author’s laboratory it is typically found nec-
essary to heat 1-methylimidazole with chloroalkanes to about 80 °C for 2-3 days to
ensure complete reaction. The equivalent reaction with bromoalkanes is usually
complete within 24 hours, and can be achieved at lower temperatures (ca. 50-60 °C).
In the case of bromoalkanes, we have found that care must be taken with large-scale
reactions, as a strong exotherm can occur as the reaction rate increases. Besides the
obvious safety implications, the excess heat generated can result in discoloration of
the final product. The reaction with iodoalkanes can often be carried out at room
temperature, but the iodide salts formed are light-sensitive, requiring shielding of
the reaction vessel from bright light.

A number of different methodologies have been reported, but most researchers
use a simple round-bottomed flask/reflux condenser experimental setup for the
quaternization reaction. If possible, the reaction should be carried out under dini-
trogen or some other inert gas in order to exclude water and oxygen during the qua-
ternization. Exclusion of oxygen is particularly important if a colorless halide salt is
required. Alternatively, the haloalkane and 1-methylimidazole may be mixed in Car-
ius tubes, degassed by freeze-pump-thaw cycles, and then sealed under vacuum and
heated in an oven for the desired period. The preparation of salts with very short
alkyl chain substituents, such as [EMIM]C], is more complex, however, as
chloroethane has a boiling point of 12 °C. Such reactions are generally carried out
in an autoclave, with the chloroethane cooled to below its boiling point before addi-
tion to the reaction mixture. In this case, the products should be collected at high
temperature, as the halide salts are generally solids at room temperature. An auto-
clave may also be useful for the large-scale preparation of the quaternary salts.

In general, the most important requirement is that the reaction mixture be kept
free of moisture, as the products are often extremely hygroscopic. The reaction may
be carried out without the use of a solvent, as the reagents are generally liquids and
mutually miscible, while the halide salt products are usually immiscible in the start-
ing materials. A solvent is often used, however; examples include the alkyl halide
itself [6], 1,1,1-trichloroethane [14], ethyl ethanoate [15], and toluene [16], although
no particular advantage appears to accrue with any specific one. The unifying factor
for all of these is that they are immiscible with the halide salt product, which will
thus form as a separate phase. Furthermore, the halide salts are generally more
dense than the solvents, so removal of excess solvent and starting material can be
achieved simply by decantation. In all cases, however, after reaction is complete and
the solvent is decanted, it is necessary to remove all excess solvent and starting
material by heating the salt under vacuum. Care should be taken at this stage, as
overheating can result in a reversal of the quaternization reaction. It not advised to
heat the halide salts to temperatures greater than about 80 °C.

The halide salts are generally solids at room temperature, although some exam-
ples —such as e.g. the 1-methyl-3-octylimidazolium salts — remain viscous oils even
at room temperature. Crystallization can take some time to occur, however, and
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many salts remain as oils even when formed in good purity. Purification of the solid
salts is best achieved by recrystallisation from a mixture of dry acetonitrile and ethyl
ethanoate. In cases of salts that are not solid, it is advisable to wash the oil as best
as possible with an immiscible solvent such as dry ethyl ethanoate or 1,1,1-
trichloroethane. If the reactions are carried out on a relatively large scale, it is gen-
erally possible to isolate product yields of >90 % even if a recrystallisation step is car-
ried out, making this an extremely efficient reaction. A drybox is not essential, but
can be extremely useful for handling the salts, as they tend to be very hygroscopic,
particularly when the alkyl chain substituents are short. In the author’s experience,
solid 1-alkyl-3-methylimidazolium halide salts can form as extremely hard solids in
round-bottomed flasks. Therefore, if a drybox is available the best approach is often
to pour the hot salt into shallow trays made of aluminium foil. Once the salt cools
and solidifies, it may be broken up into small pieces to aid future use.

The thermal reaction has been used in almost all reports of ionic liquids, being
easily adaptable to large-scale processes, and providing high yields of products of
acceptable purity with relatively simple methods. An alternative approach involving
the use of microwave irradiation has recently been reported, giving high yields with
very short reaction times (minutes rather than hours) [17]. The reaction was only
carried out for extremely small quantities of material, however, and it is unlikely
that it could be scaled up with any great feasibility.

By far the most common starting material is 1-methylimidazole. This is readily
available at a reasonable cost, and provides access to the majority of cations likely to
be of interest to most researchers. There is only a limited range of other N-substi-
tuted imidazoles commercially available, however, and many are relatively expen-
sive. The synthesis of 1-alkylimidazoles may be achieved without great difficulty,
though, as indicated in Scheme 2.1-2.

A wider range of C-substituted imidazoles is commercially available, and the
combination of these with the reaction shown in Scheme 2.1-2 permits the forma-
tion of many different possible starting materials. In some cases, however, it may
still be necessary to carry out synthesis of the heterocycle from first principles. For
reasons of space, this topic is not covered here.

Relatively little has been reported regarding the determination of the purity of the
halide salts other than by standard spectroscopic measurements and microanalysis.
This is largely because the halide salts are rarely used as solvents themselves, but
are generally simply a source of the desired cation. Also, the only impurities likely
to be present in any significant quantity are unreacted starting materials and resid-
ual reaction solvents. Thus, for most applications it is sufficient to ensure that they
are free of these by use of "H NMR spectroscopy.

The removal of the haloalkanes and reaction solvents is generally not a problem,
especially for the relatively volatile shorter chain haloalkanes. On the other hand,

[\ 1. NaOEt /7 \

N NH ——— " N

~ N
Scheme 2.1-2:  Synthesis of alkylimidazoles. v 2. RBr N R
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the presence even of small quantities of unreacted 1-methylimidazole (a coordinat-
ing base) could cause problems in many applications. Furthermore, its high boiling
point (198 °C) means that it can prove difficult to remove from ionic liquids. Hol-
brey has reported a simple colorimetric determination based on the formation of
the blue [Cu(MIM),]** ion, which is sensitive to 1-methylimidazole in the 0-3 mol%
concentration range [18]. Although this does not solve the problem, it does allow
samples to be checked before use, or for the progress of a reaction to be monitored.

It should be noted that it is not only halide salts that may be prepared in this man-
ner. Quaternization reactions between 1-alkylimidazoles and methyl triflate [14], tri-
alkylamines and methyl tosylates [19], and triphenylphosphine and octyl tosylate
[20] have also been used for the direct preparation of ionic liquids, and in principle
any alkyl compound containing a good leaving group may be used in this manner.
The excellent leaving group abilities of the triflate and tosylate anions mean that the
direct quaternization reactions can generally be carried out at ambient tempera-
tures. It is important that these reactions be carried out under an inert atmosphere,
as the alkyl triflates and tosylates are extremely sensitive to hydrolysis. This
approach has the major advantage of generating the desired ionic liquid with no
side products, and in particular no halide ions. At the end of the reaction it is nec-
essary only to ensure that all remaining starting materials are removed either by
washing with a suitable solvent (such as ethyl ethanoate or 1,1,1-trichloroethane) or
in vacuo.

213
Anion-exchange Reactions

The anion-exchange reactions of ionic liquids can really be divided into two distinct
categories: direct treatment of halide salts with Lewis acids, and the formation of
ionic liquids by anion metathesis. These two approaches are dealt with separately,
as quite different experimental methods are required for each.

2.1.3.1 Lewis Acid-based lonic Liquids

The formation of ionic liquids by treatment of halide salts with Lewis acids (most
notably AICl;) dominated the early years of this area of chemistry. The great break-
through came in 1951, with the report by Hurley and Weir on the formation of a
salt that was liquid at room temperature, based on the combination of 1-butylpyri-
dinium with AICl; in the relative molar proportions 1:2 (X = 0.66) [21]." More
recently, the groups of Osteryoung and Wilkes have developed the technology of
room temperature chloroaluminate melts based on 1-alkylpyridinium [22] and
[RMIM]" cations [6]. In general terms, treatment of a quaternary halide salt Q*X"
with a Lewis acid MX,, results in the formation of more than one anion species,
depending on the relative proportions of Q"X and MX,,. Such behavior can be illus-

1 Compositions of Lewis acid-based ionic lig- tion (X) of monomeric acid present in the
uids are generally referred to by the mole frac- mixture.
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trated for the reaction between [EMIM]|CI and AlCl; by a series of equilibria as given
in Equations (2.1-1)—(2.1-3).

[EMIM]*CI™ + AICl; = [EMIM]*[AICL] (2.1-1)
[EMIM]'[AICL] + AICl; = [EMIMJ'[ALCL,]” (2.1-2)
[EMIM][ALCL] + AlCl; = [EMIM]‘[AL;Clyo]" (2.1-3)

When [EMIM]CI is present in a molar excess over AlCls, only equilibrium (2.1-1)
need be considered, and the ionic liquid is basic. When a molar excess of AICl; over
[EMIM]CI is present on the other hand, an acidic ionic liquid is formed, and equi-
libria (2.1-2) and (2.1-3) predominate. Further details of the anion species present
may be found elsewhere [23]. The chloroaluminates are not the only ionic liquids
prepared in this manner. Other Lewis acids employed have included AlEtCl, [24],
BCl; [25], CuCl [26], and SnCl, [27]. In general, the preparative methods employed
for all of these salts are similar to those indicated for AlCl;-based ionic liquids as
outlined below.

The most common method for the formation of such liquids is simple mixing of
the Lewis acid and the halide salt, with the ionic liquid forming on contact of the
two materials. The reaction is generally quite exothermic, which means that care
should be taken when adding one reagent to the other. Although the salts are rela-
tively thermally stable, the build-up of excess local heat can result in decomposition
and discoloration of the ionic liquid. This may be prevented either by cooling the
mixing vessel (often difficult to manage in a drybox), or else by adding one compo-
nent to the other in small portions to allow the heat to dissipate. The water-sensi-
tive nature of most of the starting materials (and ionic liquid products) means that
the reaction is best carried out in a drybox. Similarly, the ionic liquids should ide-
ally also be stored in a drybox until use. It is generally recommended, however, that
only enough liquid to carry out the desired task be prepared, as decomposition by
hydrolysis will inevitably occur over time unless the samples are stored in vacuum-
sealed vials.

If a drybox is not available, the preparation can also be carried out by use of a dry,
unreactive solvent (typically an alkane) as a “blanket” against hydrolysis. This has
been suggested in the patent literature as a method for the large-scale industrial
preparation of Lewis acid-based ionic liquids, as the solvent also acts as a heat-sink
for the exothermic complexation reaction [28]. At the end of the reaction, the ionic
liquid forms an immiscible layer beneath the protecting solvent. The ionic liquid
may then either be removed by syringe, or else the solvent may be removed by dis-
tillation before use. In the former case it is likely that the ionic liquid will be con-
taminated with traces of the organic solvent, however.

Finally in this section, it is worth noting that some ionic liquids have been pre-
pared by treatment of halide salts with metal halides that are not usually thought of
as Lewis acids. In this case only equilibrium (2.1-1) above will apply, and the salts
formed are neutral in character. Examples of these include salts of the type
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[EMIM],[MCL,] (R = alkyl, M = Co, Ni) [29] and [EMIM],[VOCL,] [30]. These are
formed by treatment of two equivalents of [EMIM]CI with one equivalent of MCl,
and VOCI,, respectively.

2.1.3.2  Anion Metathesis
The first preparation of relatively air- and water-stable ionic liquids based on 1,3-
dialkyl-methylimidazolium cations (sometimes referred to as “second generation”
ionic liquids) was reported by Wilkes and Zaworotko in 1992 [31]. This preparation
involved a metathesis reaction between [EMIM]I and a range of silver salts (AgNO;,
AgNO,, AgBF,, Ag[CO,CHj;], and Ag,SO,) in methanol or aqueous methanol solu-
tion. The very low solubility of silver iodide in these solvents allowed it to be sepa-
rated simply by filtration, and removal of the reaction solvent allowed isolation of
the ionic liquids in high yields and purities. This method remains the most efficient
for the synthesis of water-miscible ionic liquids, but is obviously limited by the rel-
atively high cost of silver salts, not to mention the large quantities of solid by-prod-
uct produced. The first report of a water-insoluble ionic liquid was two years later,
with the preparation of [EMIM][PF¢] from the reaction between [EMIM]CI and
HPF; in aqueous solution [32]. The procedures reported in the above two papers
have stood the test of time, although subsequent authors have suggested refine-
ments of the methods employed. Most notably, many of the [EMIM]"-based salts are
solid at room temperature, facilitating purification, which may be achieved by
recrystallisation. In many applications, however, a product that is liquid at room
temperature is required, so most researchers now employ cations with 1-alkyl sub-
stituents of a chain length of four or greater, which results in a considerable lower-
ing in melting point. Over the past few years, an enormous variety of anion
exchange reactions has been reported for the preparation of ionic liquids. Table 2.1-1
gives a representative selection of both commonly used and more esoteric exam-
ples, along with references that give reasonable preparative details.

The preparative methods employed generally follow similar lines, however, and
representative examples are therefore reviewed below. The main goal of all anion

Table 2.1-1:  Examples of ionic liquids prepared by anion metathesis.

Salt Anion Source Reference
[Cation][PFq] HPF, 9,15, 32, 33
[Cation][BF,] HBF,, NH,BF,, NaBF, 31,32, 33, 34, 35
[Cation][(CF3S0,),N] Li[(CF3S0,),N] 14, 33
[Cation][(CF;S05)] CF;S0;CHj, NH,[(CF;S03)] 14, 36
[Cation][CH,CO,] Ag[CH;CO,] 31
[Cation][CF;CO,] Ag[CF;CO,] 31
[Cation][CF;(CF,);CO,] K[CF;3(CF,);CO,] 14
[Cation][NO;] AgNO;, NaNO; 14,33, 37
[Cation][N(CN),] AgIN(CN),] 38
[Cation][CBy;Hy,] Ag[CBy1Hyy] 39

[Cation][AuCl] HAuCl, 40
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exchange reactions is the formation of the desired ionic liquid uncontaminated with
unwanted cations or anions, a task that is easier for water-immiscible ionic liquids.
It should be noted, however, that low-melting salts based on symmetrical onium
cations have been prepared by anion-exchange reactions for many years. For exam-
ple, the preparation of tetrahexylammonium benzoate, a liquid at 25 °C, from tetra-
hexylammonium iodide, silver oxide, and benzoic acid was reported as early as 1967
[41]. The same authors also commented on an alternative approach involving the
use of an ion-exchange resin for the conversion of the iodide salt to hydroxide, but
concluded that this approach was less desirable. Low-melting salts based on cations
such as tetrabutylphosphonium [42] and trimethylsulfonium [43] have also been
produced by very similar synthetic methods.

To date, surprisingly few reports of the use of ion-exchange resins for large-scale
preparation of ionic liquids have appeared in the open literature, to the best of the
author’s knowledge. One recent exception is a report by Lall et al. regarding the for-
mation of phosphate-based ionic liquids with polyammonium cations [4]. Wasser-
scheid and Keim have suggested that this might be an ideal method for their prepa-
ration in high purity [3c].

As the preparation of water-immiscible ionic liquids is considerably more
straightforward than that of the water-soluble analogues, these methods are con-
sidered first. The water solubility of the ionic liquids is very dependent on both the
anion and cation present, and in general will decrease with increasing organic char-
acter of the cation. The most common approach for the preparation of water-
immiscible ionic liquids is firstly to prepare an aqueous solution of a halide salt of
the desired cation. The cation exchange is then carried out either with the free acid
of the appropriate anion, or else with a metal or ammonium salt. Where available,
the free acid is probably to be favored, as it leaves only HCl, HBr, or HI as the by-
product, easily removable from the final product by washing with water. It is rec-
ommended that these reactions be carried out with cooling of the halide salt in an
ice bath, as the metathesis reaction is often exothermic. In cases where the free acid
is unavailable or inconvenient to use, however, alkali metal or ammonium salts may
be substituted without major problems. It may also be preferable to avoid use of the
free acid in systems where the presence of traces of acid may cause problems. A
number of authors have outlined broadly similar methods for the preparation of
[PF¢] and [(CF;SO,),N] salts that may be adapted for most purposes [14, 15].

When free acids are used, the washing should be continued until the aqueous
residues are neutral, as traces of acid can cause decomposition of the ionic liquid
over time. This can be a particular problem for salts based on the [PF4]™ anion,
which will slowly form HF, particularly on heating if not completely acid-free.
When alkali metal or ammonium salts are used, it is advisable to check for the pres-
ence of halide anions in the wash solutions, for example by testing with silver
nitrate solution. The high viscosity of some ionic liquids makes efficient washing
difficult, even though the presence of water results in a considerable reduction in
the viscosity. As a result, a number of authors have recently recommended dissolu-
tion of these liquids in either CH,Cl, or CHCIl; prior to carrying out the washing
step. Another advantage of this procedure is that the organic solvent/ionic liquid



16 | Charles M. Gordon

mixture may be placed over a drying agent such as MgSO, prior to removal of the
organic solvent, thus greatly reducing the amount of water contamination of the
final product.

The preparation of water-miscible ionic liquids can be a more demanding
process, as separation of the desired and undesired salts may be complex. The use
of silver salts described above permits the preparation of many salts in very high
purity, but is clearly too expensive for large-scale use. As a result, a number of alter-
native methodologies that employ cheaper salts for the metathesis reaction have
been developed. The most common approach is still to carry out the exchange in
aqueous solution with either the free acid of the appropriate anion, the ammonium
salt, or an alkali metal salt. When using this approach, it is important that the
desired ionic liquid can be isolated without excess contamination from unwanted
halide-containing by-products. A reasonable compromise has been suggested by
Welton et al. for the preparation of [BMIM][BF,] [35]. In this approach, which could
in principle be adapted to any water-miscible system, the ionic liquid is formed by
metathesis between [BMIM]|Cl and HBF, in aqueous solution. The product is
extracted into CH,Cl,, and the organic phase is then washed with successive small
portions of deionized water until the washings are pH neutral. The presence of
halide ions in the washing solutions can be detected by testing with AgNO;. The
CH,Cl, is then removed on a rotary evaporator, and the ionic liquid then further
purified by mixing with activated charcoal for 12 hours. Finally, the liquid is filtered
through a short column of acidic or neutral alumina and dried by heating in vacuo.
Yields of around 70 % are reported when this approach is carried out on large (~ 1
molar) scale. Although the water wash can result in a lowering of the yield, the
aqueous wash solutions may ultimately be collected together, the water removed,
and the crude salt added to the next batch of ionic liquid prepared. In this manner,
the amount of product lost is minimized, and the purity of the ionic liquid prepared
appears to be reasonable for most applications.

Alternatively, the metathesis reaction may be carried out entirely in an organic
solvent such as CH,Cl,, as described by Cammarata et al. [33], or acetone, as
described by Fuller et al. [36]. In both of these systems the starting materials are not
fully soluble in the reaction solvent, so the reaction is carried out with a suspension.
In the case of the CH,Cl, process, it was performed by stirring the 1-alkyl-3-
methylimidazolium halide salt with the desired metal salt at room temperature for
24 hours. After this, the insoluble halide by-products were removed by filtration.
Although the halide by-products have limited solubility in CH,Cl,, they are much
more soluble in the ionic liquid/CH,Cl, mixture. Thus, when this method is
employed it is important that the CH,Cl, extracts be washed with water to minimize
the halide content of the final product. This approach clearly results in a lowering
of the yield of the final product, so care must be taken that the volume of water used
to carry out the washing is low. Lowering of the temperature of the water to near 0
°C can also reduce the amount of ionic liquid lost. The final product was purified
by stirring with activated charcoal followed by passing through an alumina column,
as described in the previous paragraph. This process was reported to give final
yields in the region of 70-80 %, and was used to prepare ionic liquids containing a
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wide variety of anions ([PFy]", [SDFg]", [BF4, [ClO,]", [CF3SO;], [NO;],, and
[CF3CO;]). For the acetone route, [EMIM]|Cl was stirred with NH,BF, or
NH,4[CF3;SO;3] at room temperature for 72 hours. In this case all starting materials
were only slightly soluble in the reaction solvent. Once again, the insoluble NH,Cl
by-product was removed by filtration. No water wash was carried out, but trace
organic impurities were removed by stirring the acetone solution with neutral
alumina for two hours after removal of the metal halide salts by filtration. The
salts were finally dried by heating at 120 °C for several hours, after which they were
analyzed for purity by electrochemical methods, giving quoted purities of at least
99.95 %.

214
Purification of lonic Liquids

The lack of significant vapor pressure prevents the purification of ionic liquids by
distillation. The counterpoint to this is that any volatile impurity can, in principle,
be separated from an ionic liquid by distillation. In general, however, it is better to
remove as many impurities as possible from the starting materials, and where pos-
sible to use synthetic methods that either generate as few side products as possible,
or allow their easy separation from the final ionic liquid product. This section first
describes the methods employed to purify starting materials, and then moves on to
methods used to remove specific impurities from the different classes of ionic lig-
uids.

The first requirement is that all starting materials used for the preparation of the
cation should be distilled prior to use. The author has found the methods described
by Amarego and Perrin to be suitable in most cases [44]. In the preparation of
[RMIM]" salts, for example, we routinely distil the 1-methylimidazole under vacu-
um from sodium hydroxide, and then immediately store any that is not used under
nitrogen in the refrigerator. The haloalkanes are first washed with portions of con-
centrated sulfuric acid until no further color is removed into the acid layer, then
neutralized with NaHCOj; solution and deionized water, and finally distilled before
use. All solvent used in quaternization or anion-exchange reactions should also be
dried and distilled before use. If these precautions are not taken, it is often difficult
to prepare colorless ionic liquids. In cases where the color of the ionic liquids is less
important, the washing of the haloalkane may be unnecessary, as the quantity of
colored impurity is thought to be extremely low, and thus will not affect many
potential applications. It has also been observed that, in order to prepare AlCl;-
based ionic liquids that are colorless, it is usually necessary to sublime the AlCl;
prior to use (often more than once). It is recommended that the AICl; should be
mixed with sodium chloride and aluminium wire for this process [22b].

AlCl;-based ionic liquids often contain traces of oxide ion impurities, formed by
the presence of small amounts of water and oxygen. These are generally referred to
as [AlOCL,], although 7O NMR measurements have indicated that a complex series
of equilibria is in fact occurring [45]. It has been reported that these can be effi-
ciently removed by bubbling phosgene (COCl,) through the ionic liquid [46]. In this
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case the by-product of the reaction is CO,, and thus easily removed under vacuum.
This method should be approached with caution due to the high toxicity of phos-
gene, and an alternative approach using the less toxic triphosgene has also been
reported more recently [47]. In the presence of water or other proton sources,
chloroaluminate-based ionic liquids may contain protons, which will behave as a
Bronsted superacid in acidic melts [48]. It has been reported that these may be
removed simply by the application of high vacuum (< 5 X 107 Torr) [49].

Purification of ionic liquids formed by anion metathesis can throw up a different
set of problems, as already noted in Section 2.1.3.2. In this case the most common
impurities are halide anions, or unwanted cations inefficiently separated from the
final product. The presence of such impurities can be extremely detrimental to the
performance of the ionic liquids, particularly in applications involving transition
metal-based catalysts, which are often deactivated by halide ions. In general this is
much more of a problem in water-soluble ionic liquids, as water-immiscible salts
can usually be purified quite efficiently by washing with water. The methods used
to overcome this problem have already been covered in the previous section. The
problems inherent in the preparation of water-miscible salts have been highlighted
by Seddon et al. [37], who studied the Na* and Cl” concentrations in a range of ionic
liquids formed by treatment of [EMIM]CI and [BMIM]CI with Ag[BF,], Na[BF,],
Ag[NOs], Na[NOjs], and HNOs;. They found that the physical properties such as den-
sity and viscosity of the liquids can be radically altered by the presence of unwant-
ed ions. The results showed that all preparations using Na* salts resulted in high
residual concentrations of CI”, while the use of Ag* salts gave rise to much lower
levels. The low solubility of NaCl in the ionic liquids, however, indicates that the
impurities arise from the fact that the reaction with the Na* salts does not proceed
to completion. Indeed, it was reported in one case that unreacted [BMIM]CI was iso-
lated by crystallization from [BMIM][NO;]. A further example of the potential haz-
ards of metal-containing impurities in ionic liquids is seen when [EMIM][CH;CO;]
is prepared from [EMIM]CI and Pb[CH;CO,], [50]. The resulting salt has been
shown to contain ca. 0.5 M residual lead [51].

In practical terms, it is suggested that, in any application where the presence of
halide ions may cause problems, the concentration of these be monitored to ensure
the purity of the liquids. This may be achieved either by the use of an ion-sensitive
electrode, or alternatively by use of a chemical method such as the Vollhard proce-
dure for chloride ions [52]. Seddon et al. have reported that effectively identical
results were obtained with either method [37].

Most ionic liquids based on the common cations and anions should be colorless,
with minimal absorbance at wavelengths greater than 300 nm. In practice, the salts
often take on a yellow hue, particularly during the quaternization step. The amount
of impurity causing this is generally extremely small, being undetectable by 'H
NMR or CHN microanalysis, and in many applications the discoloration may not
be of any importance. This is clearly not the case, however, when the solvents are
required for photochemical or UV /visible spectroscopic investigations. To date, the
precise origins of these impurities have not been determined, but it seems likely
that they arise from unwanted side reactions involving oligomerization or polymer-
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ization of small amounts of free amine, or else from impurities in the haloalkanes.
Where it is important that the liquids are colorless, however, the color may be min-
imized by following a few general steps:

o All starting materials should be purified as discussed above [44].

e The presence of traces of acetone can sometimes result in discoloration during
the quaternization step. Thus, all glassware used in this step should be kept free
of this solvent.

¢ The quaternization reaction should be carried out either in a system that has been
degassed and sealed under nitrogen, or else under a flow of inert gas such as
nitrogen. Furthermore the reaction temperature should be kept as low as possi-
ble (no more that ca. 80 °C for Cl” salts, and lower for Br™ and I salts).

If the liquids remain discolored even after these precautions, it is often possible to
purify them further by first stirring with activated charcoal, followed by passing the
liquid down a short column of neutral or acidic alumina as discussed in Section
2.1.3.233).

Clearly, the impurity likely to be present in largest concentrations in most ionic
liquids is water. The removal of other reaction solvents is generally easily achieved
by heating the ionic liquid under vacuum. Water is generally one of the most prob-
lematic solvents to remove, and it is generally recommended that ionic liquids be
heated to at least 70 °C for several hours with stirring to achieve an acceptably low
degree of water contamination. Even water-immiscible salts such as [BMIM][PF]
can absorb up to ca. 2 wt.% water on equilibration with the air, corresponding to a
water concentration of ca. 1.1 M. Thus it is advised that all liquids be dried directly
before use. If the amount of water present is of importance, it may be determined
either by Karl-Fischer titration, or a less precise determination may be carried out
using IR spectroscopy.

2.1.5
Conclusions

It is hoped that this section will give the reader a better appreciation of the range of
ionic liquids that have already been prepared, as well as a summary of the main
techniques involved and the potential pitfalls. While the basic chemistry involved is
relatively straightforward, the preparation of ionic liquids of known purity may be
less easily achieved, and it is hoped that the ideas given here may be of assistance
to the reader. It should also be noted that many of the more widely used ionic lig-
uids are now commercially available from a range of suppliers, including some spe-
cializing in the synthesis of ionic liquids [53].
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2.2
Quality Aspects and Other Questions Related to Commercial lonic Liquid Production

Claus Hilgers and Peter Wasserscheid

2.2.1
Introduction

From Section 2.1 it has become very clear that the synthesis of an ionic liquid is in
general quite simple organic chemistry, while the preparation of an ionic liquid of
a certain quality requires some know-how and experience. Since neither distillation
nor crystallization can be used to purify ionic liquids after their synthesis (due to
their nonvolatility and low melting points), maximum care has to be taken before
and during the ionic liquid synthesis to obtain the desired quality.

Historically, the know-how to synthesize and handle ionic liquids has been treat-
ed somehow like a “holy grail”. Up to the mid-1990s, indeed, only a small number
of specialized industrial and academic research groups were able to prepare and
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handle the highly hygroscopic chloroaluminate ionic liquids that were the only
ionic liquid systems available in larger amounts. Acidic chloroaluminate ionic lig-
uids, for example, have to be stored in glove-boxes to prevent their contamination
with traces of water. Water impurities are known to react with the anions of the
melt with release of superacidic protons. These cause unwanted side reactions in
many applications and possess considerable potential for corrosion (a detailed
description of protic and oxidic impurities in chloroaluminate melts is given in Wel-
ton’s 1999 review article [1]). This need for very special and expensive handling tech-
niques has without doubt prevented the commercial production and distribution of
chloroaluminate ionic liquids, even up to the present day.

The introduction of the more hydrolysis-stable tetrafluoroborate [2] and hexaflu-
orophosphate systems [3], and especially the development of their synthesis by
means of metathesis from alkali salts [4], can be regarded as a first key step towards
commercial ionic liquid production.

However, it still took its time. When the authors founded Solvent Innovation [5]
in November 1999, the commercial availability of ionic liquids was still very limit-
ed. Only a small number of systems could be purchased from Sigma-Aldrich, in
quantities of up to 5 g [6].

Besides Solvent Innovation, a number of other commercial suppliers nowadays
offer ionic liquids in larger quantities [7]. Moreover, the distribution of these liquids
by Fluka [8], Acros Organics [9], and Wako [10] assures a certain availability of dif-
ferent ionic liquids on a rapid-delivery basis.

From discussions with many people now working with ionic liquids, we know
that, at least for the start of their work, the ability to buy an ionic liquid was im-
portant. In fact, a synthetic chemist searching for the ideal solvent for his or her
specific application usually takes solvents that are ready for use on the shelf of the
laboratory. The additional effort of synthesizing a new special solvent can rarely be
justified, especially in industrial research. Of course, this is not only true for ionic
liquids. Very probably, nobody would use acetonitrile as a solvent in the laboratory
if they had to synthesize it before use.

The commercial availability of ionic liquids is thus a key factor for the actual suc-
cess of ionic liquid methodology. Apart from the matter of lowering the “activation
barrier” for those synthetic chemists interested in entering the field, it allows access
to ionic liquids for those communities that do not traditionally focus on synthetic
work. Physical chemists, engineers, electrochemists, and scientists interested in
developing new analytical tools are among those who have already developed many
new exciting applications by use of ionic liquids [11].

222
Quality Aspects of Commercial lonic Liquid Production

With ionic liquids now commercially available, it should not be forgotten that an
ionic liquid is still a quite different product from traditional organic solvents, sim-
ply because it cannot be purified by distillation, due to its nonvolatile character.
This, combined with the fact that small amounts of impurities can influence the
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ionic liquid’s properties significantly [12], makes the quality of an ionic liquid quite
an important consideration.

Tonic liquid synthesis in a commercial context is in many respects quite different
from academic ionic liquid preparation. While, in the commercial scenario, labor-
intensive steps add significantly to the price of the product (which, next to quality,
is another important criterion for the customer), they can easily be justified in aca-
demia to obtain a purer material. In a commercial environment, the desire for
absolute quality of the product and the need for a reasonable price have to be rec-
onciled. This is not new, of course. If one looks into the very similar business of
phase-transfer catalysts or other ionic modifiers (such as commercially available
ammonium salts), one rarely finds absolutely pure materials. Sometimes the active
ionic compound is only present in about 85 % purity. However, and this is a crucial
point, the product is well specified, the nature of the impurities is known, and the
quality of the material is absolutely reproducible from batch to batch.

From our point of view, this is exactly what commercial ionic liquid production
is about. Commercial producers try to make ionic liquids in the highest quality that
can be achieved at reasonable cost. For some ionic liquids they can guarantee a puri-
ty greater than 99 %, for others perhaps only 95 %. If, however, customers are
offered products with stated natures and amounts of impurities, they can then
decide what kind of purity grade they need, given that they do have the opportuni-
ty to purify the commercial material further themselves. Since trace analysis of
impurities in ionic liquids is still a field of ongoing fundamental research, we think
that anybody who really needs (or believes that they need) a purity of greater than
99.99 % should synthesize or purify the ionic liquid themselves. Moreover, they
may still need to develop the methods to specify this purity.

The following subsections attempt to comment upon common impurities in
commercial ionic liquid products and their significance for known ionic liquid
applications. The aim is to help the reader to understand the significance of differ-
ent impurities for their application. Since chloroaluminate ionic liquids are not pro-
duced or distributed commercially, we do not deal with them here.

2.2.2.1  Color

From the literature one gets the impression that ionic liquids are all colorless and
look almost like water. However, most people who start ionic liquid synthesis will
probably get a highly colored product at first. The chemical nature of the colored
impurities in ionic liquids is still not very clear, but it is probably a mixture of traces
of compounds originating from the starting materials, oxidation products, and ther-
mal degradation products of the starting materials. Sensitivity to coloration during
ionic liquid synthesis can vary significantly with the type of cation and anion of the
ionic liquid. Pyridinium salts, for instance, tend to form colored impurities more
easily than imidazolium salts do.

Section 2.1 excellently describes methods used to produce colorless ionic liquids.
From this it has become obvious that freshly distilled starting materials and low-
temperature processing during the synthesis and drying steps are key aspects for
avoidance of coloration of the ionic liquid.
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From a commercial point of view, it is possible to obtain colorless ionic liquids,
but not on a large scale at reasonable cost. If one wants to obtain colorless materi-
al, then the labor-intensive procedures described in Section 2.1 have to be applied.

For a commercial producer, three points are important in this context:

a) The colored impurities are usually present only in trace amounts. It is impossi-
ble to detect them by NMR or by analytical techniques other than UV/VIS spec-
troscopy. Hence the difficulty in determining the chemical structure of the col-
ored impurities.

b) For almost all applications involving ionic liquids, the color is not the crucial
parameter. In catalytic applications, for example, it appears that the concentration
of colored impurities is significantly lower than commonly used catalyst concen-
trations. Exceptions are, of course, any application in which UV spectroscopy is
used for product or catalyst analysis and for all photochemical applications.

c) Prevention of coloration of the ionic liquid is not really compatible with the aim
of a rational economic ionic liquid production. Additional distillative cleaning of
the feedstocks consumes time and energy, and additional cleaning by chro-
matography after synthesis is also a time-consuming step. The most important
restriction, however, is the need to perform synthesis (mainly the alkylation step)
with good feedstocks at the lowest possible temperature, and thus at the slowest
rate. This requires long reaction times and therefore high plant cost.

A compromise between coloration and economics in commercial ionic liquid pro-
duction is therefore necessary. Since chromatographic decoloration steps are
known and relatively easy to perform (see Section 2.2.3), we would not expect there
to be a market for a colorless ionic liquid, if the same substance can be made in a
slightly colored state, but at a much lower price.

2.2.2.2 Organic Starting Materials and other Volatiles

Volatile impurities in an ionic liquid may have different origins. They may result
from solvents used in the extraction steps during the synthesis, from unreacted
starting materials from the alkylation reaction (to form the ionic liquid’s cation), or
from any volatile organic compound previously dissolved in the ionic liquid.

In theory, volatile impurities can easily be removed from the nonvolatile ionic lig-
uid by simple evaporation. However, this process can sometimes take a consider-
able time. Factors that influence the time required for the removal of all volatiles
from an ionic liquid (at a given temperature and pressure) are: a) the amount of
volatiles, b) their boiling points, c) their interactions with the ionic liquid, d) the vis-
cosity of the ionic liquid, and e) the surface of the ionic liquid.

A typical example of a volatile impurity that can be found as one of the main
impurities in low-quality ionic liquids with alkylmethylimidazolium cations is the
methylimidazole starting material. Because of its high boiling point (198 °C) and its
strong interaction with the ionic liquid, this compound is very difficult to remove
from an ionic liquid even at elevated temperature and high vacuum. It is therefore
important to make sure, by use of appropriate alkylation conditions, that no unre-
acted methylimidazole is left in the final product.
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Traces of bases such as methylimidazole in the final ionic liquid product can play
an unfavorable role in some common applications of ionic liquids (such as bipha-
sic catalysis). Many electrophilic catalyst complexes will coordinate the base in an
irreversible manner and be deactivated.

A number of different methods to monitor the amount of methylimidazole left in
a final ionic liquid are known. NMR spectroscopy is used by most academic groups,
but may have a detection limit of about 1 mol%. The photometric analysis described
by Holbrey, Seddon, and Wareing has the advantage of being a relatively quick
method that can be performed with standard laboratory equipment [13]. This makes
it particularly suitable for monitoring of the methylimidazole content during com-
mercial ionic liquid synthesis. The method is based on the formation and colori-
metric analysis of the intensely colored complex of 1-methylimidazole with cop-
per(II) chloride.

2.2.2.3 Halide Impurities

Many ionic liquids (among them the most commonly used tetrafluoroborate and
hexafluorophosphate systems) are still made in two-step syntheses. In the first step,
an amine or phosphine is alkylated to form the cation. For this reaction, alkyl
halides are frequently used as alkylating agents, forming halide salts of the desired
cation. To obtain a non-halide ionic liquid, the halide anion is exchanged in a sec-
ond step. This can be achieved variously by addition of the alkali salt of the desired
anion (with precipitation of the alkali halide salt), by treatment with a strong acid
(with removal of the hydrohalic acid), or by use of an ion-exchange resin (for more
details see Section 2.1). Alternative synthetic procedures involving the use of silver
[2] or lead salts [14] are — at least from our point of view — not acceptable for com-
mercial ionic liquid production.

All the halide exchange reactions mentioned above proceed more or less quan-
titatively, causing greater or lesser quantities of halide impurities in the final
product. The choice of the best procedure to obtain complete exchange depends
mainly on the nature of the ionic liquid that is being produced. Unfortunately,
there is no general method to obtain a halide-free ionic liquid that can be
used for all types of ionic liquid. This is explained in a little more detail for two
defined examples: the synthesis of [BMIM][(CF3SO,;),N] and the synthesis of
[EMIM][BE,].

[BMIM][(CF;3S0;),N] has a miscibility gap with water (about 1.4 mass% of water
dissolves in the ionic liquid [15]) and shows high stability to hydrolysis. It is there-
fore very easy to synthesize this ionic liquid in a halide-free state. In a procedure
first described by Bonhote and Gritzel [15], [BMIM]CI (obtained by alkylation of
methylimidazole with butyl chloride) and Li[(CF;SO,),N] are both dissolved in
water. As the aqueous solutions are mixed, the ionic liquid is formed as a second
layer. After separation from the aqueous layer, the ionic liquid can easily be washed
with water to a point where no traces of halide ions are detectable in the washing
water (by titration with AgNOs;). After drying of the ionic liquid phase, an absolute-
ly halide-free ionic liquid can be obtained (determination by ion chromatography,
by titration with AgNOj3, or by electrochemical analysis).
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The halide-free preparation of [EMIM][BF,], however, is significantly more diffi-
cult. Since this ionic liquid is completely miscible with water and so cannot be re-
extracted from aqueous solution with CH,Cl, or other organic solvents, removal of
the halide ions by a washing procedure with water is not an option. A metathesis
reaction in water-free acetone or CH,Cl, is possible, but suffers from the low solu-
bility of Na[BF,] in these solvents and the long reaction times. Exchange reactions
in this type of suspension therefore take a long time and, when carried out on larg-
er scales, tend to be incomplete even after long reaction times. Consequently, to
synthesize [EMIM][BF,] of completely halide-free quality, special procedures have to
be applied. Two examples are synthesis with use of an ion-exchange resin [16] or the
direct alkylation of ethylimidazole with Meerwein’s reagent [Me;O][BF,].

Generally, the presence of halide impurities is not (as with the ionic liquid’s
color) a question of having a nice-looking ionic liquid or not. On the contrary, the
halide content can seriously affect the usefulness of the material as a solvent for a
given chemical reaction. Apart from the point that some physicochemical proper-
ties are highly dependent on the presence of halide impurities (as demonstrated by
Seddon and al. [12]), the latter can chemically act as catalyst poisons [17], stabilizing
ligands [18], nucleophiles, or reactants, depending on the chemical nature of the
reaction. It is consequently necessary to have an ionic liquid free of halide impuri-
ties to investigate its properties for any given reaction, especially in catalysis, in
which the amount of catalyst used can be in the range of the concentration of the
halide impurities in the ionic liquid.

2.2.2.4 Protic Impurities

Protic impurities have to be taken into account for two groups of ionic liquids: those
that have been produced by an exchange reaction involving a strong acid (often the
case, for example, for  BMIM][PFg]), and those that are sensitive to hydrolysis. In the
latter case, the protons may originate from the hydrolysis of the anion, forming an
acid that may be dissolved in the ionic liquid.

For ionic liquids that do not mix completely with water (and which display suffi-
cient hydrolysis stability), there is an easy test for acidic impurities. The ionic liquid
is added to water and a pH test of the aqueous phase is carried out. If the aqueous
phase is acidic, the ionic liquid should be washed with water to the point where the
washing water becomes neutral. For ionic liquids that mix completely with water we
recommend a standardized, highly proton-sensitive test reaction to check for protic
impurities.

Obviously, the check for protic impurities becomes crucial if the ionic liquid is to
be used for applications in which protons are known to be active compounds. For
some organic reactions, one has to be sure that an “ionic liquid effect” does not turn
out to be a “protic impurity effect” at some later stage of the research!

2.2.2.5 Other lonic Impurities from Incomplete Metathesis Reactions

Apart from halide and protic impurities, ionic liquids can also be contaminated
with other ionic impurities from the metathesis reaction. This is especially likely if
the alkali salt used in the metathesis reaction shows significant solubility in the
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ionic liquid formed. In this case, the ionic liquid can contain significant amounts
of the alkali salt. While this may not be a problem even for some catalytic applica-
tions (since the presence of the alkali cation may not affect the catalytic cycle of a
transition metal catalyst), it is of great relevance for the physicochemical properties
of the melt.

In this context it is important to note that the detection of this kind of alkali cation
impurity in ionic liquids is not easy with traditional methods for reaction monitor-
ing in ionic liquid synthesis (such as conventional NMR spectroscopy). More spe-
cialized procedures are required to quantify the amount of alkali ions in the ionic
liquid or the quantitative ratio of organic cation to anion. Quantitative ion chro-
matography is probably the most powerful tool for this kind of quality analysis.

Because of these analytical problems, we expect that some of the disagreements
in the literature (mainly concerning the physicochemical data of some tetrafluoro-
borate ionic liquids) may have their origins in differing amounts of alkali cation
impurities in the ionic liquids analyzed.

2.22.6 Water

Without special drying procedures and completely inert handling, water is
omnipresent in ionic liquids. Even the apparently hydrophobic ionic liquid
[BMIM][(CF;S0O,),N] saturates with about 1.4 mass% of water [15], a significant
molar amount. For more hydrophilic ionic liquids, water uptake from air can be
much greater. Imidazolium halide salts in particular are known to be extremely
hygroscopic, one of the reasons why it is so difficult to make completely proton-free
chloroaluminate ionic liquids.

For commercial ionic liquid production, this clearly means that all products con-
tain some greater or lesser amount of water. Depending on the production condi-
tions and the logistics, the ionic liquids can reasonably be expected to come into
some contact with traces of water.

Water in an ionic liquid may be a problem for some applications, but not for
others. However, one should in all cases know the approximate amount of water
present in the ionic liquid used. Moreover, one should be aware of the fact
that water in the ionic liquid may not be inert and, furthermore, that the presence
of water can have significant influence on the physicochemical properties of
the ionic liquid, on its stability (some wet ionic liquids may undergo hydrolysis with
formation of protic impurities), and on the reactivity of catalysts dissolved in the
ionic liquid.

223
Upgrading of Commercial lonic Liquids

For all research carried out with commercial ionic liquids we recommend a serious
quality check of the product prior to work. As already mentioned, a good commer-
cial ionic liquid may be colored and may contain some traces of water. However, it
should be free of organic volatiles, halides (if not an halide ionic liquid), and all
ionic impurities.
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To remove water, commercial ionic liquids used for fundamental research pur-
poses should be dried at 60 °C in vacuo overnight. The water content should be
checked prior to use. This can be done qualitatively by infrared spectroscopy or
cyclovoltametric measurements, or quantitatively by Karl-Fischer titration. If the
ionic liquids cannot be dried to zero water content for any reason, the water content
should always be mentioned in all descriptions and documentation of the experi-
ments to allow proper interpretation of the results obtained.

Regarding the color, we only see a need for colorless ionic liquids in very specif-
ic applications (see above). One easy treatment that often reduces coloration quite
impressively, especially of imidazolium ionic liquids, is purification by column
chromatography/filtration over silica 60. For this purification method, the ionic lig-
uid is dissolved in a volatile solvent such as CH,Cl,. Usually, most of the colored
impurities stick to the silica, while the ionic liquid is eluted with the solvent. By rep-
etition of the process several times, a seriously colored ionic liquid can be convert-
ed into an almost completely colorless material.

224
Scaling-up of lonic Liquid Synthesis

For commercial ionic liquid synthesis, quality is a key factor. However, since avail-
ability and price are other important criteria for the acceptance of this new solvent
concept, the scaling-up of ionic liquid production is a major research interest too.

Figure 2.2-1: One of Solvent
Innovation’s production plants
at the Institut fiir Technische
Chemie und Makromolekulare
Chemie, University of Tech-
nology Aachen, Germany.
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Figure 2.2-2:  Synthesis of [BMIM]CI in a 30 litre scale in three stages. a) start of the reaction; b) the reaction
vessel after 10 min reaction time; c) some ionic liquid product at elevated temperature.

Many historical ways to make ionic liquids proved to be impractical on larger
scales. Sometimes expensive starting materials are used (anion-exchange with sil-
ver salts, for example [2]), or very long reaction times are necessary for the alkyla-
tion steps, or filtration procedures are included in the synthesis, or hygroscopic
solids have to be handled. All these have to be avoided for a good synthesis on larg-
er scales.

Other important aspects to consider during the scaling-up of ionic liquid synthe-
sis are heat management (alkylation reactions are exothermic!) and proper mass
transport. For both of these the proper choice of reactor set-up is of crucial impor-
tance.

Figure 2.2-1 shows one of Solvent Innovation’s production plants at the Institut
fur Technische Chemie und Makromolekulare Chemie, Aachen University of Tech-
nology, Germany. Figure 2.2-2 shows the synthesis of [BMIM]CI on a 30 liter scale
in three stages: a) start of the reaction, b) the reaction vessel after 10 min reaction
time, and c) some ionic liquid product at elevated temperature.

2.2.5
HSE data

The production of ionic liquids on larger scales raises the question of registration
of these new materials and the acquisition of HSE data. Surprisingly enough,
although ionic liquids have been around for quite some years, very few data are
available in this respect. Early investigations studied the effect of a basic chloroalu-
minate systems on the skin of rats [19]. Very recently, the acute toxicity of 1-hexy-
loxymethyl-3-methylimidazolium tetrafluoroborate was assessed by Pernak et al., by
the Gadumm method [20]. The values were found to be LDs, = 1400 mg kg™ for
female Wistar rats and LDs, = 1370 mg kg™ for males. The authors concluded that
the tetrafluoroborate salt could be used safely.

These preliminary studies notwithstanding, much more HSE data for ionic lig-
uids will be needed in the near future. We anticipate that commercial suppliers will
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play a leading role in the acquisition of these data, since considerable sums of
money are involved in full HSE characterization of ionic liquids.

In the meantime, we believe that the best prediction of the toxicity of an ionic lig-
uid of type [cation][anion] can be derived from the often well known toxicity data for
the salts [cation]Cl and Na[anion]. Since almost all chemistry in nature takes place
in aqueous media, the ions of the ionic liquid can be assumed to be present in dis-
sociated form. Therefore, a reliable prediction of ionic liquids’ HSE data should be
possible from a combination of the known effects of the alkali metal and chloride
salts. Already from these, very preliminary, studies, it is clear that HSE considera-
tions will be an important criterion in selection and exclusion of specific ionic lig-
uid candidates for future large-scale, technical applications.

2.2.6
Future Price of lonic Liquids

The price of ionic liquids is determined by many parameters, such as personnel,
overheads, and real production costs. One can imagine that production on a small
scale would be mostly determined by the personnel cost and little by the material
cost. On a large scale, the material cost should become more important and main-
ly determine the price of an ionic liquid. This means that the price of a large-scale
commercial ionic liquid should be dictated by the price of the cation and anion source.

Table 2.2-1 shows a list of typical cations and anions ordered by their rough price
on an industrial scale.

This table illustrates pretty well that the large-scale ionic liquid will probably not
comprise a dialkylimidazolium cation and a [CF3SO,;),N| anion. Over a medium-
term timescale, we would expect a range of ionic liquids to become commercially
available for € 25-50 per liter on a ton scale. Halogen-free systems made from
cheap anion sources are expected to meet this target first.

Scheme 2.2-1:  Typical ions making up ionic liquids, ordered according to their
rough price on an industrial scale.

Cheap Expensive
cations:
[HNR3)* [NR4* alkylmethylimidazolium-
[HPRs]* [PR4* dialkylimidazolium-
alkylpyridinium-
anions:
[cy~ [AICL,]~ [SbF¢]~
[MeSO,4~ [PFq]™
[acetate] [BE4 ™
[NO;]™ [CF350;]™

[(CF3505),N] ™~
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Intellectual Property Aspects Regarding lonic Liquids

The future price of ionic liquids will also reflect intellectual property considerations.
While the currently most frequently requested ionic liquids, the tetrafluoroborate

and hexafluorophosphate ionic liquids, are all patent-free, many recently developed,

new ionic liquid systems are protected by “state of matter” patents. Table 2.2-2 gives
an overview of some examples published after 1999.

Table 2.2-1:  Selected examples of “state of matter” patents concerning ionic liquids published
since 1999.
Title Typical protected Company Year Ref.
compound of pub.

Preparation of N- 1-Methyl-3-methoxyethyl ~ Foundation for 2002 21
alkoxyalkylimidazolium  imidazolium bromide Scientific
salts and ionic liquids Technology
or gels containing them Promotion, Japan
Tonic liquids [EMIM][PF;3(C,Fs);] Merck Patent GmbH, 2001 22

Germany
Tonic liquids [EMIM] bis(1,2-oxalato- ~ Merck Patent GmbH, 2001 23

0,0’)borate Germany
Preparation of [PiBusEt][tosylate] Cytec Technology 2001 24
phosphonium salts as Corp., USA
ionic liquids
Tonic liquids derived [NR3R’]X/SbFs Atofina, France 2001 25
from Lewis acids based
on Ti, Nb, Sn, Sb
Preparation of chiral (S)-4-isopropyl-2,3-di Solvent Innovation 2001 26
ionic liquids methyloxazolinium [BF,] GmbH, Germany
Immobilized ionic Chloroaluminate ionic ICI, UK 2001 27
liquids liquids on inorganic
supports

Preparation of ionic [NR3R’][P(OPh- Celanese Chemicals 2000 28
liquids and their use SO3),(OPh),] Europe, GmbH,

Germany
Tonic liquids prepared [NR3R’]Cl/ZnCl, University of 2000 29
as low-melting salts ... Leicester, UK
Preparation of ionic [BMIM][HSO,], BP Chemicals, UK; 2000 30
liquids for catalysis [HNR;][HSO4] Akzo Nobel NV,

Netherlands; Elemen-

tis Specialities, UK
Preparation of ionic [HNR;]Cl/AICI; Akzo Nobel NV, 2000 31

liquids by treatment of
amines with halide
donors in the presence
of metal halides

Netherlands

31
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Without a doubt, tetrafluoroborate and hexafluorophosphate ionic liquids have
shortcomings for larger-scale technical application. The relatively high cost of their
anions, their insufficient stability to hydrolysis for long-term application in contact
with water (formation of corrosive and toxic HF during hydrolysis!), and problems
related to their disposal have to be mentioned here. New families of ionic liquid that
should meet industrial requirements in a much better way are therefore being
developed. However, these new systems will probably be protected by state of mat-
ter patents.

In this respect, there is one important statement to make. It is our belief that the
owners of state of matter patents for promising new classes of ionic liquids should
never stop or hinder academic research dealing with these substances. On the con-
trary, we think that only through fundamental academic research will we be able to
gain a full understanding of a given material over time. Only this full understanding
will allow the full scope and limitations of a new family of ionic liquids to be explored.

Research in ionic liquid methodology is still young and there is still a lot to
explore. Prevention of fundamental research on some new families of ionic liquids
by exploitation of an IP position would simply kill off a lot of future possibilities.
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Synthesis of Task-specific lonic Liquids

James H. Davis, Jr.

Early studies probing the feasibility of conducting electrophilic reactions in chloroa-
luminate ionic liquids (ILs) demonstrated that the ionic liquid could act both as sol-
vent and catalyst for the reaction [1-3]. The success of these efforts hinged upon the
capacity of the salt itself to manifest the catalytic activity necessary to promote the
reaction. Specifically, it was found that the capacity of the liquid to function as an
electrophilic catalyst could be adjusted by varying the C17/AlCl; ratio of the complex
anion. Anions that were even marginally rich in AlCI; catalyzed the reaction.

Despite the utility of chloroaluminate systems as combinations of solvent and cat-
alysts in electrophilic reactions, subsequent research on the development of newer
ionic liquid compositions focused largely on the creation of liquid salts that were
water-stable [4]. To this end, new ionic liquids that incorporated tetrafluoroborate,
hexafluorophosphate, and bis(trifluoromethyl)sulfonamide anions were intro-
duced. While these new anions generally imparted a high degree of water-stability
to the ionic liquid, the functional capacity inherent in the IL due to the chloroalu-
minate anion was lost. Nevertheless, it is these water-stable ionic liquids that have
become the de rigueur choices as solvents for contemporary studies of reactions
and processes in these media [5].
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A 1998 report on the formation of ionic liquids by relatively large, structurally
complex ions derived from the antifungal drug miconazole reemphasized the pos-
sibilities for the formulation of salts that remain liquids at low temperatures, even
with incorporation of functional groups in the ion structure [6]. This prompted the
introduction of the concept of “task-specific” ionic liquids [7]. Task-specific ionic
liquids (TSILs) may be defined as ionic liquids in which a functional group is cova-
lently tethered to the cation or anion (or both) of the IL. Further, the incorporation
of this functionality should imbue the salt with a capacity to behave not only as a
reaction medium but also as a reagent or catalyst in some reaction or process. The
definition of TSILs also extends to “conventional” ionic liquids to which are added
ionic solutes that introduce a functional group into the liquid. Logically, when
added to a “conventional” ionic liquid, these solutes become integral elements of
the overall “ion soup” and must then be regarded as an element of the ionic liquid
as a whole, making the resulting material a TSIL.

Viewed in conjunction with the solid-like, nonvolatile nature of ionic liquids, it is
apparent that TSILs can be thought of as liquid versions of solid-supported
reagents. Unlike solid-supported reagents, however, TSILs possess the added
advantages of kinetic mobility of the grafted functionality and an enormous opera-
tional surface area (Figure 2.3-1). It is this combination of features that makes
TSILs an aspect of ionic liquids chemistry that is poised for explosive growth.

Conceptually, the functionalized ion of a TSIL can be regarded as possessing two
elements. The first element is a core that bears the ionic charge and serves as the
locus for the second element, the substituent group. Save for the well documented
chloroaluminate ionic liquids, established TSILs are largely species in which the
functional group is cation-tethered. Consequently, discussion of TSIL synthesis
from this point will stress the synthesis of salts possessing functionalized cations,
though the general principles outlined are pertinent to the synthesis of functional-
ized anions as well.

The incorporation of functionality into an ion slated for use in formulation of an
ionic liquid is a usually a multi-step process. Consequently, a number of issues
must be considered in planning the synthesis of the ion. The first of these is the
choice of the cationic core. The core of a TSIL cation may be as simple as a single

e

Figure 2.3-1:  Substrate interactions with (I to r): solid-supported reagent, polymer gel support-
ed reagent, task-specific ionic liquid.
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atom such as N, P, or S, as found in ammonium, phosphonium, or sulfonium ions,
respectively. Alternatively, the core of the ion may be (and frequently is) a heterocy-
cle such as imidazole or pyridine. The choices made in this regard will play a large
role in determining both the chemical and physical properties of the resulting salt.
For example, ionic liquids incorporating phosphonium cations generally exhibit the
greatest thermal stability, but also commonly possess melting points higher than
those of salts of other cations [8]. Thus, if the desired ionic liquid is to be used in a
process intended to be conducted at 0 °C, it may prove especially challenging to
build the cation core around a phosphonium ion. If the ionic liquid is to be used in
a metal-catalyzed reaction, the use of an imidazolium-based ionic liquid might be
critical, especially in view of the possible involvement in some reactions of imida-
zolylidene carbenes originating with the IL solvent [9].

The second element of general importance in the synthesis of a task-specific ionic
liquid is the source of the functional group that is to be incorporated. Key to success
here is the identification of a substrate containing two functional groups with dif-
ferent reactivities, one of which allows the attachment of the substrate to the core,
and the other of which either is the functional group of interest or is modifiable to
the group of interest. Functionalized alkyl halides are commonly used in this
capacity, although the triflate esters of functionalized alcohols work as well.

The choice of reaction solvent is also of concern in the synthesis of new TSILs.
Toluene and acetonitrile are the most widely used solvents, the choice in any given
synthesis being dictated by the relative solubilities of the starting materials and
products. The use of volatile organic solvents in the synthesis of ionic liquids is
decidedly the least “green” aspect of their chemistry. Notably, recent developments
in the area of the solventless synthesis of ionic liquids promise to improve this sit-
uation [10].

The choice of the anion ultimately intended to be an element of the ionic liquid
is of particular importance. Perhaps more than any other single factor, it appears
that the anion of the ionic liquid exercises a significant degree of control over the
molecular solvents (water, ether, etc.) with which the IL will form two-phase sys-
tems. Nitrate salts, for example, are typically water-miscible while those of hexaflu-
orophosphate are not; those of tetrafluoroborate may or may not be, depending on
the nature of the cation. Certain anions such as hexafluorophosphate are subject to
hydrolysis at higher temperatures, while those such as bis(trifluoromethane)sul-
fonamide are not, but are extremely expensive. Additionally, the cation of the salt
used to perform any anion metathesis is important. While salts of potassium, sodi-
um, and silver are routinely used for this purpose, the use of ammonium salts in
acetone is frequently the most convenient and least expensive approach.

Although the first ionic liquid expressly categorized as being “task-specific” fea-
tured the incorporation of the function within the cation core, subsequent research
has focused on the incorporation of functionality into a branch appended to the
cation [11]. In this fashion, a number of task-specific ionic liquids built up from 1-
methyl- and 1-butylimidazole have been prepared, produced by means of the reac-
tion between these imidazoles and haloalkanes also incorporating a desired func-
tional group (Scheme 2.3-1). Bazureau has used this approach to prepare imida-
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Scheme 2.3-1:  General synthesis of task-specific ionic liquids from T-alkylimidazoles.
The preparation of functionalized pyridinium, phosphonium, etc. cations may be accomplished
in like fashion.

zolium ions with appended carboxylic acid groups, which have been used as
replacements for solid polymer supports in the heterogeneous-phase synthesis of
small organic molecules by means of Knoevenagel and 1, 3-dipolar cycloaddition
reactions [12].

Another commercially available imidazole “scaffold” upon which a number of
other functionalized cations have been constructed is 1-(3-aminopropyl)imidazole.
The appended amino group in this material is a versatile reactive site that lends
itself to conversion into a variety of derivative functionalities (Scheme 2.3-2).

Treatment of 1-(3-aminopropyl)imidazole with isocyanates and isothiocyanates
gives urea and thiourea derivatives [13]. These elaborated imidazoles can then be
quaternized at the ring nitrogen by treatment with alkyl iodides to produce the cor-
responding N(3)-alkylimidazolium salts. Because of a competing side reaction aris-
ing from the interaction of the alkylating species with the urea or thiourea groups,
the reactions must be conducted within relatively narrow temperature and solvent
parameters (below reflux in acetonitrile). Similar care must be exercised in the syn-
thesis of IL cations with appended acetamide and formamide groups.

®
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Scheme 2.3-2:  Representative syntheses of primary amine moiety into the functional
task-specific ionic liquids beginning with 1-(3-  group of interest. Step two of the process is
aminopropyl)imidazole. Step one of the syn- the quaternization of the imidazole ring by
thetic transformations is the conversion of the alkylation at N(3).
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A variation on this overall synthetic approach allows the formation of related TSIL
ureas by initial conversion of 1-(3-aminopropyl)imidazole into an isocyanate, followed
by treatment with an amine and alkylating agent. This approach has been used to
append both amino acids and nucleic acids onto the imidazolium cation skeleton [14].

The incorporation of more “inorganic” appendages into TSIL cations has also
been achieved through the use of 1-(3-aminopropyl)imidazole. Phosphoramide
groups are readily synthesized by treatment of phosphorous(V) oxyhalides with pri-
mary or secondary amines. In just such an approach, 1-(3-aminopropyl)imidazole
was allowed to react with commercially available (C4Hs),POCI, in dichloromethane.
After isolation, the resulting phosphoramide was then quaternized at the imidazole
N(3) position by treatment with ethyl iodide (Scheme 2.3-2). The viscous, oily prod-
uct was found to mix readily with more conventional ionic liquids such as
[HMIM][PF¢), yielding a more tractable material. This particular TSIL has been
used to extract a number of actinide elements from water. Similarly, the thiourea-
appended TSILs discussed earlier have been used for the extraction of Hg** and
Cd* from IL-immiscible aqueous phases.

While certain TSILs have been developed to pull metals into the IL phase, others
have been developed to keep metals in an IL phase. The use of metal complexes dis-
solved in IL for catalytic reactions has been one of the most fruitful areas of IL
research to date. However, these systems still have a tendency to leach dissolved
catalyst into the co-solvents used to extract the product of the reaction from the
ionic liquid. Consequently, Wasserscheid et al. have pioneered the use of TSILs
based upon the dissolution into a “conventional” IL of metal complexes that incor-
porate charged phosphine ligands in their structures [16-18]. These metal complex
ions become an integral part of the ionic medium, and remain there when the
reaction products arising from their use are extracted into a co-solvent. Certain of
the charged phosphine ions that form the basis of this chemistry (e.g., P(m-
CgH4SO3; Na*);) are commercially available, while others may be prepared by estab-
lished phosphine synthetic procedures.

An example of this approach to TSIL formulation is the synthesis from 1-vinylim-
idazole of a series of imidazolium cations with appended tertiary phosphine groups
[Scheme 2.3-3]. The resulting phosphines are then coordinated to a Rh(I)
organometallic and dissolved in the conventional IL [BMIM][PFg], the mixture con-
stituting a TSIL. The resulting system is active for the hydroformylation of 1-octene,
with no observable leaching of catalyst [17].

Task-specific ionic liquids designed for the binding of metal ions need not be only
monodentate in nature. Taking a hint from classical coordination chemistry, a
bidentate TSIL has been prepared and used in the extraction of Ni** from an aque-
ous solution. This salt is readily prepared in a two-step process. Firstly, 1-(3-amino-
propyl)imidazole is condensed with 2-salicylaldehyde under Dean-Stark condi-
tions, giving the corresponding Schiff base. This species is readily alkylated in ace-
tonitrile to form the imidazolium salt. Mixed as the [PFy]” saltin a 1:1 (v/v) fashion
with [HMIM][PF], this new TSIL quickly decolorizes green, aqueous solutions con-
taining Ni** when it comes into contact with them, the color moving completely
into the IL phase (Scheme 2.3-4).
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Scheme 2.3-3:  Synthesis of phosphine-appended imidazolium salts. Combination of these
species with the conventional IL [BMIM]PFg and Rh(l) gives rise to a task-specific ionic liquid
active for the hydroformylation of 1-octene.
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Figure 2.3-5: Imidazolium-based task-specific ionic liquids with cation-appended fluorous tails.

The types of functional groups incorporated into TSILs need not be limited to
those based upon nitrogen, oxygen, or phosphorus. Ionic liquids containing imida-
zolium cations with long, appended fluorous tails have been reported, for example,
(Figure 2.3-2). Although these species are not liquids at room temperature (melting
in the 60-150 °C range), they nevertheless exhibit interesting chemistry when
“alloyed” with conventional ILs. While their solubility in conventional ionic liquids
is rather limited (saturation concentrations of about 5 mm), the TSILs apparently
form fluorous micelles in the ILs. Thus, when a conventional ionic liquid doped
with a fluorous TSIL is mixed with perfluorocarbons, extremely stable emulsions
can be formed. These may be of use in the development of two-phase fluorous/
ionic liquid reaction systems [19]. As with many other TSILs reported so far, these
compounds are prepared by direct treatment of 1-alkylimidazoles with a (poly-
fluoro)alkyl iodide, followed by anion metathesis.

While the overwhelming bulk of research on and with TSILs has been done on
imidazolium-based systems, there is little obvious reason for this to remain the
case. Rather, because of the relatively high cost of commercial imidazole starting
materials, economic considerations would suggest that future research place more
emphasis on the less costly ammonium- and phosphonium-based systems. Indeed,
it is notable that a huge number of functionalized phosphonium salts (mostly
halides) are in the literature, having been synthesized over the past forty-odd years
as Wittig reagent precursors [20]. Many of these compounds will probably be found
to give rise to ionic liquids when the cations are paired with an appropriate anion.
In similar fashion, large numbers of known natural products are quaternized (or
quarternizable) ammonium species that incorporate other, useable functional
groups elsewhere in their structure. Many of these molecules are optically active,
and could form the basis of entirely new TSIL systems for use in catalysis and chi-
ral separations. Clearly, the potential for development of new TSILs is limited only
by the imaginations of the chemists working to do so.
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3
Physicochemical Properties of lonic Liquids

Jennifer L. Anthony, Joan F. Brennecke, John D. Holbrey, Edward J. Maginn,
Rob A. Mantz, Robin D. Rogers, Paul C. Trulove, Ann E. Visser, and Tom Welton

3.1
Melting Points and Phase Diagrams

John D. Holbrey and Robin D. Rogers

3.1.1
Introduction

What constitutes an ionic liquid, as distinct from a molten salt? It is generally accept-
ed that ionic liquids have relatively low melting points, ideally below ambient tem-
perature [1, 2]. The distinction is arbitrarily based on the salt exhibiting liquidity at
or below a given temperature, often conveniently taken to be 100 °C. However, it is
clear from observation that the principle distinction between the materials of inter-
est today as ionic liquids (and more as specifically room-temperature ionic liquids)
and conventional molten salts is that ionic liquids contain organic cations rather
than inorganic ones. This allows a convenient differentiation without concern that
some ‘molten salts’ may have lower melting points than some ‘ionic liquids’.

It should also be noted that terms such as ‘high temperature’ and ‘low tempera-
ture’ are also subjective, and depend to a great extent on experimental context. If we
exclusively consider ionic liquids to incorporate an organic cation, and further limit
the selection of salts to those that are liquid below 100 °C, a large range of materi-
als are still available for consideration.

The utility of ionic liquids can primarily be traced to the pioneering work by
Osteryoung et al. [3] on N-butylpyridinium-containing, and by Wilkes and Hussey
[4-6] on 1-ethyl-3-methylimidazolium-containing ionic liquids for electrochemical
studies. These studies have strongly influenced the choice of ionic liquids for sub-
sequent research [7]. The vast majority of work published to date on room-temper-
ature ionic liquids relates to N-butylpyridinium and 1-ethyl-3-methylimidazolium
[EMIM] tetrachloroaluminate(III) systems. The large variety of available ion combi-
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nations (and composition variation in mixtures) gives rise to extensive ranges of
salts and salt mixtures, with solidification points ranging from —90 °C upwards.

However, ionic liquids containing other classes of organic cations are known.
Room-temperature ionic liquids containing organic cations including quaternary
ammonium, phosphonium, pyridinium, and — in particular — imidazolium salts are
currently available in combination with a variety of anions (Figure 3.1-1 provides
some common examples) and have been studied for applications in electrochem-
istry [7, 8] and in synthesis [9-11].

It should be emphasized that ionic liquids are simply organic salts that happen to
have the characteristic of a low melting point. Many ionic liquids have been widely
investigated with regard to applications other than as liquid materials: as elec-
trolytes, phase-transfer reagents [12], surfactants [13], and fungicides and biocides
[14, 15], for example.

The wide liquid ranges exhibited by ionic liquids, combined with their low melt-
ing points and potential for tailoring size, shape, and functionality, offer opportu-
nities for control over reactivity unobtainable with molecular solvents. It is worth
noting that quaternary ammonium, phosphonium, and related salts are being wide-
ly reinvestigated [16-18] as the best ionic liquid choices for particular applications,
particularly in synthetic chemistry, are reevaluated. Changes in ion types, substitu-
tion, and composition produce new ionic liquid systems, each with a unique set of
properties that can be explored and hopefully applied to the issues. With the poten-
tial large matrix of both anions and cations, it becomes clear that it will be impos-
sible to screen any particular reaction in all the ionic liquids, or even all within a
subset containing only a single anion or cation. Work is clearly needed to determine
how the properties of ionic liquids vary as functions of anion/cation/substitution
patterns etc., and to establish which, if any, properties change in systematic (that is,
predictable) ways.

The most simple ionic liquids consist of a single cation and single anion. More
complex examples can also be considered, by combining of greater numbers of

Cations Anions
R, Rs Cl'/[AICI;3] Reactive to water
A Ry R - B T N
Rl\N®N’R3 @N Cl, Br,, I
Rs Ry s R * INOSI" [S0.4* Air and water stable
2 [CF 3CO0]", [CF 3S0,] )
] Decreasing
[BF 4] coordinating ability
1131& R, IIE&RZ [PF gl Increasing
R{ R; R R; [CF 3S0,),N] hydrophobicity

J
Figure 3.1-1: Examples of common cation and anion pairs used in the formation of ionic
liquids, and general progression of changes in IL properties with anion type.
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cations and/or anions, or when complex anions are formed as the result of equilib-
rium processes, as can be seen in Equation (3.1-1):

ClI" + A1C13 ‘: [A1C14]_ + A1C13 ‘: [A12C17]_ (31'1)

Chloroaluminate(III) ionic liquid systems are perhaps the best established and have
been most extensively studied in the development of low-melting organic ionic lig-
uids with particular emphasis on electrochemical and electrodeposition applica-
tions, transition metal coordination chemistry, and in applications as liquid Lewis
acid catalysts in organic synthesis. Variable and tunable acidity, from basic through
neutral to acidic, allows for some very subtle changes in transition metal coordina-
tion chemistry. The melting points of [EMIM]CI/AICl; mixtures can be as low as
-90 °C, and the upper liquid limit almost 300 °C [4, 6].

The following discussion concerns the thermal liquidus ranges available in dif-
ferent ionic liquids, as functions of cation and anion structure and composition. In
particular, those structural features of cation and anion that promote these proper-
ties (while providing other desirable, and sometimes conflicting characteristics of
the liquid, such as low viscosity, chemical stability, etc.) and variations in liquidus
ranges and stabilities are the focus of this chapter.

The general observations made regarding structural influences on melting points
are transferable across cation type, and apply in each case. The primary focus is on
1-alkyl-3-methylimidazolium cations, coupled with simple organic and inorganic
anions. Complex anions, such as mixed X /MX, systems, are mentioned, as are
other series of cations (including some examples of tetraalkylammonium salts).

3.1.2
Determination of Liquidus Ranges

The liquidus ranges exhibited by ionic liquids can be much greater that those found
in common molecular solvents. Water, for example, has a liquidus range of 100 °C
(0 to 100 °C), and dichloromethane has one of 145 °C (-95 to 40 °C). The lower tem-
perature limit, solidification (either as crystallization or glassification), is governed
by the structure and interactions between the ions. Ionic liquids, consisting of total-
ly ionized components and displaying relatively weak ion—ion pairing (in compari-
son to molten salts), have little or no measurable vapor pressure. In contrast to
molecular solvents, the upper liquidus limit for ionic liquids is usually that of ther-
mal decomposition rather than vaporization.

3.1.2.1 Melting points

The solid-liquid transition temperatures of ionic liquids can (ideally) be below ambi-

ent and as low as —100 °C. The most efficient method for measuring the transition

temperatures is differential scanning calorimetry (DSC). Other methods that have

been used include cold-stage polarizing microscopy, NMR, and X-ray scattering.
The thermal behavior of many ionic liquids is relatively complex. For a typical IL,

cooling from the liquid state causes glass formation at low temperatures; solidifica-

43
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tion kinetics are slow. On cooling from the liquid, the low-temperature region is not
usually bounded by the phase diagram liquidus line, but rather is extended down to
a lower temperature limit imposed by the glass transition temperature [19]. This
tendency is enhanced by addition of lattice-destabilizing additives, including organ-
ic solutes, and by mixing salts. Solidification (glass) temperatures recorded on cool-
ing are not true measures either of heating T, values or of melting points, and rep-
resent kinetic transitions. Thermodynamic data must be collected in heating mode
to obtain reproducible results. Hence, in order to obtain reliable transition data,
long equilibration times, with small samples that allow rapid cooling, are needed to
quench non-equilibrium states in mixtures. Formation of metastable glasses is
common in molten salts. In many cases, the glass transition temperatures are low:
for 1-alkyl-3-methylimidazolium salts, glass transition temperatures recorded are
typically in the region between —70 and —90 °C. In many cases, heating from the
glassy state yields an exothermic transition associated with sample crystallization,
followed by subsequent melting.

In some cases there is evidence of multiple solid—solid transitions, either crys-
tal—crystal polymorphism (seen for Cl” salts [20]) or, more often, formation of plas-
tic crystal phases — indicated by solid—solid transitions that consume a large fraction
of the enthalpy of melting [21], which also results in low-energy melting transitions.
The overall enthalpy of the salt can be dispersed into a large number of fluxional
modes (vibration and rotation) of the organic cation, rather than into enthalpy of
fusion. Thus, energetically, crystallization is often not overly favored.

3.1.2.2  Upper limit decomposition temperature

The upper limit of the liquidus range is usually bounded by the thermal decompo-
sition temperature of the ionic liquid, since most ionic liquids are nonvolatile. In
contrast to molten salts, which form tight ion-pairs in the vapor phase, the reduced
Coulombic interactions between ions energetically restricts the ion-pair formation
required for volatilization of salts, producing low vapor pressures. This gives rise to
high upper temperature limits, defined by decomposition of the IL rather than by
vaporization. The nature of the ionic liquids, containing organic cations, restricts
upper stability temperatures, pyrolysis generally occurs between 350-450 °C if
no other lower temperature decomposition pathways are accessible [22]. In most
cases, decomposition occurs with complete mass loss and volatilization of the com-
ponent fragments. Grimmett et al. have studied the decomposition of imidazolium
halides [22] and identified the degradation pathway as E2 elimination of the N-sub-
stituent, essentially the reverse of the Sy2 substitution reaction to form the ionic
liquid.

If then decomposition temperatures for a range of ionic liquids with differing
anions are compared, the stability of the ionic liquid is inversely proportional to the
tendency to form a stable alkyl-X species. As can be seen from TGA decomposition
data for a range of [RMIM]" salts (Figure 3.1-2) collected by anion type, the decom-
position temperatures vary with anion type and follow the general stability order,
Cl” < [BF,]” ~ [PF¢]” < [NTL)], so that ionic liquids containing weakly coordinating
anions are most stable to high-temperature decomposition [23-27].
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Ngo et al. [24] have shown that the thermal decomposition of ionic liquids, meas-
ured by TGA, varies depending on the sample pans used. Increased stabilization of
up to 50 °C was obtained in some cases on changing from aluminium to alumina
sample pans.

3.1.3
Effect of lon Sizes on Salt Melting Points

It is well known that the characteristic properties of ionic liquids vary with the
choice of anion and cation. The structure of an ionic liquid directly impacts upon
its properties, in particular the melting point and liquidus ranges. The underlying
principles behind the drive to reduce the melting points (and thus operational range
limits) for battery electrolytes have been described elsewhere [4]. Exploitation of the
changes in these characteristics enables ionic liquids with a wide range of proper-
ties to be designed.

The charge, size and distribution of charge on the respective ions are the main
factors that influence the melting points of the salts, as generic classes. Within a
similar series of salts, however, small changes in the shape of uncharged, covalent
regions of the ions can have an important influence on the melting points of the
salts.

The dominant force in ionic liquids is Coulombic attraction between ions. The
Coulombic attraction term is given by Equation (3.1-2):

E. = MZ'Z J4ne,r (3.1-2)
where Z" and Z~ are the ion charges, and r is the inter-ion separation.
The overall lattice energies of ionic solids, as treated by the Born-Landé or Kaputin-
skii equations, thus depends on (i) the product of the net ion charges, (ii) ion—ion

separation, and (iii) packing efficiency of the ions (reflected in the Madelung con-
stant, M, in the Coulombic energy term). Thus, low-melting salts should be most

45



46 | John D. Holbrey, Robin D. Rogers

preferred when the charges on the ions are +1 and when the sizes of the ions are
large, thus ensuring that the inter-ion separation (r) is also large. In addition, large
ions permit charge delocalization, further reducing overall charge density.

This can be illustrated for a series of sodium salts, shown in Table 3.1-1, in which
the size of the anion is varied.

As the size of the anion increases, the melting point of the salt decreases, reflect-
ing the weaker Coulombic interactions in the crystal lattice. With increasing ther-
mochemical radius of the anion, from CI” to [BF,]” to [PF¢] to [AICl,], the melting
points of the sodium salts decrease from 801 to 185 °C. The results from the sodi-
um salts can be roughly extrapolated to room temperature, and indicate that in
order to obtain a salt that would melt at room temperature, the anion would be
required to have a radius in excess of about 3.4—4 A [28]. Large anions are, in gen-
eral, non-spherical and have significant associated covalency. A similar increase is
observed with increasing cation size, on moving down a group in the periodic table,
for example. Lithium salts tend to be higher melting than their sodium or cesium
analogues. If the charge on the ion can also be delocalized or if the charge-bearing
regions can be effectively isolated in the interior of the ionic moiety, then Coulom-
bic terms are further reduced.

Reduction in melting points can, simplistically, be achieved by increasing the size
of the anion, or that of the cation. Ionic liquids contain organic cations that are large
in comparison to the thermodynamic radii of inorganic cations. This results in sig-
nificant reductions in the melting points for the organic salts, as illustrated by the
[EMIM]" examples in Table 3.1-1. The Coulombic attraction terms for ionic liquids
are of comparable magnitude to the intermolecular interactions in molecular lig-
uids.

3.1.3.1  Anion size

As shown above, increases in anion size give rise to reductions in the melting
points of salts through reduction of the Coulombic attraction contributions to the
lattice energy of the crystal and increasing covalency of the ions. In ionic liquids
generally, increasing anion size results in lower melting points, as can be seen for
a selection of [EMIM]X salts in Table 3.1-2.

Tonic liquids containing carborane anions, described by Reed et al. [35], contain
large, near-spherical anions with highly delocalized charge distributions. These
ionic liquids have low melting points relative to the corresponding lithium and
ammonium salts, but these melting points are higher than might be anticipated

X r. Melting point

NaX [EMIM]X
cr 17 801 87 Table 3.1-1:  Melting points (°C) and
[BE," 2.2 384 6 thermochemical radii of the anions (A)
[PE{ 24 - 200 60 for Na* and [EMIM]" salts. The ionic
(AICL 28 185 7 radii of the cations are 1.2 A (Na*) and

2 x 2.7 A ([EMIM]", non-spherical).




3.1 Melting Points and Phase Diagrams

Table 3.1-2:  [EMIM]X salts and melt-

ing points, illustrating anion effects. Anion [X] Melting point (*C) Reference
cr 87 4
Br~ 81 22
Iy 79-81 22
[BE.] 15 6,29, 26
[AICL] 7 4,6
[GaCl,|” 47 30
[AuCly] 58 31
[PFq]” 62 32
[AsF¢| 53
[NO,|” 38 33
NO,|” 55 33
[CH;CO,” ca. 45 33
[SO,]-2H,0* 70 33
[CF;SO5]” -9 25
[CF5CO,” -14 25
[N(SO,CF3),]” -3 25
[N(CN),]” 21 34
[CBy Hp, 122 35
[CBHeClg™ 114 35
[CH;CB Hy” 59 35
[C,HsCBy Hyy ™ 64 35

from a simplistic model based solely on comparison of the size of the anions. Sim-
ilarly, it should be noted that [EMIM][PF] [33] appears to have a higher melting
point than would be anticipated. In other large anions — tetraphenylborate, for
example [39] — additional attractive interactions such as aromatic n-n stacking can
give rise to increased melting points.

Anion and cation contributions cannot be taken in isolation; induced dipoles can
increase melting points through hydrogen bonding interactions, seen in the crystal
structures of [EMIM]X (X = Cl, Br, I) salts [36] and absent from the structure of
[EMIM][PFg] [32]. In addition to increasing ion—ion separations, larger (and in gen-
eral, more complex) anions can allow greater charge delocalization. For salts with
the anion [(CF3S0,),N]™ [25, 37, 38], this is effected by —~SO,CF; groups, which effec-
tively provide a steric block, isolating the delocalized [S—-N-S] charged region in the
center of the anion.

3.1.3.2 Mixtures of anions

Complex anions, formed when halide salts are combined with Lewis acids (e.g.,
AlCl;) produce ionic liquids with reduced melting points through the formation of
eutectic compositions [8]. The molar ratio of the two reactants can influence the
melting point of the resultant mixed salt system through speciation equilibria. For
[EMIM]CI/AICI;, an apparently simple phase diagram for a binary mixture forming
a 1:1 compound and exhibiting two eutectic minima is formed, with a characteris-
tic W-shape to the melting point transition [4, 6] (Figure 3.1-3). Polyanionic species
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including [Al,Cl;]” and [Al;Cl;¢]” have been identified. Only at 50 % composition is
the compound [EMIM][AIC],] formed.

The two eutectic minima, corresponding to 1:2 and 2:1 compositions, result in
liquids with very low solidification temperatures; the glass transition temperature
for [EMIM]CI/AICI; (0.33:0.66) is =96 °C. Similar compositional variation should be
anticipated in the phase diagrams of other metal halide ionic liquids. The phase
behavior of [EMIM]Cl/CuCl [40, 41] and [EMIM]Cl/FeCl; [42], for example, is sim-
ilar. For the [EMIM]CI/CuCl system, the lower liquidus temperatures in the basic
and acidic regions are —40 and -65 °C, respectively. More complex phase diagrams
have been reported; one example is [HPy]Cl/ZnCl, [19], in which a range of multi-
nuclear zinc halide anions can exist.

The presence of several anions in these ionic liquids has the effect of significant-
ly decreasing the melting point. Considering that the formation of eutectic mixtures
of molten salts is widely used to obtain lower melting points, it is surprising that lit-
tle effort has been put into identifying the effects of mixtures of cations or anions
on the physical properties of other ionic liquids [17].

3.1.3.3 Cation size
The sizes and shapes of cations in ionic liquids are important in determining the
melting points of the salts. On a simple basis, large ions tend to produce reductions
in the melting points. Tetraalkylammonium and phosphonium salts are examples
of salts containing large cations with delocalized, or more correctly alkyl-shielded
charge. The cation radius, r, is large, and the salts correspondingly display melting
points lower than those of their Group 1 analogues. The reduction in melting point
over a series of tetraalkylammonium bromide salts with increasing cation size, for
example, is shown in Table 3.1-3.

Additionally, the salts contain linear alkyl substituents, which have many rota-
tional degrees of freedom, allowing the alkyl chains to ‘melt’ at temperatures below
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Table 3.1-3: Changes in melting points for symmetric

Cation Melting point (°C
tetraalkylammonium bromide salts with increasing size of alkyl g point ()

substituents. [NMe,] > 300
[NEty] 284
[NBuy] 124-128
[NHex,] 99-100
[NOcty] 95-98

the melting point and resulting in solid—solid polymorphic transitions. For exam-
ple, tetrabutylammonium thiocyanate ionic liquid (mp 49.5 °C) has a number of
solid—solid transitions associated with changes in alkyl chain conformation [43],
which change the density of the solid below the melting point.

In these salts, the interactions in the liquid phase are Coulombic terms also pres-
ent in the ionic crystalline phase. The ionic attractions are relatively small in com-
parison to those in analogous inorganic salts, and they are dispersed by the large,
hydrocarbon-rich cations. The liquid—solid transition is largely caused by a cata-
strophic change in the rotational and vibrational freedom of these ions. Since the
charge terms are dominant, substituents only appear to contribute to symmetry
(rotational freedom) and to dispersal of the charge—charge interactions (large
charge—charge separation and distortion from cubic salt-like packing), until suffi-
cient hydrocarbon groups are introduced that van der Waals interactions start to
contribute to the crystal ordering.

3.1.3.4 Cation symmetry

Melting points of organic salts have an important relationship to the symmetry of
the ions: increasing symmetry in the ions increases melting points, by permitting
more efficient ion—ion packing in the crystal cell. Conversely, a reduction in the
symmetry of the cations causes a distortion from ideal close-packing of the ionic
charges in the solid state lattice, a reduction in the lattice energy, and depression of
melting points. A change from spherical or high-symmetry ions such as Na* or
[NMey]" to lower-symmetry ions such as imidazolium cations distorts the Coulom-
bic charge distribution. In addition, cations such as the imidazolium cations con-
tain alkyl groups that do not participate in charge delocalization.

Reduction in cation symmetry (ideally to C1) lowers the freezing point and
markedly expands the range of room-temperature liquid salts. Table 3.1-4 shows the
effect of symmetry for a series of [NRyJX salts, in which all the cations contain 20
carbon atoms in the alkyl substituents [44].

Room-temperature liquids are obtained for the salts [Ngssq]Br, [Nygg11]Br,
[Ne644]Br, [Ngsq3][ClO4], [N1gg11][ClO4], [Noss1][ClOy], and [Nges;][ClO,], whereas the
salts containing cations with high symmetry have much higher melting points. It
can be seen that the melting points of these isomeric salts vary by over 200 °C
depending on the symmetry of the cation.
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Table 3.1-4:  Effects of cation symme-

. . _ _ _

Cation ([Numopl') Br [clo] [BPh,] try on the melting points of isomeric

ssss 1013 1177 203.3 tetraalkylam-moniurr? salts. In each X

iy 834 case the c'atlon (de5|gnatejd [Npmopl)
has four linear alkyl substituents,

6644 83.0 together containing a total of 20 car-

8444 67.3 bons. Salts that are liquid at room

8543 ! 109.5 temperature are indicated by /.

6662 46.5

7733 I 45-58 138.8

8663 I ! 110.2

7751 I 104

8651 I

9551 I

9641 I !

11333 67-68 65.5

11432 I

8822 62

9821 I

13331 71-72 52-53

9911 I

10811 I I

14222 170 152

16211 180 155

17111 210 205

3.1.41 Imidazolium salts

Changes in the ring substitution patterns can have significant effects on the melt-
ing points of imidazolium salts, beyond those anticipated by simple changes in
symmetry or H-bonding interactions (i.e., substitution at the C(2,4,5)-positions on
an imidazolium ring affects packing and space-filling of the imidazolium cations).
Substitution at the C(2)-position of the imidazolium ring, for example, increases the
melting points of the salts. This is not necessarily an obvious or straightforward
result, but may be caused by changes in the cation structure that can induce aro-
matic stacking or methyl-n interactions between cations. The introduction of other
functionalities around the periphery of the ions can also change the interactions
between ions. In most cases, additional functions, such as ether groups, increase
the number of interactions, and thus increase melting points.

3.1.4.2 Imidazolium substituent alkyl chain length

The data in Table 3.1-4 illustrate the changes in melting points that can be achieved
by changing the symmetry of the cation. [RMIM]* salts with asymmetric N-substi-
tution have no rotation or reflection symmetry operations. A change in the alkyl
chain substitution on one of the ring heteroatoms does not change the symmetry of
the cation. However, manipulation of the alkyl chain can produce major changes in
the melting points, and also in the tendency of the ionic liquids to form glasses
rather than crystalline solids on cooling, by changing the efficiency of ion packing.
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Figure 3.1-4:  Changes in 100
liquefaction points for 1-
alkyl-3-methylimidazolium
tetrafluoroborate and

bis trifyl)imide ionic liquids
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Figure 3.1-4 shows the changes in liquefaction points (either melting points or
glass transitions) for a series of 1-alkyl-3-methylimidazolium tetrafluoroborate [26]
and bis(trifyl)imide [45] ionic liquids with changing length of the linear alkyl-sub-
stituent on the N(3)-position.

It is immediately noticeable that an increase in the substituent length initially
reduces the melting point of the IL, with the major trend towards glass formation
on cooling for n =4-10. On extending the alkyl chain lengths beyond a certain point
(around 8-10 carbons for alkyl-methylimidazolium salts), the melting points of the
salts start to increase again with increasing chain length, as van der Waals interac-
tions between the long hydrocarbon chains contribute to local structure by induc-
tion of microphase separation between the covalent, hydrophobic alkyl chains and
charged ionic regions of the molecules.

Consideration of the changes in molecular structure and the underlying effects
that this will have in both the liquid and crystal phases helps to explain changes in
melting points with substitution. The crystalline phases of the ionic liquid are dom-
inated by Coulombic ion—ion interactions, comparable to those in typical salt crys-
tals, although since the ions are larger, the Coulombic interactions are weaker
(decreasing with r%). An effect of this is that many organic salts (including “ionic lig-
uids’) crystallize with simple, salt-like packing of the anions and cations.

The reported transition temperatures for a range of [RMIM]" ionic liquids [6,
23-26, 46] are shown in Figure 3.1-5, with varying anion and alkyl chain substituent
length.

The melting transition varies by up to 100 °C with changes in anion (common
cation) and almost 250 °C with changes in cation. The phase diagram shows a num-
ber of salts that are liquid at or substantially below room temperature. A steady
decrease in melting point with increasing chain length, up to a minimum around
n = 6-8, is followed by a progressive increase in melting points with increasing
chain length for the longer chain homologues, which form ordered, lamellar ionic

51



52| John D. Holbrey, Robin D. Rogers

200 T T T T T T T Figure 3.1-5: Variation in
melting point with alkyl
chain length for ionic lig-
150 - uids containing 1-alkyl-3-
s i methylimidazolium
cations: chloride (circle),
100[-¢ . bromide (square), tetra-

A fluoroborate (diamond),
-¥ hexafluorophosphate

e (triangle), bis(trifyl)imide
E (left triangle), triflate (down

P i triangle), and tetrachloro-
Q < a8 | aluminate (right triangle).
N E The data show the general
trend for decreasing melt-
ing point with increasing n
. e <+ . ; . yp ton =.8, follt?wed b.y an
0 5 10 15 20 Increase in meltlng pomt
Number of Carbon Atoms in Alkyl Chain with n.

o)
T)/°C

50

=)
I
<
*

Liquification Temperature (T _ or
A
&

liquid crystalline phases on melting. Most of the salts that are ionic liquids at room
temperature form glasses rather than crystalline phases on cooling. The glass tran-
sition temperatures all tend towards —90 °C, which is comparable with the T,
observed for the [EMIM]CI/AICI; (0.33/0.66) ionic liquid system.

Increased asymmetric substitution on 1-alkyl-3-methylimidazolium salts increas-
es the asymmetric disruption and distortion of the Coulombic packing of ions, giv-
ing rise to substantial decreases in the melting point as the efficiency of packing
and crystallization is reduced. This results in (i) melting point reduction and (ii) a
pronounced tendency towards glass formation rather than crystallization on cool-
ing, on extending the alkyl substituents. This is indicative of inefficient packing
within the crystal structures, which is a function of the low-symmetry cations
employed. Increasing alkyl chain substitution can also introduce other rheological
changes in the ionic liquids, including increased viscosity, reduced density, and
increased lipophilicity, which must also be taken into account.

The incorporation of alkyl substituents of increasing chain length in a non-sym-
metrical arrangement on the ions results in the introduction of ‘bulk’ into the crys-
talline lattice, which disrupts the attractive charge—charge lattice. Relatively short
alkyl chains act as buffers in this manner, and do not pack well into the available
space in the crystalline lattice; high rotational freedom results in low occupation
densities over a relatively large volume of space. This free rotation volume probably
gives rise to the ‘void-space’ considered by Brennecke [48] to explain the extraordi-
nary propensity for sc-CO, to dissolve in ILs without substantially changing the vol-
ume of the liquid phase.

3.1.4.3 Branching
Table 3.1-5 provides data for a series of ionic liquids in which the only difference is the
degree of branching within the alkyl chain at the imidazolium ring 3-position [24, 47].
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Table 3.1-5:  Melting

o . . :
points and heats of N(1)-Substitution Melting point (°C) AHgigion (k) mol™)
fusion for isomeric n-Butyl 64 31
[BMIM][PF¢] and Butv] 333 72
[PMIM][PF] ionic lig- %51 :

. ; - tert-Butyl 159.7 83
uids, showing melting
point and crystal sta- n-Propyl 40

Isopropyl 102

bility increasing with
the degree of branch-
ing in the alkyl sub-
stituent.

The melting points and enthalpies of the three isomeric 1-butyl-3-methylimida-
zolium hexafluorophosphate salts [BMIM][PF4] [47] increase with the degree of
chain branching, reflecting the changes in efficiency of the crystal packing as free-
rotation volume decreases and atom density is increased. The same effects are also
observed for the two isomers of 1-propyl-3-methylimidazolium hexafluorophos-
phate [PMIMI][PF] [24].

3.15
Summary

Liquid structure is defined by short-range ordering, with long-range disorder. The
short-range (near neighbor) structuring of the liquids is a combination of dominant
Coulombic charge—charge attractions balanced against rotational and vibrational
freedom of the ions. Changes in the degrees of freedom and increases in nonpar-
ticipating portions of the cation that do not contribute to Coulombic stabilization of
the crystal in salt-like lattices result in decreases in melting points and heats of for-
mation. At longer chain lengths, amphiphilic nature is manifested, resulting in
hydrophobic van der Waals contributions and formation of bilayer lattices.

The effects of cation symmetry are relatively clear: the melting points of sym-
metrically substituted 1,3-dialkylimidazolium cations are higher than those of the
unsymmetrical cations, and continue to decrease with increasing alkyl substitution
up to a critical point around 8-10 carbons, then increase with increasing additional
substitution. Both alkyl substitution and ion asymmetry interfere with efficient
packing of ions into a crystalline lattice based on Coulombic attractions. However,
there appears to be no simple correlation with hydrogen-bonding ability. The
absence of strong H-bonding is certainly a major contributor to low melting points,
but ionic liquids containing strongly H-bonding anions (such as [CH3;COOJ") have
melting points similar to those of ionic liquids incorporating anions that are high-
ly delocalized and unable to H-bond (such as [(CF3;SO,),N]"). Similarly, C(2)-substi-
tution might be expected to suppress melting points, by suppressing hydrogen-
bonding. This does not appear to be the case, with significant increases in melting
points occurring with C(2)-substitution. This implies that the effects of van der
Waals interactions through the methyl group, or methyl-n interactions, etc., are
more important than the electrostatic interactions through the C(2)-hydrogen.
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Hagiwara and Ito [49] and Bonhote et al. [25] have indicated that there appears to
be no overall correlation, based on non-systematic changes in cation substitution
and anion types, between the composition of an ionic liquid and its melting point.
Ngo et al. [24] indicate that the melting points decrease with incorporation of larg-
er, more asymmetrical cations. lonic liquids containing highly fluorinated anions —
[BE,], [PF¢], [(CF3SO,),NT, [CF;COOT, etc. — are generally liquid down to low tem-
peratures, forming glasses on solidification (slow crystallization prior to melting is
often observed on heating). However, Katritzky et al. [50, 51] have started to show
that the physical properties of imidazolium and pyridinium salts (including ionic
liquids) can be modeled by QSPR and CODESSA computational methods, allowing
melting points to be predicted with reasonable confidence.

It is important that the forces and interactions that govern the melting points of
ionic liquids are not considered in isolation; these interactions also control the dis-
solution and solubility of other components in the ionic liquids. If, for example,
there is a requirement for an ionic liquid to have strong H-bond accepting charac-
ter (in the anion), then it should be anticipated that this will also give rise to hydro-
gen-bonding interactions between ions, resulting in greater attractive forces and
elevated melting points.
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3.2
Viscosity of lonic Liquids

The viscosity of a fluid arises from the internal friction of the fluid, and it manifests
itself externally as the resistance of the fluid to flow. With respect to viscosity there
are two broad classes of fluids: Newtonian and non-Newtonian. Newtonian fluids
have a constant viscosity regardless of strain rate. Low-molecular-weight pure lig-
uids are examples of Newtonian fluids. Non-Newtonian fluids do not have a con-
stant viscosity and will either thicken or thin when strain is applied. Polymers, col-
loidal suspensions, and emulsions are examples of non-Newtonian fluids [1]. To
date, researchers have treated ionic liquids as Newtonian fluids, and no data indi-
cating that there are non-Newtonian ionic liquids have so far been published. How-
ever, no research effort has yet been specifically directed towards investigation of
potential non-Newtonian behavior in these systems.

Experimentally determined viscosities are generally reported either as absolute
viscosity (1) or as kinematic viscosity (v). Kinematic viscosity is simply the absolute
viscosity normalized by the density of the fluid. The relationship between absolute
viscosity (1), density (p), and kinematic viscosity (v) is given by Equation 3.2-1.

% =v (3.2-1)

The unit of absolute viscosity is the Poise (P, g cm™'s™! or mPa s), while the unit for
kinematic viscosity is the Stoke (St, cm’s™). Because of the large size of these vis-
cosity units, absolute viscosities for ionic liquids are usually reported in centipoises
(cP) and kinematic viscosities reported in centistokes (cSt).

3.2.1.1 Viscosity measurement methods

The viscosities of ionic liquids have normally been measured by one of three meth-
ods: falling ball, capillary, or rotational. Falling ball viscometers can easily be con-
structed from a graduated cylinder and appropriately sized ball bearings. The ball
bearing material and the diameter can be varied. The experiment is conducted by
filling the graduated cylinder with the fluid to be investigated and carefully drop-
ping the ball through the fluid. After the ball has reached steady state, the velocity
is measured. The absolute viscosity can then be calculated by Stokes’ law (Equation
3.2:2) [1]:

2\(p,— pigR?
n= (5)(’%'7%— (3.2:2)
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where 1 is the absolute viscosity, p; is the density of the ball, p is the density of the
fluid, g is the gravity constant (980 cm s7), R is the radius of the ball, and v is the
steady-state velocity of the ball. A falling ball viscometer is commonly calibrated
with a standard fluid similar in viscosity to the fluid of interest, and an instrument
constant (k) is then determined. Comparisons between the standard fluid and the
unknown fluid can then be made by means of Equation 3.2-3

v=k(p,—p)0 (3.2-3)

where 6 is the time of fall between two fiducial marks on the viscometer tube. This
technique does have several limitations: the fluid must be Newtonian, the density
of the fluid must be known, and the downward velocity of the ball should not exceed
~1 cm 57" to aid in time measurement. The falling ball method is generally used to
measure absolute viscosities from 107 to 107 P [2].

Capillary viscometers are simple and inexpensive. They are normally constructed
from glass and resemble a U-tube with a capillary section between two bulbs. The
initial design originated with Ostwald and is shown as part A in Figure 3.2-1. The
Cannon-Fenske type, a popular modification of the Ostwald design that moves the
bulbs into the same vertical axis, is shown as part B in Figure 3.2-1.

A

™~ Fiducial

|_— Marks

Figure 3.2-1: Diagrams of (A) Ostwald and (B) Cannon-Fenske capillary viscometers.
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Capillary viscometers are normally immersed in a constant-temperature bath, to
regulate the sample temperature precisely during the experiment. To determine the
viscosity, the fluid in the viscometer is drawn into the upper bulb by vacuum. The
vacuum is released, and the time for the fluid to fall past the marks above and below
the bulb is measured. The main driving force for flow in this type of viscometer is
gravity, although pressure can be applied to one side of the viscometer to provide
an additional driving force (increased head pressure) [1]. Since the driving pressure
is governed by the difference in heights of the liquid in the viscometer, it is impor-
tant always to use the same volume of liquid in each experiment. The kinematic vis-
cosity can be calculated by Equation 3.2-4 [2];

ve |:11:g(z1 —ZZ)D4:|

At (3.2-4)
128LV,

where (z; — z,) is the difference in height, D is the capillary inner diameter, L is the
length of the capillary, and V, is the volume between the fiducial marks. This equa-
tion only holds as long as the liquid behaves as a Newtonian fluid and the length-
to-diameter ratio of the capillary tube is large.

Capillary viscometers measure the kinematic viscosity directly, because the head
pressure is generated by the weight of the fluid. In order to convert to absolute vis-
cosity, the kinematic viscosity must be multiplied by the fluid density [Equation
(3.2-1)]. Obviously this requires additional experiments to determine fluid density
so that the absolute viscosity can be calculated. The capillary type viscometer is nor-
mally used to measure kinematic viscosities spanning the range from 4 x 107 to
1.6 x 10® Stokes, with experimental times ranging from 200 to 800 seconds [1].
This range of kinematic viscosities corresponds to absolute viscosities of 6 x 107
to 2.4 x 10? P, assuming an average ionic liquid density of 1.5 g cm™.

The last type of widely used viscometer is the rotational viscometer. These can
adopt a variety of geometries, including concentric cylinders, cone and plate, and
parallel disks. Of the three geometries, the concentric cylinders is the most com-
mon, because it is well suited for low-viscosity fluids [2]. Rotational viscometers con-
sist of two main elements: a rotating element and a fixed element. The liquid to be
measured is placed in the space between the two elements. The viscosity is deter-
mined by measurement of the torque transferred between the two elements by the
liquid. For the concentric cylinder geometry, the outer cylinder is often rotated at a
fixed speed and the torque is measured on the fixed center cylinder immersed in
the liquid. By measuring the angular speed of the rotating cylinder and the torque
on the fixed cylinder, the fluid viscosity can be calculated by Equation 3.2-5 [2]:

gl T (3.2:5)
[4nRL, ]| o,

where § is the ratio of the cylinder radii, R, is the radius of the outer cylinder, L, is
the effective length of the cylinder, T is the torque applied to the rotating cylinder,
and o, is the rotational speed of the outer cylinder [2]. The effective length of the
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cylinder (L,) consists of the immersion depth of the center cylinder plus an end
effect correction. This equation requires B to be less than 1.2.

All three methods discussed above appear to provide equally high quality ionic
liquid viscosity data. However, the rotational viscometer could potentially provide
additional information concerning the Newtonian behavior of the ionic liquids. The
capillary method has been by far the most commonly used to generate the ionic lig-
uid viscosity data found in the literature. This is probably due to its low cost and
relative ease of use.

3.2.1.2 lonic liquid viscosities

As a group, ionic liquids are more viscous than most common molecular solvents.
Tonic liquid viscosities at room temperature range from a low of around 10 cP to val-
ues in excess of 500 cP. For comparative purposes, the viscosities of water, ethylene
glycol, and glycerol at room temperature are 0.890, 16.1, and 934 cP, respectively [3].
The room-temperature viscosity data (also conductivity and density data) for a wide
variety of ionic liquids are listed in Tables 3.2-1, 3.2-2, and 3.2-3. These tables are
organized by the general type of ionic liquid. Table 3.2-1 contains data for non-
haloaluminate alkylimidazolium ionic liquids, Table 3.2-2 for the haloaluminate
ionic liquids, and Table 3.2-3 for other types of ionic liquids. There are multiple list-
ings for several of the ionic liquids in Tables 3.2-1-3.2-3. These represent measure-
ments by different researchers and have been included to help emphasize the sig-
nificant variability in the viscosity data found in the literature.

The viscosities of many ionic liquids are strongly dependent upon temperature.
For example, the viscosity of 1-butyl-3-methylimidazolium hexafluorophosphate
increases 27 % with a 5 degree change between 298 and 293 K [16]. Clearly some of
the apparent variability in the literature data seen in Tables 3.2-1-3.2-3 may have
resulted from errors associated with control of experimental temperature. However,
much of this variability is probably the result of impurities in the ionic liquids.
Recent work with non-haloaluminate alkylimidazolium ionic liquids has estab-
lished the ubiquitous nature of impurities in these ionic liquids, and has demon-
strated the dramatic impact relatively that small amounts of impurities can have on
ionic liquid viscosity [28]. In this study, a series of ionic liquids were prepared and
purified by a variety of techniques. They were then analyzed for impurities and their
physical properties evaluated. Chloride concentrations of up to 6 wt. % were found
for some of the preparative methods. Residual chloride concentrations of between
1.5 and 6 wt. % increased the observed viscosity by between 30 and 600 % [28]. This
work also showed the strong propensity of the non-haloaluminate alkylimidazolium
ionic liquids to absorb water from laboratory air, and the significant solubility of
water in these same ionic liquids (up to 14 wt. % for one ionic liquid). Surprising-
ly, as little as 2 wt. % (20 mol %) water (as well as other co-solvents, vide infra)
reduced the observed viscosity of [BMIM][BF,] by more than 50 %. Given this infor-
mation, it is highly likely that many of the ionic liquids listed in Table 3.2-1 (and by
analogy Tables 3.2-2 and 3.2-3) contained significant concentrations of impurities
(especially water). This, in turn, complicates the evaluation of the literature data,
and any conclusions drawn below must consequently be used with care.
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Within a series of non-haloaluminate ionic liquids containing the same cation,
a change in the anion clearly affects the viscosity (Tables 3.2-1 and 3.2-3). The
general order of increasing viscosity with respect to the anion is: [(CF3SO,),N|
[BE," = [CF5CO,]" = [CF3SO5]" < [(CH5SO)N]” < [C3F,CO,]" < [CH CO,
[CH3SO;]” < [C4F9SO;]". Obviously, this trend does not exactly correlate with anion
size. This may be due to the effect of other anion properties on the viscosity, such
as their ability to form weak hydrogen bonds with the cation.

The viscosities of non-haloaluminate ionic liquids are also affected by the identi-
ty of the organic cation. For ionic liquids with the same anion, the trend is that larg-
er alkyl substituents on the imidazolium cation give rise to more viscous fluids. For
instance, the non-haloaluminate ionic liquids composed of substituted imidazoli-
um cations and the bis-trifyl imide anion exhibit increasing viscosity from [EMIM]",
[EEIMJ, [EMM(5)IM]", [BEIMJ", [BMIM]*, [PMMIM]’, to [EMMIM]" (Table 3.2-1).
Were the size of the cations the sole criteria, the [BEIM]" and [BMIM]" cations from
this series would appear to be transposed and the [EMMIM]* would be expected
much earlier in the series. Given the limited data set, potential problems with impu-
rities, and experimental differences between laboratories, we are unable to propose
an explanation for the observed disparities.

The haloaluminate ionic liquids are prepared by mixing two solids, an organic
chloride and an aluminium halide (e.g., [EMIM]CI and AICl;). These two solids
react to form ionic liquids with a single cation and a mix of anions, the anion com-
position depending strongly on the relative molar amounts of the two ingredients
used in the preparation. The effect of anionic composition on the viscosity of haloa-
luminate ionic liquids has long been recognized. Figure 3.2-2 shows the absolute
viscosities of the [EMIM]CI/AICI; ionic liquids at 303 K over a range of composi-
tions.

When the amount of [EMIM]CI is below 50 mol %, the viscosity is relatively con-
stant, only varying from 14 to 18 cP. However, when the [EMIM]CI exceeds 50 mol
%, the absolute viscosity begins to increase, eventually rising to over 190 cP at 67
mol % [EMIM]CI [17]. This dramatic increase in viscosity is strongly correlated to
the corresponding growth in chloride ion concentration as the [EMIM]CI mol %
increases, and appears to be the result of hydrogen bonding between the CI™ anions
and the hydrogen atoms on the imidazolium cation ring [29-32].

The size of the cation in the chloroaluminate ionic liquids also appears to have an
impact on the viscosity. For ionic liquids with the same anion(s) and compositions,
the trend is for greater viscosity with larger cation size (Table 3.2-2). An additional
contributing factor to the effect of the cation on viscosity is the asymmetry of the
alkyl substitution. Highly asymmetric substitution has been identified as important
for obtaining low viscosities [17].

The addition of co-solvents to ionic liquids can result in dramatic reductions in
the viscosity without alteration of the cations or anions in the system. The haloalu-
minate ionic liquids present a challenge, due to the reactivity of the ionic liquid.
Nonetheless, several compatible co-solvents including benzene, dichloromethane,
and acetonitrile have been investigated [33-37]. The addition of as little as 5 wt. %
acetonitrile or 15 wt. % benzene or methylene chloride was able to reduce the

=
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Figure 3.2-2: Change in the absolute viscosity (cP) as a function of the [EMIM]CI mol % in an
[EMIM]CI/AICI3 ionic liquid at 303 K.

absolute viscosity by 50 % for [EMIM]CI/AICI; ionic liquids with less than 50 mol
% AICl; [33]. Non-haloaluminate ionic liquids have also been studied with a range
of co-solvents including water, toluene, and acetonitrile. The ionic liquid response
is similar to that observed in the haloaluminate ionic liquids. The addition of as lit-
tle as 20 mol % co-solvent reduced the viscosity of a [BMIM][BF,] melt by 50 % [28].

3.2.2
Density of lonic Liquids

Densities are perhaps the most straightforwardly determined and unambiguous
physical property of ionic liquids. Given a quality analytical balance and good volu-
metric glassware the density of an ionic liquid can be measured gravimetrically (i.e.,
the sample can be weighed).
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3.2.2.1 Density measurement

To measure density properly with a minimal amount of sample, a pycnometer
should be employed. A pycnometer removes the ambiguity of measuring the bot-
tom of the meniscus in a piece of glassware calibrated with aqueous solutions that
have potentially very different surface tensions. The most common types of pyc-
nometers are the Ostwald-Sprengel and the Weld or stopper pycnometer. These
devices are generally constructed of glass and consist of a reservoir connected to a
capillary or capillaries with fiducial marks. The pycnometer is weighed while empty,
filled with the fluid of interest, and allowed to equilibrate thermally. The fluid above
the fiducial marks is removed and the pycnometer is weighed [38, 39]. Pycnometers
must be calibrated prior to use to determine the exact volume. The density is then
calculated by dividing the mass of the fluid by the pycnometer volume.

3.2.2.2 lonic liquid densities

The reported densities of ionic liquids vary between 1.12 g cm™ for [(n-
CgH;7)(C4Ho)3N][(CF3S80,),N] and 2.4 g cm™ for a 34-66 mol% [(CH;);S|Br/AlBr;
ionic liquid [21, 23]. The densities of ionic liquid appear to be the physical property
least sensitive to variations in temperature. For example, a 5 degree change in tem-
perature from 298 to 303 K results in only a 0.3 % decrease in the density for a
50.0:50.0 mol % [EMIM]CI/AICI; [17]. In addition, the impact of impurities appears
to be far less dramatic than in the case of viscosity. Recent work indicates that the
densities of ionic liquids vary linearly with wt. % of impurities. For example, 20 wt.
% water (75 mol %) in [BMIM][BF,] results in only a 4 % decrease in density [33].

In the binary haloaluminate ionic liquids, an increase in the mole percent of the
imidazolium salt decreases the density of the liquid (see Table 3.2-2). The bromo-
aluminate ionic liquids are substantially denser than their chloroaluminate coun-
terparts, being between 0.57 g cm™ and 0.83 g cm™ denser than the analogous
chloroaluminate ionic liquids (see Table 3.2-2). Variation of the substituents on the
imidazolium cation in the chloroaluminate ionic liquids has been shown to affect
the density on the basis of the cation size [17].

Within a series of non-haloaluminate ionic liquids containing the same cation
species, increasing anion mass corresponds to increasing ionic liquid density (see
Tables 3.2-1 and 3.2-3). Generally, the order of increasing density for ionic liquids
composed of a single cation is: [CH3SO;3]” = [BF,]” < [CF3CO,|” < [CF;3S0;] <
[C3F7CO;] < [(CF350,),N].

The densities of the non-haloaluminate ionic liquids are also affected by the iden-
tity of the organic cation. As in the haloaluminate ionic liquids, the density decreas-
es as the size of the cation increases. In non-haloaluminate ionic liquids composed
of substituted imidazolium cations and the triflate anion, for instance, the density
decreases from 1.390 g cm™ for [EMIM]" to 1.334 g cm™ for [EMM(5)IM]", to 1.330
g cm™ for [EEIMJ", to 1.290 g cm™ for [BMIM]', and 1.270 g cm™ for [BEIM]" (see
Table 3.2-3).
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3.31

Introduction

Interest in using ionic liquid (IL) media as alternatives to traditional organic sol-
vents in synthesis [1-4], in liquid/liquid separations from aqueous solutions [5-9],
and as liquid electrolytes for electrochemical processes, including electrosynthesis,
primarily focus on the unique combination of properties exhibited by ILs that dif-

ferentiate them from molecular solvents.

ILs are considered to be polar solvents, but can be non-coordinating (mainly
depending on the IL’s anion). Solvatochromatic studies indicate that ILs have polar-
ities similar to those of short-chain alcohols and other polar, aprotic solvents
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(DMSO, DMF, etc.) [10-14]. That is, the polarity of many ILs is intermediate
between water and chlorinated organic solvents and varies, depending on the
nature of the IL components (for more details see Section 3.5).

By changing the nature of the ions present in an IL, it is possible to change the
resulting properties of the IL. For example, the miscibility with water can be varied
from complete miscibility to almost total immiscibility, by changing the anion
from, for example, Cl” to [PF¢] . Similarly, the lipophilicity of an IL is modified by
the degree of cation substitution. Primary solvent features of ILs include the capa-
bility for H-bond donation from the cation to polar or dipolar solutes, H-bond
accepting functionality in the anion (this is variable — Cl” is a good H-bond accep-
tor, for example, whereas [PF¢] ™ is poor), and - or C-H...n interactions (which
enhance aromatic solubility) (for more details see Section 3.5). ILs tend to be
immiscible with alkanes and other non-polar organic solvents and hence can be
used in two-phase systems. Similarly, it is possible to design ILs that are hydropho-
bic and can be used in aqueous/IL biphasic systems.

The solubilities both of organic compounds and of metal salts in ILs are impor-
tant with regard to stoichiometric chemical synthesis and catalytic processes. Not
only must reagents and catalysts be sufficiently soluble in the solvent, but differen-
tial solubilities of reagents, products, and catalysts are required in order to enable
effective separation and isolation of products. As well as requiring a knowledge of
solute solubility in ILs, to assess the relative merits of a particular IL for chemical
or separations processes, relative solubility and partitioning information about the
preference of the solutes for IL phases relative to extractants is needed in order to
design systems in which both reactions and extractions can be performed efficient-
ly. However, only limited systematic data on these properties are available in the lit-
erature. In many cases, solutes and solvents are described as immiscible in a par-
ticular IL on the basis of the observation that two phases are formed, rather than
compositional analysis to determine the limits of solubility or co-miscibility.

ILs have been investigated as alternatives to traditional organic solvents in lig-
uid/liquid separations. Reports highlighting separations based on ILs [5, 15-18] for
implementation into industrial separations systems demonstrate the design princi-
ples, and have identified hydrophobic ILs as replacements for VOCs in aqueous/IL
biphase separations schemes. Other work on novel solvent media has shown how
scH,0 [19, 20], scCO, [15], and fluorous phases [21] can be used in efforts to broad-
en the scope of possibilities available for more environmentally responsible
processes. From the synthetic perspective, desirable features of an IL are: (i) catalyst
solubility, enabling high catalyst capacity, immobilization to extraction processes,
(i) reagent solubility, ideally in high concentration, and (iii) product extractability.

Extractions and separations in two-phase systems require knowledge of the mis-
cibilities and immiscibilities of ILs with other solvents compatible with the process.
These are most usually IL/aqueous biphase systems in which the IL is the less polar
phase and organic/IL systems in which the IL is used as the polar phase. In these
two-phase systems, extraction both to and from the IL phase is important.
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33.2
Metal Salt Solubility

Transition metal catalysis in liquid/liquid biphasic systems principally requires suf-
ficient solubility and immobilization of the catalysts in the IL phase relative to the
extraction phase. Solubilization of metal ions in ILs can be separated into process-
es, involving the dissolution of simple metal salts (often through coordination with
anions from the ionic liquid) and the dissolution of metal coordination complexes,
in which the metal coordination sphere remains intact.

3.3.21 Halometalate salts
The formation of halometalate ionic liquids by the use of the equilibrium reactions
of organic halide salts with metal halide compounds is well established and has
been reviewed by Hussey [22]. A wide range of metalates have been prepared and
investigated, primarily as liquid electrolytes for electrochemistry and battery appli-
cations, and for electroplating, electrowinning, and as Lewis acid catalysts for chem-
ical synthesis. In particular, acidic tetrachloroaluminate(III) ILs have been used in
place of solid AICl;, with the IL acting as a liquid catalyst and with product separa-
tion from the IL encouraged by differential solubility of the reagents and products.
Many simple metal compounds (ionic salts) are dissolved in ‘basic’ ionic liquids,
containing coordinating Lewis base ligands, by complexation mechanisms; most
metal halides can be dissolved in chloride-rich ILs as chloro-containing metalate
species. This is the basis for the formation of chlorometalate ionic liquids, contain-
ing metal complex anions. Among the more novel recent examples of metal-con-
taining ILs is the gold-containing [EMIM][AuCl] [23]. Seddon and Hussey have
investigated the dissolution of many transition metals in halometalate ILs (see, for
example, references [24-26]).

Metal halide compounds can be dissolved in basic tetrachloroaluminate ionic lig-
uids, but can in many cases be precipitated from acidic ILs. For example, crystals of
[EMIM],[PdCl,] were obtained by dissolving PdCl, in acidic [EMIM]CI/AICI; IL [27].
This reflects changes in ligating ability of the predominant anions present in tetra-
chloroaluminate ILs on changing from the basic regime (Cl") through to acidic
([AICL,]"). Simple metal salts can also be dissolved in other ionic liquids, containing
coordinating anions such as nitrates.

3.3.2.2 Metal complexes

Examination of metal complex solubility in ILs has mainly stemmed from require-
ments for metal complex solubility for transition metal catalysis. The most effective
method is through selective solubility and immobilization of the catalyst in the
reacting phase, allowing product separation (with no catalyst leaching) into a sec-
ond, extracting phase. In the context of emerging separations and extraction inves-
tigations and homogeneous catalysis, efficient recycling of metal catalysts is an
absolute necessity. Systematic studies of metal complex solubility in ILs have yet to
be reported and warrant investigation.
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As a set of general observations:

(i) Simple ionic compounds are generally poorly soluble in ILs.

(ii) Ionic complexes are more soluble.

(iii) Compounds are solubilized by complexation.

(iv) The peripheral environments of the ligands are important in affecting solubil-
ity, and can be modified to provide better solubility.

Solubility depends on the nature of the IL and on solvation or complex formation.
Most metal ions display preferential partitioning into water in IL aqueous systems
and are hence less soluble in the IL than in water.

Simple metal compounds are poorly soluble in non-coordinating ILs, but the sol-
ubility of metal ions in an IL can be increased by addition of lipophilic ligands.
However, enhancement of lipophilicity also increases the tendency for the metal
complex to leach into less polar organic phases.

Tonic complexes tend to be more soluble than neutral complexes in ILs. Repre-
sentative examples of transition metal salts and complexes that have been used as
homogeneous catalysts in IL systems include [LNiCH,CH3][AICl,], used in the Difa-
sol olefin oligomerization process, [Rh(nbd)(PPhs),][PF] [28], [Rh(cod,)][BF4], [29],
and [H,Ru(r®-C¢Hg)4|[BF,], [30] complexes, which have been described as catalysts
for hydrogenation reactions. In catalytic hydrogenation studies, Chauvin has noted
that neutral catalysts, such as Rh(CO),(acac), are leached into the organic phase
whereas charged species are maintained in the IL phase [31] (see Chapter 5.2 for
more detail).

Precipitation of neutral complexes from solution, or extraction into a secondary
phase, has enormous implications in the design of two-phase catalytic systems (to
eliminate catalyst leaching) and in extractions (where selective extraction from
either aqueous or organic phases is required, followed by controlled stripping of
metals from the IL phase for recovery). Metal ion solubility in ILs can be increased
by changing the complexing ligands present, for example by the use of soluble
organic complexants such as crown ethers, or by modifying the ligands to increase
solubility in the IL.

Chauvin showed that sulfonated triphenylphosphine ligands (e.g., tppts and
tppms (iv) in Figure 3.3-1) prevented leaching of neutral Rh hydrogenation catalysts
from ILs [28], although Cole-Hamilton and co-workers [32] have noted that the sol-
ubility of Rh-tppts complexes in ILs is low. Wasserscheid and co-workers [33] and
Olivier-Bourbigou and co-workers [34] have demonstrated that addition of cationic
functionality to the periphery of otherwise neutral ligands can be used to increase
solubility and stability of metal complexes in the IL phase relative to leaching into
an organic extractant phase ((i), (ii), (iv), and (v) in Figure 3.3-1). This approach
mimics that taken to confer greater water solubility on metal complexes for aque-
ous-biphasic catalysis, and is equivalent to the TSIL approach of Davis, Rogers and
co-workers [6] for enhanced metal transfer and binding in IL phases for extractions
((iii) in Figure 3.3-1).

ILs have also been used as inert additives to stabilize transition metal catalysts
during evaporative workup of reactions in organic solvent systems [35,36]. The non-
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Figure 3.3-1: Incorporation of groups with high affinities for ILs (such as cobaltacenium (i),
guanadinium (i), sulfonate (iv), and pyridinium (v)) or even groups that are themselves ionic
liquid moieties (such as imidazolium (iii)) as peripheral functionalities on coordinating ligands
increases the solubility of transition metal complexes in ILs.

volatile IL component solubilizes the catalyst upon concentration and removal of
organic solvent and products, thereby preventing catalyst decomposition and
enabling catalysts to be recycled and reused in batch processes.

333
Extraction and Separations

Studies of extractions and separations provide information on the relative solubili-
ties of solutes between two phases, such as partitioning data, required in order to
design systems in which a solute is either selectively extracted from, or immobilized
in one phase. Liquid/liquid separation studies of metal ions are principally con-
cerned with aqueous/organic two-phase systems, with relevance for extraction and
concentration of metal ions in the organic phase. In terms of IL/aqueous partition-
ing, there is considerable interest in the replacement of organic extracting phases
with ILs for recovery of metals from waste water in mining, in nuclear fuel and
waste reprocessing, and in immobilization of transition metal catalysts. The hydrat-
ed natures of most metal ions lower their affinity for the less-polar extracting phas-
es; this is the case in IL systems, where hydrated metal ions do not partition into
the IL from water, except for the most hydrophobic cations [8]. The affinity of metal
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ions for less polar phases can be enhanced by changing the hydration environments
of the metal ions either by using organic ligands [37-39], which provide more
hydrophobic regions around the metal, or with inorganic anions [40] that form soft-
er, more extractable anionic complexes with the metal.

Ideally, to ensure the complete removal of the metal ions from the aqueous
phase, the complexant and the metal complex should remain in the hydrophobic
phase. Thus, the challenges for separations include the identification of extractants
that quantitatively partition into the IL phase and can still readily complex target
metal ions, and also the identification of conditions under which specific metal ion
species can be selectively extracted from aqueous streams containing inorganic
complexing ions.

3.3.3.1  Anionic extractants

Most hydrated metal ions are more soluble in water than in ILs. The distribution
ratios of some metal ions between aqueous and IL phases may be enhanced in the
presence of coordinating anions, such as halides or pseudohalides, capable of mod-
ifying the metal complex hydrophobicity, increasing partitioning from water [41].
The effect of halide, cyanate, cyanide, and thiocyanate ions on the partitioning of
Hg?" in [BMIM][PF¢]/aqueous systems (Figure 3.3-2) has been studied [8]. The
results indicate that the metal ion transfer to the IL phase depends on the relative
hydrophobicity of the metal complex. Hg-1 complexes have the highest formation
constants, decreasing to those of Hg-F [42]. Results from pseudohalides, however,
suggest a more complex partitioning mechanism, since Hg-CN complexes have
even higher formation constants [42], but display the lowest distribution ratios.

3.3.3.2  Organic extractants

Macrocyclic ligands such as crown ethers have been widely used for metal ion
extraction, the basis for metal ion selectivity being the structure and cavity size of
the crown ether. The hydrophobicity of the ligand can be adjusted by attachment of
alkyl or aromatic ligands to the crown. Impressive results have been obtained with
dicyclohexano-18-crown-6 as an extractant for Sr** in [RMIM][(CF;S0,),N] IL/aque-
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O3 Figure 3.3-3: Distribution ratios for Sr**
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ous systems [17] and with 18-crown-6, dicyclohexano-18-crown-6, and 4,4’-(5’)-bis-
(tert-butylcyclohexano)-18-crown-6 in [RMIM][PF4]/aqueous systems as extractants
for Sr’*, Cs*, and Na* (Figure 3.3-3) [7]. Metal ion extraction into the IL is greatest
at high anion concentration in the aqueous phase, but decreases with increasing
acid concentration, in contrast to typical solvent extraction, where the higher distri-
bution ratios are obtained with increasing acid concentrations. Results indicate that
metal ion partitioning is very complex in IL-based liquid/liquid systems, and that
other factors such as aqueous phase composition and water content of the IL have
a dramatic effect on the metal ion extraction and the stability of the IL.

Organic extractants can be used to complex metal ions and to increase lipophilic-
ity. The traditional metal extractants 1-(2-pyridylazo)naphthol (PAN) and 1-(2-thia-
zolyl)-2-naphthol (TAN) have been used in polymer-based aqueous biphasic sys-
tems [43] and traditional solvent extraction systems [44]. These are conventional
metal extractants widely used in solvent extraction applications. When the aqueous
phase is basic, both molecules are ionized, yet they quantitatively partition into
[HMIM][PF4] over the pH range 1-13. The distribution ratios for Fe**, Co**, and
Cd** (Figure 3.3-4) show that the coordinating and complexing abilities of the
extractants are dependent on pH and that metal ions can be extracted from the
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Figure 3.3-4:  Metal ion distribution ratios for Fe** (@), Cd** (A), and Co®* (M) with 0.1 mm
PAN in [HMIM][PF¢]/aqueous systems as a function of aqueous phase pH. From reference [8].
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Figure 3.3-5: Hg’* (M) and Cd** (O) distribution ratios between IL and aqueous phase with 1:1

[BMIM][PF¢] and urea-appended (dashed lines) or thiourea-appended (solid lines) TSILs as the
extracting phase.

aqueous phase at basic pH and stripped from the IL under acidic conditions, as is
the case when more conventional organic extracting phases are utilized.

Davis first introduced the term Task-specific lonic Liquid (TSIL) to describe ILs
prepared using the concept of increasing the IL affinity of the extractants through
incorporation of the complexing functionality as an integral part of the IL [9]. It is
thus possible to prepare ILs with built in extracting capability, and to achieve dif-
ferentiation from both aqueous and organic phases through modification of the IL
co-miscibility. These TSILs can be used as IL extracting phases, or may be mixed
with a second, more conventional IL to modify rheological properties. Metal ion-lig-
ating groups are incorporated into the cationic moiety of the IL by tethering to the
imidazolium cation; thioether, urea, and thiourea-derivatized imidazolium ILs have
been investigated as Hg?* and Cd** extractants (see Figure 3.3-5) [9]. The distribu-
tion ratios are typically higher for Hg?* and a change in the aqueous phase pH has
only a slight effect on the partitioning.

In liquid/liquid systems that use ILs as alternatives to organic solvents, the ten-
dency for metal ions to remain in the aqueous phase can be offset by the presence
in the system either of organic or inorganic extractants or of TSILs. These extrac-
tants serve to modify the hydration environment of metal ions through complexa-
tion with ligating functional groups, increasing metal ion partitioning to the IL
phase. In the design of an IL, fine-tuning of the properties can be achieved by
changing the cation substituent groups and/or anion identity, or by mixing two
types of IL with differing, but defined characteristics.

334
Organic Compounds

In general, ILs behave as moderately polar organic solvents with respect to organic
solutes. Unlike the organic solvents to which they are commonly compared, how-
ever, they are poorly solvating and are rarely found as solvates in crystal structures.
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Armstrong and co-workers [45] have investigated the interactions of solutes with ILs
by using the ILs as stationary phases for gas-liquid chromatography (GLC), and
have shown that ILs appear to act as low-polarity phases in their interactions with
non-polar compounds and that the solubility increases with increasing lipophilicity
(alkyl chain length etc.). However, polar molecules or those containing strong pro-
ton donor functionality (such as phenols, carboxylic acids, diols) also interact
strongly with ILs. Compounds with weak proton donor/acceptor functions (such as
aromatic and aliphatic ketones, aldehydes, and esters) appear to interact with the
ionic liquids through induced ion dipole, or weak van der Waals interactions.

Bonhéte and co-workers [10] reported that ILs containing triflate, perfluorocar-
boxylate, and bistrifylimide anions were miscible with liquids of medium to high
dielectric constant (g), including short-chain alcohols, ketones, dichloromethane,
and THF, while being immiscible with low dielectric constant materials such as
alkanes, dioxane, toluene, and diethyl ether. It was noted that ethyl acetate (€ = 6.04)
is miscible with the ‘less-polar’ bistrifylimide and triflate ILs, and only partially mis-
cible with more polar ILs containing carboxylate anions. Brennecke [15] has
described miscibility measurements for a series of organic solvents with ILs with
complementary results based on bulk properties.

We have shown that ILs in general display partitioning properties similar to those
of dipolar aprotic solvents or short chain alcohols. The relationship between
octanol/water partitioning and IL/water partitioning [46] (Figure 3.3-6), despite the
clear polarity differences between the solvents, allows the solubility or partitioning
of organic solutes with ILs to be predicted from the relative polarities of the mate-
rials (by use of solvatochromatic scales etc.). Complex organic molecules such as
cyclodextrins, glycolipids [45], and antibiotics [16] can be dissolved in ILs; the solu-
bility of these complex molecules increases in the more polar ILs. The interactions
are greatest when the ILs have H-bond acceptor capability (chloride-containing ILs,
for example). The miscibility of ILs with water varies with cation substitution and
with anion types; coordinating anions generally produce water-soluble ILs, where-
as the presence of large, non-coordinating, charge-diffuse anions generates
hydrophobic ILs.

y=0.716x- 0.183, # = 0.804

Log D (IL/water)

Figure 3.3-6: The distribution ratios
between [BMIM][PF¢] and water (neutral
pH) for organic solutes correlate with litera-
2 -1 0 1 2 38 4 5 6 tyre partition functions of the solutes

Log P (octanol/water) between octanol and water (log P).
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From empirical observation, ILs tend to be immiscible with non-polar solvents.
They can therefore be washed or brought into contact with diethyl ether or hexane
to extract non-polar reaction products. Among solvents of greater polarity, esters
(ethyl acetate, for example) exhibit variable solubility with ILs, depending on the
nature of the IL. Polar or dipolar solvents (including chloroform, acetonitrile, and
methanol) appear to be totally miscible with all ILs (excepting tetrachloroaluminate
IL and the like, which react). Among notable exceptions, [EMIM]CI and [BMIM]CI
are insoluble in dry acetone.

Although hydrocarbons are poorly soluble in most ILs, they are not insoluble. The
relative solubility of short-chain hydrocarbons over oligomers and polymers is the
basis for the efficient separation of products described for alkylation, oligomeriza-
tion, and hydrogenation reactions using IL catalyst systems. The lipophilicity of the
IL and the solubility of non-polar solutes can be increased by adding additional non-
polar alkyl-functionality to the IL, thus reducing further Coulombic ion—ion inter-
actions. Alkanes, for example, are essentially insoluble in all ILs, while the solubil-
ity of linear alkenes [34] is low, but increases with increased alkyl chain substitution
in the IL cations and with delocalization of charge in the anion. Aromatic com-
pounds are more soluble in ILs: benzene can be dissolved in [EMIM]CI/AICI;,
[BMIM][PF¢], and [EMIM][(CF;3SO,),N] at up to ca. 1:1 ratios, reflecting the impor-
tance of CH...t and n—n stacking interactions and formation of liquid clathrate
structures. Similarly, [BMIM][PF¢], [EMIM][BF,], and [BMIM][PF;] form liquid
clathrates in chloroform, readily observable by "H NMR spectroscopy.

We have recently shown that the hydrophobic hexafluorophosphate ILs can in
fact be made totally miscible with water by addition of alcohols [47, 48]; the ternary
phase diagram for [BMIM][PF4]/water/ethanol (left part of Figure 3.3-7) shows the

[BMIM][PF,] 07

10 00

100.10.20.30.4050.60.70.80.9 1.
H,O0 0 10 20 30 40 50 60 70 80 0100 EyoH 000.1020.30. O?OSO 0.8091.0
Mole Fraction Ethanol

Figure 3.3-7:  Ethanol/water/[BMIM][PF4] ternary phase diagram (a, left) and solute distribution
in EtOH /water/IL mixtures (b, right) for [BMIM][PF¢] (O), [HMIM][PF] (d), and [OMIM][PF]
(V) as a function of initial mole fraction of ethanol in the aqueous phase, measured at 25 °C.
From references [47, 48].
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o 2 Figure 3.3-8: Distribution ratios for aniline
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large co-miscibility region of the three components. In fact, ethanol forms biphasic
mixtures with [BMIM][PF¢], [HMIM][PF¢], and [OMIM][PFg], the degree of misci-
bility depending on temperature and on the water composition of the mixtures
(right part of Figure 7). In each case, increasing the water content of the IL increas-
es ethanol solubility. This process has many potential uses for washing and removal
of ionic liquids from products and reactors or catalyst supports and has important
implications in the design of IL/aqueous two-phase extraction systems.

With charged or ionizable solutes, changes in the pH of the aqueous phase result-
ed in certain ionizable solutes exhibiting pH-dependent partitioning such that their
affinity for the IL decreased upon ionization [6]. Solute ionization effects, as
demonstrated for aniline and benzoic acid (Figure 3.3-8), can modify solubility and
partitioning of solutes into an IL by several orders of magnitude difference in the
partitioning.

The pH-dependent partitioning of the ionizable, cationic dye thymol blue has also
been investigated [6]. In its neutral, zwitterionic, and monoanionic forms, the dye
preferentially partitions into the IL phase (from acidic solution), the partition coef-
ficient to the IL increasing with increasing IL hydrophobicity. Under basic condi-
tions, the dye is in the dianionic form and partitions into water (Figure 3.3-9).
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Partitioning and solubility of specific organic compounds in ILs depends on the sol-
ubilizing interactions between the solute and IL components. As observed, ionized
or polar compounds have high affinities for IL phases. It has been recognized that
aromatic compounds have relatively high solubilities in ILs, even benzene being
soluble to high concentrations in a wide range of ILs, presumably through C-H...n
and m—7 aromatic interactions with the IL cations. Atwood has shown that the high
solubility of aromatics can be attributed to clathrate formation [49] and has
described model extractions of toluene from toluene/heptane mixtures with
[EMIM][L] and [BMIM][L,] [50].

ILs containing 1-alkylisoquinolinium cations combined with the bis(perfluo-
roethylsulfonyl)imide anion ([N(SO,CF,CFs),], [BETI]") have been reported [51]
and tested for organic partitioning in aqueous/IL two-phase systems. The large,
extended aromatic cores in the cations of these ILs were expected to exhibit greater
affinities for aromatic solutes in IL/aqueous partitioning experiments, and it was
found, in particular, that the distribution ratio for 1,2,4-trichlorobenzene in
[C14is0q][BETI] was much greater than that in [BMIM][PF] [5, 46]. It is not yet clear
whether interactions of aromatic solutes with the extended aromatic region of the
isoquinolinium cations or increased lipophilicity factors were responsible for the
increased aromatic partitioning.

335
Conclusions

Ionic liquids are similar to dipolar, aprotic solvents and short-chain alcohols in their
solvent characteristics. These vary with anion (from very ‘ionic’ Cl” to more ‘cova-
lent’ [BETI]"). ILs become more lipophilic with increasing alkyl substitution, result-
ing in increasing solubility of hydrocarbons and non-polar organics.

For separations, challenges lie in reconciling the partitioning results with those
from more traditional systems. Continued study of organic solute behavior in IL-
based liquid/liquid separations may facilitate a molecular level understanding of the
partitioning mechanisms for neutral and ionic solutes, ultimately providing a predic-
tive tool for their behavior. Exploration of the driving forces for organic solute parti-
tioning should contribute to the understanding of metal ion extractants and partition-
ing mechanisms in IL systems. Incorporation of new concepts such as task-specific
ionic liquids for separations should broaden both understanding and applicability.
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Gas Solubilities in lonic Liquids

Joan F. Brennecke, Jennifer L. Anthony, and Edward ]. Maginn

3.4.1
Introduction

A wide variety of physical properties are important in the evaluation of ionic liquids
(ILs) for potential use in industrial processes. These include pure component prop-
erties such as density, isothermal compressibility, volume expansivity, viscosity,
heat capacity, and thermal conductivity. However, a wide variety of mixture proper-
ties are also important, the most vital of these being the phase behavior of ionic lig-
uids with other compounds. Knowledge of the phase behavior of ionic liquids with
gases, liquids, and solids is necessary to assess the feasibility of their use for reac-
tions, separations, and materials processing. Even from the limited data currently
available, it is clear that the cation, the substituents on the cation, and the anion can
be chosen to enhance or suppress the solubility of ionic liquids in other compounds
and the solubility of other compounds in the ionic liquids. For instance, an increase
in alkyl chain length decreases the mutual solubility with water, but some anions
([BE4]", for example) can increase mutual solubility with water (compared to [PFg],
for instance) [1-3]. While many mixture properties and many types of phase behav-
ior are important, we focus here on the solubility of gases in room temperature ILs.
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A primary motivation for understanding gas solubilities in ILs is to be found in
the many successful demonstrations of the use of ILs as solvents for reactions [4-6].
Some of these reactions, such as hydrogenations, oxidations, and hydroformyla-
tions, involve treatment of substrates in the ionic liquid solution with permanent
and condensable gases. If a gas has limited solubility in the IL, then significant
efforts will have to be made to increase interfacial area and enhance mass transfer,
and/or high-pressure operation will be required. This may limit the ability of ILs to
compete with conventional solvents, unless there are other significant chemical
processing advantages to the IL. Conversely, high solubility or selective solubility of
the desired gases might make ILs quite attractive.

A second motivation for understanding gas solubilities in ILs is the possibility of
using ILs to separate gases. Because they are not volatile [7, 8] and would not con-
taminate the gas stream in even small amounts, ILs have an automatic advantage
over conventional absorption solvents for the performance of gas separations. In
addition, their high thermal stabilities mean that they could be used to perform gas
separations at higher temperatures than is possible with conventional absorption
solvents. Whether used in a conventional absorber arrangement or as a supported
liquid membrane, the important physical properties for this application (besides
low volatility) are the solubility and diffusivity of the gases of interest in the ILs.

A third motivation for studying gas solubilities in ILs is the potential to use com-
pressed gases or supercritical fluids to separate species from an IL mixture. As an
example, we have shown that it is possible to recover a wide variety of solutes from
ILs by supercritical CO, extraction [9]. An advantage of this technology is that the
solutes can be removed quantitatively without any cross-contamination of the CO,
with the IL. Such separations should be possible with a wide variety of other com-
pressed gases, such as C,Hg, C,H,, and SF. Clearly, the phase behavior of the gas
in question with the IL is important for this application.

Finally, a fourth motivation for exploring gas solubilities in ILs is that they can act
as probes of the molecular interactions with the ILs. Information can be discerned
on the importance of specific chemical interactions such as hydrogen bonding, as
well as dipole—dipole, dipole—induced dipole, and dispersion forces. Of course, this
information can be determined from the solubility of a series of carefully chosen
liquids, as well. However, gases tend to be of the smallest size, and therefore the
simplest molecules with which to probe molecular interactions.

In this section, we first discuss various experimental techniques that can be used
to measure gas solubilities and related thermodynamic properties in ILs. We then
describe the somewhat limited data currently available on gas solubilities in ILs.
Finally, we discuss the impact that gas solubilities in ILs have on the applications
described above (reactions, gas separations, separation of solutes from ILs) and
draw some conclusions.
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342
Experimental Techniques

In this section we describe some of the various experimental techniques that can be
used to measure gas solubilities and related thermodynamic properties.

3.4.2.1 Gas solubilities and related thermodynamic properties

In general, gas solubilities are measured at constant temperature as a function of
pressure. Permanent gases (gases with critical temperatures below room tempera-
ture) will not condense to form an additional liquid phase no matter how high the
applied pressure. However, condensable gases (those with critical temperatures
above room temperature) will condense to form a liquid phase when the vapor pres-
sure is reached. The solubilities of many gases in normal liquids are quite low and
can be adequately described at ambient pressure or below by Henry’s law. The
Henry’s law constant is defined as

lim flL

x—0 x

H,(T,P) (3.4-1)

where x; is the mole fraction of gas in the liquid and f;* the fugacity of the gas
(species 1) in the liquid phase. If the gas phase behaves ideally (i.e., the fugacity
coefficient is close to 1), then the fugacity is equal to the pressure of gas above the
IL sample. This is because there is essentially no IL in the vapor phase, due to its
nonvolatility. Experimentally, the Henry’s law constant can be determined from the
limiting slope of the solubility as a function of pressure. A large Henry’s law con-
stant indicates a low gas solubility, and a small Henry’s law constant indicates a
high gas solubility. One might also choose to express the limiting gas solubility
(especially for condensable gases) in terms of an infinite dilution activity coefficient,
where the standard state is pure condensed liquid at the temperature of the experi-
ment (Plsa ) . In this case, the infinite dilution activity coefficient, y~can be related
to the Henry’s law constant simply by v~ = H,(T, P)P*(T)

Also of importance is the effect of temperature on the gas solubility. From this
information it is possible to determine the enthalpy and entropy change experi-
enced by the gas when it changes from the ideal gas state (hfg and sf“”) to the mixed
liquid state (h and,).

= e ol dInP

Ahy = h = hy* _R(a(l/T)l (3.4-2)
- dlnP

As, =s,—sf =_R(81?1Tl (3.4-3)

Thus, Ah; and As; can be obtained by determining the pressure required to achieve
a specified solubility at several different temperatures and constant composition, x;.
In the Henry’s law region, Ah; and As; can be found directly from the temperature
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dependence of the Henry’s law constant, as given by the familiar van’t Hoff equa-

tions:
dolnH
Ah =R ’ ) (3.4-4)
(aa/r) P
olnH
As, =R 1 4
k() a9

The enthalpy and entropy of gas dissolution in the IL provide information about the
strength of the interaction between the IL and the gas, and about the ordering that
takes place in the gas/IL mixture, respectively.

Of course, a primary concern for any physical property measurement, including
gas solubility, is the purity of the sample. Since impurities in ILs have been shown
to affect pure component properties such as viscosity [10], one would anticipate that
impurities might affect gas solubilities as well, at least to some extent. Since ILs are
hygroscopic, a common impurity is water. There might also be residual impurities,
such as chloride, present from the synthesis procedure. Surprisingly though, we
found that even as much as 1400 ppm residual chloride in 1-n-octyl-3-methylimi-
dazolium hexafluorophosphate and tetrafluoroborate ((OMIM][PF¢] and [OMIM]
[BE,]) did not appear to have any detectable effect on water vapor solubility [1].

3.4.2.2 Stoichiometric technique

The simplest method to measure gas solubilities is what we will call the stoichio-
metric technique. It can be done either at constant pressure or with a constant vol-
ume of gas. For the constant pressure technique, a given mass of IL is brought into
contact with the gas at a fixed pressure. The liquid is stirred vigorously to enhance
mass transfer and to allow approach to equilibrium. The total volume of gas deliv-
ered to the system (minus the vapor space) is used to determine the solubility. If the
experiments are performed at pressures sufficiently high that the ideal gas law does
not apply, then accurate equations of state can be employed to convert the volume
of gas into moles. For the constant volume technique, a known volume of gas is
brought into contact with the stirred ionic liquid sample. Once equilibrium is
reached, the pressure is noted, and the solubility is determined as before. The effect
of temperature (and thus enthalpies and entropies) can be determined by repetition
of the experiment at multiple temperatures.

The advantage of the stoichiometric technique is that it is extremely simple. Care
has to be taken to remove all gases dissolved in the IL sample initially, but this is
easily accomplished because one does not have to worry about volatilization of the
IL sample when the sample chamber is evacuated. The disadvantage of this tech-
nique is that it requires relatively large amounts of ILs to obtain accurate measure-
ments for gases that are only sparingly soluble. At ambient temperature and pres-
sure, for instance, 10 cm® of 1-n-butyl-3-methylimidazolium hexafluorophosphate
(IBMIM][PFg)) would take up only 0.2 cm® of a gas with a Henry’s law constant of
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5000 bar. Also, small temperature variations can cause large uncertainties. For
instance, for 50 cm® of gas, a temperature fluctuation of just 1 °C would also cause
about a 0.2 cm?® volume change. For some metal apparatus of this type, gas adsorp-
tion on the metal surfaces can be an additional source of error. Thus, stoichiomet-
ric measurements are best for high-solubility gases and, in general, require excel-
lent temperature and pressure control and measurement, as well as relatively large
samples.

3.4.2.3 Gravimetric technique

An alternative technique to the stoichiometric method for measuring gas solubili-
ties has evolved as a result of the development of extremely accurate microbalances.
The gravimetric technique involves the measurement of the weight gain of an IL
sample when gases are introduced into a sample chamber at a given pressure.
There are various commercial apparatus (e.g., Hiden Analytical, Cahn, Rubotherm)
well suited for this purpose. The gravimetric technique was originally designed for
gas uptake by solids (such as zeolites), but it is well suited for ILs. Even the power-
ful vacuum (~ 107 bar) used to evacuate the system prior to gas introduction does
not evaporate the ionic liquid.

The main advantage of the gravimetric technique is that it requires a much small-
er sample than the stoichiometric technique. In many cases, samples as small as 70
mg are sufficient. Accurate temperature and pressure control and measurement are
still required, but gas adsorption on the metal walls of the equipment is no longer
a concern because it is only the weight gain of the sample that is measured.

There are two main disadvantages to this technique. Firstly, the sample is placed
in a static sample “bucket”, and so there is no possibility of stirring. Equilibrium is
thus reached solely by diffusion of the gas into the IL sample. For the more viscous
samples this can require equilibration times of as much as several hours. Second-
ly, the weight gain must be corrected for the buoyancy of the sample in order to
determine the actual gas solubility. While the mass is measured accurately, the den-
sity of the sample must also be known accurately for the buoyancy correction. This
is a particularly important problem for low-solubility gases, where the buoyancy cor-
rection is a large percentage of the weight gain. For example, the density of an IL
must be known to at least + 0.5 % if one wishes to measure the solubility of gases
with Henry’s law constants greater than 2000 bar accurately. A detailed description
of a Hiden Analytical (IGA003) microbalance and its use for the measurement of
gas solubilities in ILs can be found elsewhere [1].

3.4.2.4 Gas chromatography

Another method to determine infinite dilution activity coefficients (or the equiva-
lent Henry’s law coefficients) is gas chromatography [11, 12]. In this method, the
chromatographic column is coated with the liquid solvent (e.g., the IL). The solute
(the gas) is introduced with a carrier gas and the retention time of the solute is a
measure of the strength of interaction (i.e., the infinite dilution activity coefficient,
v7) of the solute in the liquid. For the steady-state method, yis given by [11, 12]:
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RTn, (3.4-6)

F(t—t —
YR

ref ) 32 =
where F° is the flow rate of the carrier gas, ¢ and t,,are the retention times of the
solute of interest and a solute that is not retained, respectively, J? is a correction fac-
tor for the pressure drop across the column, R is the gas constant, T is the temper-
ature, ! is the mass of solvent on the column, and B is the vapor pressure of the
solute. Additional corrections are required for a high pressure, non-ideal gas phase.
This technique has been used to measure the infinite dilution activity coefficients
of a wide variety of liquid solutes in ionic liquids [13] and could conceivably be used
to determine the infinite dilution activity coefficients of condensable gases as well.
This technique would work for condensable gases that were retained by the IL more
strongly than the carrier gas (usually helium), which may well be the case for many
of the alkanes and alkenes of interest, as shown below.

343
Gas Solubilities

Although the solubilities of gases in ILs are extremely important, at the time of this
writing the number of published studies are limited. Some measurements were pre-
sented in oral and poster presentations at a five day symposium dedicated to ionic lig-
uid research at the American Chemical Society national meeting in San Diego in
April, 2001. Scovazzo et al. [14], for instance, presented preliminary results for CO,
and N, solubility in [BMIM][PF¢], and Rooney et al. [15] presented the solubility of
several gases in several different ILs as determined by the stoichiometric technique.
A recent manuscript [16] presented Henry’s law constants for H, in two ILs. Given
the lack of availability of other data, we concentrate below on the data collected in our
laboratories.

3.4.3.1 Water vapor

The solubility of water vapor in ionic liquids is of interest because ionic liquids are
extremely hygroscopic. In addition, the solubility of water vapor in ILs is an excel-
lent test of the strength of molecular interactions in these fluids. By using the gravi-
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Table 3.4-1: Henry’s Law Constants, H;, for water in [OMIM][BF,], [BMIM][PFg], and
[OMIM][PF].

T(°C) Py, (bar) [OMIM][BF,] [BMIM][PF¢] [OMIM][PF¢]
H, (bar) H, (bar) H, (bar)

10 0.012 0.033 £ 0.014 0.09 + 0.02 0.11 + 0.03

25 0.031 0.055 + 0.006 0.17 £ 0.02 0.20 + 0.03

35 0.055 0.118 + 0.014 0.25 + 0.04 0.30 + 0.02

50 0.122 - 0.45 + 0.05 -

metric technique (Hiden Analytical IGA003) we have measured the solubility of
water vapor in [BMIM][PF;], [OMIM][PF¢], and [OMIM][BF,] at temperatures
between 10 and 50 °C and pressures up to about 80 % of the saturation pressure at
each temperature [1]. The data for the three compounds at 25 °C, at which the sat-
uration pressure is just 0.031 bar, are shown in Figure 3.4-1.

The solubility of water vapor is much greater in the IL containing [BF,]” as the
anion, perhaps due to the greater charge density [17] or simply to there being more
space for the water molecules [18]. Increasing the length of the alkyl chain on the
imidazolium ring decreases the solubility of water, as would be expected. The
Henry’s law constants are shown in Table 3.4-1. The small values indicate extreme-
ly high water vapor solubility in all the ILs.

The Ah; and As; values for the absorption of water into the three ILs are most
similar to water absorption into polar compounds such as 2-propanol. The enthalpy
change when water vapor is dissolved in the ILs is compared to dissolution in vari-
ous organics solvents in Figure 3.4-2 [19, 20]. The enthalpies for absorption of water
vapor into polar and protic solvents are much greater than for its absorption into
non-polar solvents, indicating much stronger molecular interactions between water
and the polar solvents (including opportunities for hydrogen-bonding). In fact, the
enthalpy for the absorption of water vapor into the ILs is almost as great as the value
for water condensation, which is —44 kJ/mol. Thus, the interactions between water
and the ILs are quite strong and probably involve hydrogen bonding.

=== Polar Solvents
-50 - = |Onic Liquids
=<1 Nonpolar Solvents

Enthalpy (kJ/mol)

Figure 3.4-2: Enthalpy of absorption for
water vapor in various solvents at 25 °C.




88| Joan F. Brennecke, Jennifer L. Anthony, Edward J. Maginn

3.4.3.2 Other gases

We have also used the gravimetric technique to measure the solubilities of CO,,
C,H,, C,H,, CHy, O,, Ar, H,, N,, and CO in [BMIM][PF] at temperatures between
10 and 50 °C and pressures to 13 bar [21, 22]. In complementary work, we used a
constant pressure stoichiometric technique to measure the solubility of CO, in
[BMIM][PF¢], [OMIM][PF¢], [OMIM][BE,], 1-n-butyl-3-methylimidazolium nitrate
(BMIM][NOs)), 1-ethyl-3-methylimidazolium ethylsulfate ((EMIM][EtSO,]), and N-
butylpyridinium tetrafluoroborate ([BP][BF,]) at 40, 50, and 60 °C and pressures to
95 bar [23].

CO, has by far the highest solubility of all of the gases tested (with the exception
of water vapor), as can be seen from Table 3.4-2, which gives the Henry’s law con-
stants of the various gases in [BMIM][PF] at 25 °C. In the high-pressure measure-
ments, CO, solubilities reached as high as 70 mole % [23]. Although there were
some differences (e.g., at a given pressure the CO, solubility in [EMIM][EtSO,] was
about half that in [BMIM][PF]), the solubility of CO, was remarkably high in all of
the ILs tested. However, CO,/IL mixtures did not become single-phase at higher
pressures and there was no detectable IL dissolved in the CO,-rich gas phase. Even
more interestingly, the dissolution of the CO, in the IL was accompanied by very
little volume increase.

Of the remaining gases, C,H,, C,H;, and CH, are the next most soluble, in that
order. O, and Ar display some measurable solubility, but the solubilities of H,, N,
and CO are below the detection limit of our equipment. The estimates of these
detection limits for each gas, which depend on the molecular weight of the gas, are
listed in Table 3.4-2. H, is particularly difficult to measure by the gravimetric tech-
niques, due to its low molecular weight. For the low-solubility gases, the greatest
source of uncertainty in the measurements is the uncertainty in the IL density need-
ed for the buoyancy correction. The solubilities of the non-polar gases, apart from
CO,, which has a large quadrupole moment, correlate reasonably well with the
polarizabilities of the gases. On the basis of this correlation, we would predict
Henry’s law constants for H,, N,, and CO of 20,000 bar, 6000 bar, and 5000 bar,
respectively, at 25 °C. This would suggest that we should have been able to measure
the Henry’s law constants for N, and CO, but this was not the case. Similar trends
are observed at the other temperatures [22].

Gas Henry’s Law Constant (Bar)

CO, 53.4+0.3

C,H, 173 + 17

C,H; 355+ 36

CH, 1690 + 180

0O, 8000 + 5400

Ar 8000 + 3800

H, Non-detectable (>1500)

N, Non-detectable (>20000)

co Non-detectable (>20000) Table 3.4-2: Henry’s Law Constants, H;, for

various gases in [BMIM][PF¢] at 25 °C.
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Berger and coworkers [16] presented measurements for the Henry’s law constant
(defined as M = K*P, where M is the gas solubility in mol L™, K is the constant in
mol L'atm™, and P is the gas partial pressure in atm.) of H, in [BMIM][PF] and
[BMIM][BE,] of 3.0 x 10~ mol L™! atm™ and 8.8 x 107* mol L™ atm™, respectively.
The value for [BMIM][PF;] corresponds to about 5700 bar, which is consistent with
our measurements. However, it should be noted that Berger et al. [16] used a con-
stant volume stoichiometric technique with a 50 cm? vessel, pressurized to 50 atm.
and containing 10 cm® of IL. The resulting pressure drop when the gas is absorbed
into the liquid would only be on the order of 0.005 atm. The authors do not report
the uncertainty of their Henry’s constants, nor the accuracy of their pressure gauge.
Unless a highly accurate differential pressure transducer was employed, it is likely
that these values are good order of magnitude estimates only.

Not surprisingly, the enthalpy of adsorption of CO, is the highest of the gases listed
in Table 3.4-2, indicating strong interactions between the CO, and [BMIM][PF;]. How-
ever, it is significantly less than that for the dissolution of H,O vapor in [BMIM][PFj].
The enthalpies decrease in magnitude in the order of decreasing solubility. Interest-
ingly, O, and Ar exhibit positive enthalpies of absorption, indicating that there are no
measurable attractive forces and that their dissolution in the IL is entirely entropically
driven. Thus, gas solubilities are a useful “probe