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Foreword

This excellent book is a well-timed event in a rapidly expanding area within
chemistry and within the analytical/measurement community in chemistry.
It comes at a time when there is growing pressure for many of us to become
familiar with this new area and to speculate on the implications for our par-
ticular niche in chemical measurement science.

Much of the popular reference to ionic fluids seems to be focused on the
green chemical use of these remarkable substances as more ecologically and
environmentally acceptable solvents in analytical procedures. We are a long
way from any evidence that every possible use of organic solvents in analyti-
cal procedures has an ionic fluid analog. Only time will tell.

I am led to reflect on my early ventures into the chemical literature of the
late nineteenth century driven by curiosity and the need in those days of old
to meet the foreign language requirements of the typical American doctoral
program. One can find articles based purely on the discovery that, for exam-
ple, acetone is a very useful solvent in organic synthesis! Recall, dear reader,
that it took decades to adopt standards for what purity meant for many of the
common organic solvents. As late as the 1970s, there was enough variance on
the definition of purity that high-performance liquid chromatography meth-
ods, which were successful in one area of the world failed in others entirely
on the basis of impurities in the components of the mobile phases used. Even
pure methanol and pure acetonitrile were not readily available everywhere.
My point is that before ionic fluid substitutes can be found for the use of com-
pendial methods, there may be a good deal of work to be done.

Dense ionic fluids are not all that new if one examines the many
applications of molten salt use in chemistry to date. A good deal of the work
is in electrochemistry where the relatively high temperatures are less of a
limitation but the relation between low-temperature molten salts and ionic
fluids certainly exists. It would be wise neither to completely depend on nor
to completely ignore all that has been learned with molten salts and molten
salt chemistry. Some highly reactive, easily oxidized metals are readily puri-
fied in molten salt solvent systems without the problems with oxygen or the
decomposition of water with release of hydrogen.

How will the microscopic properties of ionic fluids complicate the applica-
tion of these remarkable substances to new kinds of analysis? If they are used

vii
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viil Foreword

for stationary phases (or mobile phases) in, for example, chromatography, it
is likely that the familiar dominant factors in retention—volatility or solubil-
ity—will remain. Which of the unique properties of ionic fluids will have
significant secondary effects on selectivity may be of concern. Will the double
layer at the surface favor some sort of Gibbs isotherm with surface sorption
competing with bulk dissolution? It is fine to speak of a dense ionic fluid
as being electroneutral but how will that dense ionic atmosphere influence
solubility for ionic species? Will mixed ionic fluids make analytical use of the
common mechanistic organic strategy possible, where different solvents are
used to favor by-product production, but, in the case of measurement, favor
a more easily measured analyte? One could double the size of this book by
speculating on what we will know 30 years hence. Only time will tell and
thus there is a lot of work to be done.

Charles H. Lochmiiller
Duke University
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Common ionic liquids—
structure, name, and
abbreviation

Common ILs include ammonium, phosphonium, sulfonium, guanidinium,
pyridinium, imidazolium, and pyrrolidinium cations. However, use of
nomenclature vary among researchers. It is prefered to abbreviate through-
out this book as [C,C,,C,Im], [C,py], and [C,C, pyr] for the alkylimidazolium,
pyridinium, and pyrrolidinium cations, respectively, where Im stands for
imidazolium, py for pyridinium, and pyr for pyrrolidinium. The number of
carbons in the N-alkyl chains are expressed by n, m, and z.

The most common anions are CI-, Br-, [BE,]5, and [PF,]". For simplicity,
trifluoromethanesulfonyl [CF;SO,] anion is abbreviated as [TfO], bis(trifluo
romethanesulfonyl)imide [(CF;S0,),N] - anion as [Tf,N] - (Tf is a short-hand
notation for triflate), and dicyanamide [N(CN),]” anion as [dca]. There are
several examples of alkylsulfate anions, which we will abbreviate [C,SO,],
where 7 is the carbon number of alkyl chain.

X0
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Some Examples of Names, Structural Formulas, and Abbreviations Used

Ionic Liquid

Structural Formula

Abbreviation

1-Ethyl-3-methylimidazolium
hexafluorophosphate

1-Butyl-3-methylimidazolium
hexafluorophosphate

1-Butyl-3-methylimidazolium chloride

[\ [C,CiIm][PF]

[T\ [C,CIm][PF,]
N

\ /
/\

[C,C,Im]Cl

)

CI-

10X
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1-Hexyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide

1,3-Dimethylimidazolium methylsulfate

1-Butyl-3-methylimidazolium
methylsulfate

1-Ethyl-3-methylimidazolium
ethylsulfate

\ i

H,C—O0—S—0

e N [

o
N_N
P VAN
0

H,C— O0—S8—=0

I
0]

— O
\ I
/+\/ \/ \/O_ﬁ_o

[C,C,Im][T£,N]

[C,CIm][C,SO,]

[C,CIm][C,SO,]

[C,C,Im][C,SO,]

(continued)
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(Continued)

Ionic Liquid

Structural Formula Abbreviation

1-Butyl-3-methylimidazolium octylsulfate

1-Ethyl-3-methylimidazolium tosylate

1-Hexyloxymethyl-3-methylimidazolium
tetrafluoroborate

[T\ [C,CIm][CSO,]

/:\ |C|) [Czcllm] [TOS]

/ \ [CeH,;0CH,~C,Im][BE,]
N

mnox
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UOYI0249qQD PUY “QUWDU “dANJONATS



D71 ‘dnoip swouer] % 10[Ae, 9 6007 O

1-Hexyloxymethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide

1,3-Dibutyloxymethylimidazolium
tetrafluoroborate

1,3-Dioctyloxymethylimidazolium
bis(trifluoromethylsulfonyl)imide

/—\ [CH;OCH,-C,Im][Tf,N]
N N (o)
P N e e
o]
F

\\S/N\S//O F
Py as
F 0 0 F

/:\ '|: [(C,H,OCH,),Im][BF,]

/T [(C4H,,;O0CH,),Im][T£,N]

(continued)
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(Continued)
Ionic Liquid Structural Formula Abbreviation
1,3-Didecyloxymethylimidazolium / \ [(C,,Hx;OCH,),Im][T£,N]

bis(trifluoro-methylsulfonyl)imide

1-Butyl-3-methylimidazolium
2-(2-methoxyethoxy)-ethysulfate

4-Butyl-pyridinium tetrafluoroborate

Ethyl-(2-hydroxyethyl)-dimethyl-
ammonium tetrafluoroborate

C1oH21 \/ \/ ~ \010H21
\\ N //

S,

[\ [C,C,Im][MDEGSO,]
e ¥ X N o > o)

/O\/\O/\/Oiﬁio

(0]
T [4-C,pyl[BE,]
HNQ / / \
+ F F
F
F [(C)),C, HOC,N][BE,]
Hok N+J é_
‘ /| \F
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Ethyl-(2-hydroxyethyl)-dimethyl- f|:
ammonium hexafluoroborate k F F
HO N+J \P’<
7 | °F

F

Butyl-(2-hydroxyethyl)-dimethyl-

. . Br-
ammonium bromide k +_/\/
HO N

Hexyl(2-hydroxyethyl)dimethyl-

. . Br-
ammonium bromide k +J\/\/
HO N

Hexyl(2-hydroxyethyl)dimethyl-

ammonium tetrafluoroborate k +M |
HO N B_

Didecyldimethylammonium nitrate

+
CyoHz; N——CyoHy;  NO3

(Benzyl)dimethylalkylammonium nitrate /
+N\—R NO;

[(C1),C, HOC,N][PF]

[(C,),C, HOC,N]Br

[(C,),C, HOC,N]Br

[(C1),C HOC,N][BF,]

[(C1)2(C1),N]INO;]

[Be(C,),C,N][NO;]

(continued)
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(Continued)
Ionic Liquid Structural Formula Abbreviation
Tetrabutylphosphonium C4Hg [(CY,PIIC,SO;]
methanesulfonate

1-(4-Methoxyphenyl)imidazolium
trifluoromethanesulfonate

1-Benzyl-3-methylimidazolium
trifluoromethanesulfonate

\ / CF4S0;3

\@ / CF,S03

[CH,O-PhC,Im][TfO]

[BeC,Im][TfO]

Note: The less common ionic liquids not seen in this list are described in the text.
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List of abbreviations

2,5-Dihydroxybenzoic acid
a-Cyano-4-hydroxycinnamic acid
B-Cyclodextrin

Acetonitrile

Aqueous two-phase liquid system
Atmospheric pressure chemical ionization
Background electrolyte

Calcium binding proteins
Calix[4]arene-bis(tert-octylbenzo-crown-6)
Capillary electrochromatography
Capillary electrophoresis

Capillary gel electrophoresis

Capillary zone electrophoresis

Charge transfer

Chiral stationary phases

Circular dichroism

Collision-induced decomposition

Conductor-like screening model for real solvents

Countercurrent chromatography
Critical micelle concentration

Crown ether dicyclohexano-15-crown-5
Crown ether dicyclohexano-18-crown-6
Cytochrome ¢

Dibenzothiophene

Differential scanning calorimetry
Diffusion-ordered spectroscopy
Dimethylated p-cyclodextrin
Dimethyldinonylammonium bromide
Dimethylsulfoxide
Dioctylsulfosuccinate

Diode array detector

Double-stranded DNA

Dual spin probe
Electrochemiluminescence
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DHB
HCCA

B-CD or HP-B-CD

ACN
ATPS
APCI
BGE
CALB
BOBCalixC6
CEC

CE

CGE
CZE

CT

csp

CD

CID
COSMO-RS
CCC
CMC
DC15C5
DC18C6
Cyt-c
DBT
DSC
DOSY
B-DM
DMDNAB
DMSO
docSS
DAD
dsDNA
DSP
ECL
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Electron impact

Electroosmotic flow

Electrospray ionization

Empirical potential structure refinement

Ethanol

Ethyl tert-butyl ether

Extended x-ray absorption fine structure

Fast atom bombardment

Flory—Benson-Treszczanowicz model

Fourier transform infared

Fourier transform MS

Gas chromatography

Gas-liquid chromatography

Group contribution method of predicting
activity coefficients

Heteronuclear multiple-quantum correlation

High-pressure liquid chromatography

High-resolution magic angle spinning NMR

Indium tin oxide

Inductively coupled plasma

Ionic liquid

Ionic liquid matrices

Laser desorption/ionization

Linear solvation free energy relationship

Liquid chromatography

Liquid phase microextraction

Liquid-liquid equilibrium

Mass spectrometry

Matrix-assisted laser desorption/ionization

Mercury film electrode

Methanol

Micellar electrokinetic capillary chromatography

Multiple linear regression analysis
Near infrared

Nicotinamide adenine dinucleotide
N-methyl-2-pyrrolidinone
Nonaqueous capillary electrophoresis
Nuclear magnetic resonance

Nuclear Overhauser effect

Nuclear Overhauser effect spectroscopy
Peak asymmetry factor
Permethylated B-cyclodextrin
Phosphorous oxychloride
Phosphorous trichloride
Polydimethylsiloxane
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List of abbreviations

EI
EOF
ESI
EPSR
EtOH
ETBE
EXAFS
FAB
FBT
FTIR
FTMS
GC
GLC

UNIFAC
HMQC
HPLC
HR-MAS NMR
ITO
ICP

IL

ILM
LDI
LSFER
LC
LPME
LLE
MS
MALDI
MFE
MeOH
MEKC
MLRA
NIR
NADH
NMP
NACE
NMR
NOE
NOESY
PAF
B-PM
POCl,
PCl,
PDMS
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Poly(ethylene oxide) PEO
Polyethylene glycol PEG
Polyoxyethylene-100-stearylether Brij 700
Polyoxyethylene-23-laurylether Brij 35
Polytetrafluoroethylene PTFE
Quality assessment and quality control QA and QC
Radjial distribution functions RDFs
Reversed phase LC RPLC
Rotating frame Overhauser effect spectroscopy ROESY
Secondary ion mass spectrometry SIMS
Self-assembled monolayer SAM
Sinapinic acid SA
Sodium dodecylsulfate SDS
Solid phase microextraction SPME
Solid-liquid phase equilibria SLE
Static structure factor S(Q)
Surface-confined ionic liquids SCIL
Surface-enhanced Raman scattering SERS
Task-specific ionic liquids TSILs
Tetradecyltrimethylammonium bromide TTAB
Tetrahydrofuran THF
Thermogravimietric analysis TGA
Time of flight ToF
Total correlation spectroscopy TOCSY
Ultraviolet-visible UV-Vis
Upper critical solution temperature ucCsT
Vapor-liquid equilibrium VLE
Vogel-Tammann-Fulcher equation VTF
Wall-coated open tubular WCOT
X-ray photoelectron spectroscopy XPS

5/ \4
12 10
8 NN
1 3\
6

v
11 9 7 2

Scheme 1 Numbering scheme on the 1-hexyl-3-methylimidazolium cation,
[C,C,Im]*, showing the three ring protons H2, H4, and H5.
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Introduction

In sale et sole existunt omnia
(Life depends on salts and sunshine)

The development of analytical chemistry continues at a steady rate and
every new discovery in chemistry, physics, molecular biology, and materials
science finds a place in analytical chemistry as well. The place can either
be a new tool for existing measurement challenges or a new challenge to
develop stable and reliable methods. Two examples are the advent of nano-
structure materials and alternative solvents, both of which saw their main
development in the past decade. Nanostructural materials pose a new scale
of measurement challenge in size and number. New solvents with their envi-
ronmentally benign properties offer a possibility for wasteless operation.

What happens when salt is melting and can this melt be used in chemical
processes? This question has a long history, and usually organic chemists are
not interested in finding solutions because of high temperatures related to
melts. It was true up to the end of the twentieth century when room tempera-
ture molten salts became available. Their difference from common liquids
is emphasized by calling them ionic liquids (ILs). The term is used loosely to
describe organic salts with their melting point close to or below room tem-
perature. ILs define a class of fluids rather than a small group of individual
examples. And this was a successful choice of the name. They form liquids
composed in the majority of ions. This gives these materials the potential to
behave very differently in contrast to conventional molecular liquids when
used as solvents. ILs promise entirely new ways to do solution chemistry,
which could improve both measurement and the impact of the amount of
waste into the environment.

Historically, the following four main steps must be mentioned: the prepa-
ration of ethylammonium nitrate [C,H;NH,][NO,] by Paul Walden in 1914 is
recognized by many as the first IL. This compound has a melting point of
12°C but owing to its high reactivity has not really found a use [1]. This was
the outcome of his studies of conductivity and electrical properties of salt
solutions, especially nonaqueous solutions of organic salts. He conducted
very systematic studies with different solvents and salts, and his special
interest was in ammonium salts. But Walden himself pointed on the work

XXvii
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Xx0iii Introduction

of C. Schall on alkyl-quinoline triiodide’s as low-melting organic salts [2],
which are nowadays under the study as tailor-made ILs [3].

At that time, Paul Walden (1863-1957) (because of his Latvian origin, he
is known in Latvia as Pauls Valdens) was working in Riga Polytechnicum.
Later, Riga Polytechnicum was restructured and became an official univer-
sity of Russian Empire—Riga Polytechnic Institute. In 1910, Walden became
a member of the Russian Academy of Science. Between 1911 and 1915 in
St Petersburg, Walden was head of the Laboratory of Chemistry at the Acad-
emy of Science. Later, he joined Riga Polytechnic Institute again, but during
World War I, the Institute was evacuated to Moscow where Walden worked
until his return to Riga in 1918. Although Latvia had gained independence,
at that time free and international contacts were not supported, and Walden
left for Germany and served as Head of the Chemistry Department of the
University of Rostock from 1919 to 1934. Paul Walden made a series of spe-
cific discoveries in chemistry (e.g.,, Walden Inversion) and can be regarded as
the founder of two new scientific fields—dynamic stereochemistry and the
electrochemistry of nonaqueous solutions.

The main consensus seems to be that the first major studies of room tem-
perature molten salts were made in the 1940s by a group led by Frank Hurley
and Tom Weir at Rice University. When they mixed and gently warmed pow-
dered pyridinium halides with aluminum chloride, the powders reacted,
giving a clear, colorless liquid [4-7]. These mixtures were meant to be used
in electrochemistry, particularly in electroplating with aluminum.

The third step was the introduction of alkylimidazolium salts in the early
1980s [8]. It was the discovery of 1-ethyl-3-methylimidazolium-based chlo-
roaluminate ILs in 1982 that accelerated activities in the area of room tem-
perature ILs (RTILs). The named salt is one of the most widely studied room
temperature melt systems, which is liquid at room temperature for compo-
sitions between 33 and 67 mol% AICl,. The exciting property of halogeno-
aluminate ILs is their ability for acid-base chemistry, which can be varied
by controlling the molar ratio of the two components. This kind of tuning
makes these ILs attractive as nonaqueous reaction media. Aluminum chlo-
ride, however, reacts readily with water, which has limited the use of these
types of ILs to the electrodeposition of metals and some synthetic reactions
requiring very strong Lewis acid catalysts.

Almost that time, in the 1980s, the term ionic liguid became more popular
to describe organic salts that melt below ~100°C and have an appreciable
liquid range.

The fourth step is related to the search for air- and water-stable ILs, which
followed 10 years later, and this gave a real push for further developments
in this area. Air- and water-stable molten salts can be obtained using the
weakly complexing anion in the imidazolium compound [9].

With these studies, the alkylimidazolium-based salts became almost
synonyms of ILs. Possibly, the most widely studied one is 1-butyl-3-methy-
limidazolium hexafluorophosphate, which is liquid at room temperature
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and melts at —8°C. This particular IL has been studied for a wide range of
applications.

An excellent short history of ILs, which covers the crucial moments of
this area up to 1994, is presented by eyewitness to and participant in crucial
developments, Professor John S. Wilkes [10].

ILs have proved to be as media not only for potentially green synthesis,
but also for novel applications in the analysis, where the unique properties
of these liquid materials provide new options based on different chemical
and physical properties. ILs can be applied not only in the existing methods
where it is always needed to improve sensitivity and selectivity of the analy-
sis, but their different behavior and properties can offer original solutions in
chemical analysis; and the search for new applications of ILs is growing in
every area of chemistry including analytical chemistry.

However, introduction of the dimension of green chemistry into the
assessment of analytical methods should be a natural trend of develop-
ment in chemistry and it should coincide with its general policy. Some of the
principles of green chemistry, such as prevention of waste generation, safer
solvents and auxiliaries, design for energy efficiency, safer chemistry to mini-
mize the potential of chemical accidents, and the development of instrumen-
tal methods are directly related to analytical chemistry. Analytical methods
are developing fast, whereas concern about the safety of environment, water,
and food is a strong driving force. Also, the public needs confirmation that
chemical products and processes are safe.

Several reviews have been published about ILs and analytical chemistry,
fortunately now we have main players in this field in one place who kindly
agreed to provide their contributions. This book is an attempt to collect experi-
ence and knowledge about the use of ILs in different areas of analytical chem-
istry such as separation science, spectroscopy, and mass spectrometry that
could lead others to new ideas and discoveries. In addition, there are chapters
providing information of studies on determination of physicochemical prop-
erties, thermophysical properties and activity coefficients, phase equilibrium
with other liquids, and discussion about modeling, which are essential to
know beforehand, also for wider applications in analytical chemistry.

There are very promising examples of the use of these unique materi-
als in the primary literature. ILs have good solvating properties together
with broad spectral transparency, making them suitable solvents for spec-
troscopic measurements. It was tried to cover interest in different extraction
techniques also, starting with separation of gases and ending with metals. It
has been demonstrated that task-specific ILs (TSILs) have advantages com-
pared to common solvents used as separation media in the liquid-liquid
extraction process achieving both high efficiency and selectivity of separa-
tion. The main advantage of ILs for other applications in analytical chemistry
lies in their low volatility, which makes ILs useful as solvents for working
in both high temperature (GC stationary phases) and high vacuum (MALDI
matrixes) environments. The reader will find changes in style and emphasis
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in different chapters that have been prepared by different authors; hopefully
this variety is the strength of this book.

Using an IL as a solvent or an electrolyte medium, it is possible to achieve
a broader range of operational temperatures and conditions, relative to other
conventional electrolytic media, and make them promising materials in var-
ious electrochemical devices for analytical purposes, such as sensors and
electrochromic windows also. However, this book is not intended to give a
detailed coverage of analytical electrochemistry with ILs. To justify this, we
use the words of Prof. Keith Johnson, University of Regina, Canada: “There
is a vast literature on electrochemistry of ILs, both the recent organic and
semiorganic salts and the inorganic ‘molten’ salts. This consists of papers in
which the liquids are characterized by their electrochemistry or the proper-
ties of solutes in them are studied electrochemically. That does indeed give a
pool of information on electrochemistry in these systems just as is available
for aqueous or organic solutions (see Ohno’s book [11] or Baizer’s book [12]
for the latter). However, if one has a problem of determining X in Y, treating
the sample with an ionic system may be a means to making a solution of X,
but electroanalysis of said solution to measure X may not be straightforward.
It appears not to have been tried and would likely be prohibitively expensive
through IL consumption. The picture may change in a few years but at pres-
ent there is little to say—certainly not enough for a book chapter.”

The approach in this book will be that of a tutorial providing an aid to
the novice to enter the area that will include both new and senior scientists.
Therefore, it is not expected to give a complete coverage of the literature in
the area. Also time sets the limit and we had to stop on the middle of 2007.
We do not expect that ILs will solve every problem in chemistry (in our case
analytical chemistry), but our hope is to help find a proper area where the
use of these materials could be the most advantageous. Thus, for ILs the
future is bright and the future has to be green.
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General review of ionic
liquids and their properties
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1.1 Introduction

Ionic liquids (ILs) can be composed from a large number of cations and
anions, with an estimated number of possible ILs on order 10'8, which makes
this class of compounds as one of the largest known in chemistry. Knowl-
edge of the physical properties of ILs and the phase behavior with gases,
liquids, and solids (including inorganic salts) is important for evaluating and
selecting ILs for each application as well as process design. ILs have recently

1
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2 Ionic liquids in chemical analysis

become very popular as potential solvents for industrial applications in many
different disciplines of science and environment. Enormous progress was
made during the recent 10 years to synthesize new low-melting ILs that can
be handled under ambient conditions, and nowadays more than 350 ILs are
already commercially available. Although the main interest is still focused
on the synthesis in room temperature, IL as solvent/catalyst, on electrochem-
istry, physical chemistry in ILs, various aspects of thermodynamics, and ILs
in analytical chemistry are discussed in this chapter. The focus is placed on
air- and water-stable ILs as they will presumably dominate various fields of
chemistry in the future. Indeed, because each IL has its own unique proper-
ties, it should be possible to design a compound, a solvent, an additive, nano-
structure particles, sensors, gels, or mixtures to suite particular applications.

Relevant literature available up to February 2007 has been covered. The
presentation is restricted to systems which seem to have the best prospects
for successful use in different fields of chemistry and chemical engineering.

International organizations, for example, IUPAC Thermodynamics,
started to collect the physical-chemical and thermodynamic properties of
ILs about 10 years ago. Now, for the first time we can find massive data in
two data banks: Dortmund Data Bank, Germany [1] and NIST Boulder Colo-
rado, USA [2].

It is generally known that the examined properties and phase behavior of
ILs vary on cation and anion structures changing. Some typical trends will
be presented in this chapter on the basis of the structural effect on the inter-
actions between counterpart ions (see, for example Ref. 3, the spoon-shaped
structure of the unit cell of the 1-dodecyl-3-methylimidazolium hexafluoro-
phosphate, [C,,C,Im][PF]), and between the IL and the solvent, or the coexist-
ing compound. The structure of IL and its interaction with the environment
is extremely important in applications in analytical chemistry [4].

This chapter reviews developments in physical-chemical properties, ther-
mophysical properties, phase equilibria, activity coefficients, modeling, and
electrochemistry.

1.2 Effect of the structure on physical-chemical properties

The physical-chemical properties of ILs depend on the nature and size of
both their cation and anion constituents. Their application in science and
industries is merited because ILs have some unique properties, such as a
negligible vapor pressure, good thermal stability, tunable viscosity and mis-
cibility with water, inorganic and organic substances, a wide electrochemical
window, high conductivity, high heat capacity and solvents available to con-
trol reactions. Despite their wide range of polarity and hydrogen-bonding
ability, these new solvents are liquid from 180 K (glass transition) to 600 K.
Possible choices of cation and anion that will result in the formation of ILs are
numerous. The most popular five different well-known classes of ILs are as
follows: imidazolium, pyridinium, pyrrolidinium quaternary ammonium,
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Chapter one:  General review of ionic liquids and their properties 3

and tetra alkylphosphonium ILs. Of these, the most popular in experimental
laboratory work worldwide are undoubtedly 1,3-dialkylimidazolium salts,
primarily due to the attractive and easy-tailored physical properties. To do
this, however, it is necessary to assume that ILs are the substances of which
the local structural (i.e., electronic and steric) features may be correlated
with their physical-chemical properties. The effect of the cation and anion
structures has been studied in detail. The influence on physical-chemical
properties and phase behavior is the subject of discussion in this chapter.
From early research it is known that ILs are hydrogen-bonded substances
with strong interionic interactions. For example, the isomorphous crys-
tals of l-ethyl-3-methylimidazole iodide and bromide structures consist
of layers of anions and cations interconnected by an extended network of
hydrogen bonds. Each cation is hydrogen-bonded to three anions and each
anion is hydrogen-bonded to three cations [5]. On the other hand, 1-ethyl-
3-methylimidazolium chloride has a more complicated crystallographic
structure—chloride anion is hydrogen-bonded to the three cations, but to
different ring protons than iodide and bromide salts. Focusing on the other
anions, there is a clear anion effect seen in the properties with special place
for bis(trifluoromethylsulfony)imide, [Tf,N]~ ion, which appears not to fit in
the simple trend, as this anion becomes more basic, the hydrogen bond donor
ability of the IL decreases. Usually, there is an important Coulombic contri-
bution to the hydrogen bonds formed between the IL and the other solvents
especially for [Tf,N]~ and [NO,]~ anions [6]. Interactions between two molec-
ular solvents are usually described by their polarity, as expressed through
their dielectric constants. Since this scale is unable to provide adequate cor-
relations with many experimental data with ILs, the hydrogen-bond acidity,
hydrogen-bond basicity and dipolarity and polarizability effects have mainly
been used. Changing the cation or anion, their solvent properties can differ
considerably from one another as well as from traditional molecular solvents.
Two different ILs that have essentially identical polarity ratings or descriptors
can produce very different results when used as solvents for organic reac-
tions, gas-liquid chromatography (GLC), or extraction. ILs with additional
functional groups are capable of having additional interactions with other sol-
vents or dissolved molecules. By demonstrating their structure and diversity
of functionality, they are capable of most types of interactions as dispersive,
n—1, n—i, hydrogen bonding, dipolar, and ionic/charge—charge interactions
already mentioned. In every solution, there can be a number of different (in
terms of type and strength) and often simultaneous solute—solvent interac-
tions. Several approaches have been proposed that allow one to examine and
categorize different IL-molecular solvent interactions. The Rohrschneider—
McReynolds constants were originally developed to characterize liquid
stationary phases for gas chromatography on the basis of several different
interaction parameters [7]. The solvation parameter model developed by
Abraham has been used to characterize either liquid- or gas-phase interac-
tions between solute molecules and liquid phases [8-10]. The classification of
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4 Ionic liquids in chemical analysis

the 17 ILs based on dipolarity and hydrogen-bond basicity characteristics has
been presented to provide a model that can be used to pick ILs for specific
organic reactions, liquid extractions, or GLC stationary phases [11].

The structural factors of the cation are focused on symmetry, polarity
(charge density), number of carbon atoms in the alkane substituent and its
flexibility, the rotational symmetry of the head ring, the cyclic and branched
structures, and the functional tail group. Similar structural factors have an
influence on the properties of anions, including charge delocalization either
by a large volume of the central atom, or by the presence of the perfluoroalkyl
chain. It was recently very punctiliously discussed by Hu and Xu [12], and
also the discussion on many other ILs, including pyrazinium, piperazinium,
and chiral ILs, has been presented.

Chemical structures, names, and abbreviations of modern typical ILs,
most of which will be discussed in this chapter, are listed in Table 1 of the
Introduction.

The structure of the extremely popular anion [Tf,N]~ is specified—the
charge from the central nitrogen is delocalized onto the neighboring sulfur
atoms, but not to any great extent onto the four sulfonyl oxygen atoms.
Thus, the delocalized charge is confined to the molecule and shielded by
the oxygens and terminal —~CF; groups from Coulombic interactions with
neighboring cations [13]. The cations or anions containing oxygen, such as
alkoxy groups, for example [C,H;;OCH,-C,Im]* or [MDEGSO,]", tend to
have specific interactions due to hydrogen bonding, or the dipole—dipole
interactions. The acidic C(2)-H group of the imidazolium ring is bonded to a
carbon located between two electronegative nitrogen atoms and contrary to
ammonium, phosphonium, and sulfonium, ILs could engage in H-bonding.
C(2)-H has greater ability to hydrogen bonding than the D@4), or C(5)-H
groups, proved by the phase equilibria measurements and the interaction
with alcohols [14], spectroscopic nuclear magnetic resonance (NMR) mea-
surements, and ab initio calculations [15-17]. The H-bonding ability of the
anion strongly depends, on its effective charge density and its symmetry.

1.3 Densities, viscosities, and transport properties

The effect of the cation/anion structure on density was perfectly discussed
for more than 300 ILs in a recent publication [12]. ILs are mostly denser than
water with values ranging from 1 for typical ILs to 2.3 g cm™ for fluori-
nated ILs. For example, the densities of three salts are: [C;C,Im][BF,] 1.08 g
cm 3 or [C,,C,Im][BF,] 1.04 g cm 3, whilst trifluoromethylethylpyridazinium
bis(trifluoromethylsulfonyl)imide, 2.13 g cm™2 at T = 298.15 K [18,19]. Density
depends strongly on the size of the ring in the cation, on the length of the
alkyl chain in the cation, on the symmetry of ions and on the interaction
forces between the cation and the anion. The ILs with aromatic head ring,
in general, present greater densities than pyridinium head ring ILs and than
do imidazolium ring ILs. Density increases with increasing symmetry of
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Chapter one:  General review of ionic liquids and their properties 5

their cations. The increases of an alkyl chain diminish the densities in a sys-
tematic manner (sometimes only slightly, as was shown above) [12,20]. ILs
with functional groups reveal higher densities than those of alkyl chains.
The densities of ILs based on 1,3-dialkylimidazolium cations increase for
typical anions in the order: [Cl]” < [BF,]” < [C,SO,]~ < [PF]~ < [Tf,N]".
Very popular in many recent studies, especially in the liquid-liquid extrac-
tion research, [C;C,Im][Tf,N] displayed density equal to 1.372 g cm™ at
T = 298.15 K [12]. For ammonium salts, an increase in an alkyl chain at cation
increases densities. The influence of popular anions and cations of imidazo-
lium salts is presented in Figure 1.1.

It is clearly shown that salts with [Tf,N]~ anion have higher density than
salts with [PF;]~ anion. The influence of the alkyl chain on the density of
specific alkoxy- and acetoxy-ammonium salts is shown in Figure 1.2.

Densities are higher for the alkoxymethyl(2-hydroxyethyl)-dimethylam-
monium salts than for (2-acetoxyethyl)alkoxymethyl-dimethylammonium
salts [21]. The increases of the alkyl chain at the cation from ethyl- to dodecyl-
decrease the density from 1.45 to 1.21 g cm . The densities of imidazolium
salts with popular cation [C,C,Im]" are presented in Table 1.1.

It is easy to notice that the lowest value of density is with dicyanamide
anion, [dca]”, and the highest with the bis(trifluoromethylsulfonyl)imide
anion, [Tf,N]".

There is little data available covering on density as a function of pressure
and temperature. Typical imidazolium salts, [C,C,Im][PF,], [C,C,Im][BE,],
[C,CIm][TE,N], [CCIm][TE,N], and [CyeCIm][BE,], as well as [C;C,Im][PF],
were measured from 298 to 333/343 K and up to 60, or 200 MPa [28-30].
Recently, the densities of phosphonium salts (trihexyltetradecylphosphonium
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Figure 1.1 The influence of cation and anion on the density of imidazolium
[C,C,Im][X] ionic liquids at T = 298.15 K, where n = 1-10 and anions [X]~ are [Tf,N]~
(black), [AIC1,]~ (light grey), [BF,]~ (dark grey), and [PF,]~ (white).
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Figure 1.2 The influence of anion on the density of ammonium ionic liquids with
alkoxy and acetoxy cations and [Tf,N]~ anion at T = 298.15 K: alkoxymethyl(2-hydroxye-
thyl)-dimethyl cation (black) and (2-acetoxyethyl)alkoxymethyl-dimethyl cation (white).
(Adapted from Pernak, J., Chwata, P, and Syguda, A., Polish. ]. Chem., 78, 539, 2004.)

Table 1.1 Densities, p, at 298.15 K of Several
Ionic Liquids with [C,C,Im]* Cation

Anion p(gem™) Reference
[BF,]- 1.240 22
1.279 23
1.280 24
[T£,N]- 1.520° 25
1.518 23
[CE,SO;]~ 1.3902 25
[CF,CO,]- 1.390 26
1.285% 25
[C,SO,]~ 1.236 Our value
[dca]™ 1.060 27

2 AtT =295.15K.

chloride, or acetate, or bis(trifluoromethylsulfonyl)imide) at 298-333 K and up
to 65 MPa were published [31]. The densities of these ILs are significantly
lower than that of commonly used imidazolium-based ILs. With an increas-
ing pressure the density increases.

Transport properties play an important role in chemical reactions, electro-
chemistry, and liquid-liquid extraction. This concerns mainly the viscosity
of ILs and their solutions with molecular solvents. Viscosity of ILs, typi-
cally at the level of 10-500 cP at room temperature, is much higher than that
characteristic of water (7(H,O) = 0.89 cP at 298.15 K) and aqueous solutions.
The high dynamic viscosity (viscosity coefficient) of ILs causes difficulties
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Table 1.2  Viscosity, #, at 298.15 K of Several
Ionic Liquids with [C,C,Im]* Cation

Anion 7 (cP) Reference
[~ 963 37
[NO,]~ 266 38
[BF,]- 2330 32
[PE ]~ 3122 32
[NbF]® 95 39
[CE;SO,]~ 90¢ 32
[CE,CO,]~ 73¢ 32
[TE,N]- 52¢ 32

a AtT =303.15K.
b Hexafluoroniobate anion.
¢ AtT =293.15K.

in practice. It affects the diffusion of solutes and practical issues, such as
stirring and pumping. Data of viscosity at different temperatures were pub-
lished by many authors [12,32-36]. The influence of the anion for a few salts
with the [C,C,Im]* cation is presented in Table 1.2.

The viscosity of ILs is determined by van der Waals forces and hydrogen-
bonded structures. Electrostatic forces and the shift of charge at the anion
may also play an important role. For the same [C,C,Im]" cation, the viscosi-
ties for typical anions decrease in the order: [I]~ > [PF,]~ > [BE,]~ > [TfO]~ >
[CF,CO,]~ > [Tf,N]". For a series of 1-alkyl-3-methylimidazolium cations,
increasing the alkyl chain length from butyl to octyl increases the hydro-
phobicity and the viscosity of the IL (for [PF,]~ and [BF,] anions), whereas
densities and surface tension values decrease. This is due to stronger van
der Waals forces between cations, leading to an increase in the energy
required for molecular motion [40]. It is expected that the replacement of
the alkyl chain by a hydroxyl functional group would increase the viscos-
ity by increasing the H-bonding. Pernak et al. [21] found that for alkyl chain
lengths from 2 to 12 on alkoxymethyl(2-hydroxymethyl)dimethylammon
ium, (A), or (2-acetoxyethyl)-alkoxymethyldimethyl-ammonium, (B), salts
with [Tf,N]~ anion, the viscosity monotonously increases (75-225 cP for A
and 160-290 cP for B). The same effect was observed for the 1-[(1R,25,5R)-
(-)-menthoxymethyl]-3-alkylimidazolium bis(trifluoromethylsulfonyl)imides
[41]; and new, chiral ammonium-based ILs containing the same (1R,2S,5R)-
(-)-menthyl group and [Tf,N]~ anion [42]. Unfortunately, the values of viscos-
ity of chiral ammonium-based ILs, 710-880 cP (303.15 K), as well as chiral
pyridinium-based ILs, 550-1003 cP (323.15 K), were very high [42,43].

Viscosity temperature dependence in ILs is more complicated than in
most molecular solvents, because most of them do not follow the typical
Arrhenius behavior. Most temperature studies fit the viscosity values into
the Vogel-Tammann-Fulcher (VTF) equation, which adds an additional
adjustable parameter (glass transition temperature) to the exponential term.

© 2009 by Taylor & Francis Group, LLC



8 Ionic liquids in chemical analysis

In general, all ILs show a significant decrease in viscosity as the temperature
increases. A systematic study of a possible description covering ILs by the
Arrhenius or VTF equations was made by Okoturo and Van der Noot [44].

The viscosity decreases and the transport properties will improve after
adding one or two organic solvents or water [45]. Pure ILs with [dca] ™ have
much lower viscosities [27]; for [C,C,Im][dca] the viscosity value is 21 cP at
298.15 K. Small contamination of [CI]~ or [Br]~ anions in ILs from the synthe-
sis increases the viscosity.

New lithium salts used in electrochemistry (e.g., LiPF,, LiCF;SO,, LiAsF,,
and so on) have much lower melting points and ion transport properties than
conventional lithium salts, and they could be considered as ILs. The viscosity
values for lithium salts, LiTFA-n, depending on the number of oxyethylene
groups in the oligo-ether substituents, are from 370 to 790 cP (303.15 K) [46].

Because the properties (melting point, density, viscosity) and behavior
of the ILs can be adjusted to suit an individual synthesis type, extraction,
heat transfer, or electrochemistry problems, they can truly be described as
designer solvents.

1.3.1 Molar volume

Values of molar volumes can be calculated from densities measured for the
liquid salt, or can be calculated as for hypothetical subcooled liquid at 298.15 K
using the group contribution method [47]. As expected, the molar volumes
of 1,3-dialkylimidazolium salts and quaternary ammonium salts increase
progressively as the length of alkyl chain of the substituent increases. Some
molar volumes values at 298.15 K are listed in Table 1.3.

The molar volumes at higher temperatures and the influence of the increas-
ing temperature can be shown for N-butylpyridinium tetrafluoroborate,

Table 1.3 Molar Volume, V_,, at 298.15 K of Several
Ionic Liquids

Ionic Liquid V. (cm®mol 1)  Reference
[C,C,Im][BF,] 221.3 48
[C,C,Im][PF,] 2443 48
[C,C,Im][T£,N] 325.9 49
[C,CIm][C,SO,] 156.7 50
[C,CIm][C,SO,] 206.5 50
[C,CIm][CSO,] 326.2 50
[C,C,Im]Cl 186.7 51
[C,,C,Im]Cl 325.8 51
[(C,),C,HOC,N]Br 179.8 52
[(C4H,,OCH,),Im][Tf,N] 542.9 53
[(C),PIIC,SO;] 387.3 54
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[C,pyl[BF,]. Three molar volume values at three temperatures are 1854 cm?
mol ™! (313.15 K), 186.3 cm® mol ™ (323.15 K), and 187.4 cm® mol ™! (333.15 K) [55].
A detailed discussion of the influence of the nature of cations and anions on
the molar volume has to follow from densities.

1.3.2  Excess molar volume

To design any process involving ILs for use on an industrial scale, it is
necessary to know the range of densities in binary mixtures and the
intermolecular IL—solvent interactions. From the first literature data [56] for
{[C,C,Im][BF,] + H,O} at temperatures 315.15 and 353.15 K, positive values of
the excess molar volumes were observed. For the similar system [57] of
{[C,C,Im][BF,] + H,O} at 286.15 K and the equimolar composition, V...,
was 0.21 cm® mol ™. For [C,C,Im][C,SO,] with water, the VE values were
observed as a sinusoidal curve with Vi ;, = —0.18 cm? mol ™ at x;; = 0.42 [50].
With longer the alkyl chain on the cation from methyl to butyl, VE decreased;
for [C,C,Im][C,SO,] with water, Vi ;,y = —0.26 cm® mol ™" at equimolar com-
position [50]. For the same cation and [PF]~ anion measured with acetoni-
trile and methanol (298.15-318.15 K) [58] and with acetone, 2-butanone,
3-pentanone, cyclopentanone, and ethyl acetate at 298.15 K [59], negative val-
ues of VE were found. Recently, new data were presented for [C,C,Im][PF],
[C,CIm][PE(], [CsCiIm][PE,], and [C,C,Im][C,SO,] with 2-butanone, ethyl
acetate, and 2-propanol (293.15-303.15 K) [60], and negative excess molar
volumes were also observed (V§ i, = —2.18 cm® mol™ at x, ,, = 0.3 at
303.15 K). The excess molar volumes, VE, have been determined for
[C,C,Im][C,SO,] with an alcohol (methanol, or ethanol, or 1-butanol), and for
[C,C,Im][C,SO,] with an alcohol (methanol, or ethanol, or 1-butanol, or
1-hexanol, or 1-octanol, or 1-decanol) and for [C,C,Im][C¢SO,] with an alcohol
(methanol, or 1-butanol, or 1-hexanol, or 1-octanol, or 1-decanol) at 298.15 K
and atmospheric pressure [50]. These systems exhibit very negative or
positive molar excess volumes, VE, and negative, or positive excess molar
enthalpies, HE,, predicted by the Flory—Benson-Treszczanowicz (FBT) model
[61]. Negative molar excess volumes, VE, are attributed to hydrogen bond-
ing between the short chain alcohols and the ILs, and to efficient packing
effects. The FBT model overestimates the self-association of an alcohol in
the solutions and shifts the calculated curves to the higher alcohol mole
fraction [50].

VE was negative for all mixtures of {[C,C,Im][C,;SO,] (1) + an alcohol
(methanol, or ethanol, or 1-butanol), or water (2)} and positive for mixtures
of {[C,C,Im][C,SO,] (1) + an alcohol (1-hexanol, or 1-octanol, or 1-decanol) (2)}
over the entire composition range (see Figure 1.3 for [C,C,Im][C,SO,] +
1-hexanol) [50].

Less negative values of the excess molar volumes were obtained for the IL
with the longer alkyl chain in the cation for the same alcohol. The structure
of [C,C,Im][C,SO,] is less H-bonded than [C,C,Im][C,50,] in the pure state.
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Figure 1.3 VE for {{C,C,Im][C,SO,] (1) + 1-hexanol (2)} mixtures at 298.15 K. Points,
experimental results from Domaniska, U. et al. Solid line, Redlich-Kister correlation.
(Adapted from Domanska, U, Pobudkowska, A., and Wisniewska, A., . Solution
Chem., 35, 311, 2006.)

This is probably due to the fact that the molecule of [C,C,Im][C,;SO,] is more
flat and that is why this salt is liquid at room temperature in contrast to
[C,C,Im][C,SO,]. There is no doubt that the corresponding values for the self-
association of ILs and alcohols are responsible for these results. VE was posi-
tive for all mixtures of {[C,C,Im][C;SO,] (1) + an alcohol (2)} over the entire
composition range with the exception of methanol. The excess molar volume
data become more positive in the following order: methanol < ethanol < 1-
butanol < 1-hexanol < 1-octanol < 1-decanol. Comparison between [C,C;Im]
[C,SO,] and [C,C,Im][C¢SO,] shows that by increasing the alkyl chain length
in the anion, the interaction between unlike molecules decreases and the
packing effect is the worst. VE is more positive for [C,C,Im][C¢SO,] in every
alcohol.

The excess molar volumes for {[C;C,Im][BF,] + 1-butanol, or 1-pentanol}
were found very small and negative in the alcohol-rich range of the mixture
composition and positive in the alcohol-poor range [62]. More positive values
were observed for 1-pentanol (V. = 0.92 cm?® mol ™" at equimolar compo-
sition and 298.15 K).

The influence of temperature and pressure on the excess molar volume
is not very well known. For ILs the VE values were observed more nega-
tive at higher temperature [60,63]. Increasing the pressure from 0.1 to 20 MPa
at the same temperature, less negative values of VE were observed [63].
The influence of temperature on the VE values at the pressure 15 MPa for
{[C,C,Im][C,SO,] + methanol} is presented in Figure 1.4.

max
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Figure 1.4 VE for {[C,C,Im][C,SO,] (1) + methanol (2)} under the high pressure
15.0 MPa for five temperatures [63]. Solid lines, Redlich—Kister correlation. (Adapted
from Heintz, A. et al., J. Solution Chem., 34, 1135, 2005.)

Strong intermolecular interactions between the hydroxyl group and the
IL lead to the negative values of excess molar volumes, VE , and excess molar
enthalpies HE . The strongly negative HE, curve for {[C,C,Im][C,SO,] + water},
predicted by the FBT model, was dominated by the chemical contribution,
and the curve was strongly shifted to the higher IL mole fraction range. The
negative excess molar enthalpies were predicted at the equimolar composition
for {[C,C,Im][C,SO,] + methanol, or ethanol, or 1-butanol}. For the negative
values of HE, the strongest IL-alcohol hydrogen bond exceeds that for the
O—H---O between the alcohol molecules (—21.8/—21.9 k] mol ') and between
the IL molecules themselves. The values of HE were found mainly positive
for IL mixtures with hydrocarbons [64,65] and only for ([C,C,Im][Tf,N] +
benzene) value of HE have appeared negative. Using the Progogine—Defay
expression, an estimation of the excess molar volume and enthalpy for the
system {[C,C,Im][BF,] + water} was done [66] and the results at 278 K were:
Vimay = 092 cm® mol ™ and Hf, = 3000 J mol ™. The results indicate that
IL interactions with water are weaker than in many studied alcoholic solu-
tions, especially in the presence of alcohols with the short alkyl chain. The
observed inverse dependence on the temperature for aqueous or alcoholic
mixtures refers to the special trend of the packing effect of ILs into hydrox-
ylic solvents and its strong dependence on the steric hindrance of aliphatic
residues in the cation, or anion, or an alcohol (e.g., [C,C,Im][C¢SO,]).

1.3.3  Isobaric expansivity and isothermal compressibility

Knowledge of temperature and pressure dependence of physical-chemical
properties is very useful to estimate the values of derived parameters, such as
the thermal expansion coefficient, a,, and the isothermal compressibility, k7.
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12 Ionic liquids in chemical analysis

The ILs do not expand appreciably at the commonly measured temperature
range from 298.15 to 343.15 K. This small expansion with the temperature is
best quantified by the volume expansivity, defined as

” E_(alnp) E(aan) 1)
y aT ), aT ),

Because the molar volumes and densities of ILs are usually linear func-
tions of temperature, the isobaric expansivities are easy to obtain from lin-
ear fits of the density data. The a, values of ILs are in the range of 4—6 X
107* K™, whereas the values of a, for most molecular organic liquids are
significantly higher (8—12 X 10~* K™). The isobaric expansivities of ILs are
similar to those of water [28], which range from 2.57 X 10~* K™! (298.2 K) to
5.84 X 107* K™ (343.2 K). For example the isobaric expansivities are: a, =
8.63 X 107* K™ (298.2 K) for 1-methylimidazole [28] and &, = 8.47 X 107* K™
(298.2 K) for N-methyl-2-pyrrolidinone [67]. Some values of the isobaric
expansivities at ambient pressure for typical ILs are presented in Table 1.4.

Systematic density measurements at a wide range of temperature and
pressure [28,31,63,68,69] were helpful to obtain isothermal compressibil-
ity, which is calculated using the isothermal pressure derivative of density
according to Equation 1.2

_|anp ) _ 1fap
= =2 1.2
=22 =22) 02

The isothermal compressibility, xy, for some ILs at ambient pressure is pre-
sented in Table 1.5.

For the long alkyl chain phosphonium ILs, the isothermal compress-
ibilities were found at ambient pressure about 20% higher than those for the

Table 1.4 The Isobaric Expansivities, a,, at 298.2 K
of Several Ionic Liquids

Ionic Liquid a,(104/K™") Reference
[C,C,Im][PF,] 6.11 28
[CC,Im][BE,] 6.24 28
[4C,py][BE,] 5.43 28
[C,C,Im][T£,N] 6.36 68
[C,C,Im][C,SO,] 5.25 50
[C,C,Im][C,SO,] 5.65 Our value
[(CyHy5)5P(Cyy Hyg)I[TE,N] 7.43° 31

a At 0.21 MPa.
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Table 1.5 The Isothermal Compressibility, x; at Different Temperatures
of Several Ionic Liquids

Ionic Liquid Kk+(104/ MPa™) TIK Reference
[C,C,Im][BF,] 3.96 298.2 29
[C,C,Im][PE,] 417 298.2 29
[C,C,Im][T£,N] 5.26 298.2 68
[C,C,Im][T£,N] 5.61 298.2 68
[C,C,Im][C,SO,] 3.63 313.15 63
[C,C,Im][C,SO,] 341 298.15 Our value
[(C, Hy3),P(Cy, Hyo)[TE,N] 6.12 298.2/0.21 MPa 31

imidazolium-based ILs [31]. At higher pressures this effect was diminished.
This was suggested as the typical influence of long alkyl chains on the pack-
ing effect and free-volume effect.

1.4 Surface tension and micellization

Without doubt, a complete picture of the surface tension of pure ILs and
their solution and the parameters that govern the mechanism of adsorption
connected with ILs would be incredibly useful in the study and improve-
ment of industrially relevant catalysis and surface reaction processes. This
information will be necessary for chemical engineering of larger scale reac-
tions. Surface tension can reveal some fundamental features of a liquid, but
few studies of this property have been reported [12]. A single compilation
of surface tension values, including eight variously substituted imidazo-
lium liquids, has shown [33] that the values of surface tension range from
33.8 mNm™! for [C;C,Im]Cl through 46.6 mNm™ for [C,C,Im][BF,] and
48.8 mNm™! for [C,C,Im][PF,] to 54.7 mNm! for [C,C,Im]L The values of sur-
face tension for [C,C,Im][C,SO,] and [C,C,Im][C,SO,] at 298.15 K are 56.5 and
414 mNm™' (our results), respectively.

The surface tension of ILs are lower than that for water (72.7 mNm™! at
293.15 K, 0.1 MPa) but higher than that for alkane (23.39 mNm™! for decane at
298.15 K, 0.1 MPa). The aromatic substituent at the imidazolium ring in place
of the alkyl chain lowers the surface tension [70], for example, Ph(CH,),, where
n = 1-3 in 1-alkyl(aralkyl)-3-methylimidazolium salts, [Ph(CH,),C,Im][Tf,N]
salts show values 40.8—43.5 mNm . The only lower values were observed for
the tetralakylammonium salts with perchlorate anion, [Cl1O,]~; from 9.6 to
9.7 mNm™! for different alkyl substituents [71]. The surface tension is observed
to increase as the number of methylene units at the imidazolium or ammonium
cation is increased. The value of surface tension of [C,C,Im][PF] is close to that
of imidazole, whereas the surface tension of the [C,,C,Im][PE] salt approaches
those of an alkane. In general, the surface tension of 1,3-dialkylimidazo-
lium ILs decreases in the order: [I]- > [PF]~ > [BF,]~ > [C;SO,]~ > [Tf,N]".
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14 Ionic liquids in chemical analysis

Less viscous [Tf,N]~ containing salts have higher densities and lower surface
tension than their [PF]~ containing analogs.

The surface tension of the aqueous solutions of 1,2-dimethyl-3-N-
hexadecyl-imidazolium tetrafluoroborate, [C,,C,C,Im][BF,], the IL surfac-
tant, monotonously decreases with an increasing surfactant concentration
and forms a hydrophobic surface on the polymer—clay nanocomposites
surface [72]. ILs have been found to be very useful solvents in micelle for-
mation (impressive solvation ability) with many different surfactants. Best-
known surfactant aggregates are normal micelles that spontaneously form
surfactant aggregates (with the hydrophobic tails toward the center and the
hydrophilic head groups at the outer surface) in water. Reverse or inverse
micelles also can be formed in nonpolar organic solvents. The dissolution
of surfactants in ILs also depresses the surface tension in a manner anal-
ogous to aqueous solutions. The two main differences are that the initial
surface tension is lower than in water and that the critical micelle concentra-
tion (CMC) is generally higher than that for the same surfactant in water
[73]. On the other hand, the surfactant/ionic liquid [C,,C,Im]Br is a strongly
amphiphilic salt and forms aggregates/micelles in aqueous solutions at very
low concentrations 0.038 mol dm™ [74]. It has been shown that the CMC
values of surfactants may be significantly modified with appropriate ILs of
different hydrophobic-hydrophilic properties. It strongly depends also on
the length of the alkyl chain of imidazolium cation [75]. It was proved that
ammonium ILs, [(C,),C;HOC,N]Br and [(C,),C,HOC,N]Br, also significantly
lower the CMC of surfactant n-hexadecyl-trimethylammonium bromide in
aqueous solutions. The lower CMC was either due to the increasing concen-
tration of the Br~ anion or to the formation of mixed micelles (cation of sur-
factant + cation of the IL) [76]. The influence of temperature on the CMC is
very low. The new data in this field can be interpreted as resulting from the
strong interaction of the IL with the surfactant.

1.5 Melting point, glass transition, and thermal stability

As a type of substances, ILs have been defined to have melting points below
373 K and most of them are liquid at room temperature. Salts with a halo-
gen anion, revealing a higher melting temperature are known as the precur-
sors of ILs. For example, the melting temperatures of [C,C,Im]Cl, [C;C,Im]C],
[C,oCIm]Cl, and [C,,C,Im]Cl are 341.9, 285.4, 311.2, and 369.8 K, respectively
[51], whereas the melting temperatures of [C,C,Im][Tf,N], [C;C,Im][Tf,N],
[CoCIm][TE,N], and [C,,C,Im][Tf,N] are 267.0 K [70], liquid (189 K, glass
transition), 244.0 K [70], and 256.3 K [75], respectively. For the longer alkane
chain as C,, the melting point increases. Both, cations and anions have influ-
ence on the low melting points of ILs. Usually, the increase in anion size and
its asymmetric substitution leads to a decrease in the melting point. As we
can see from the preceding examples, the size and symmetry of the cation
have an important impact on the melting points of ILs. For the short chain
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alkyl substituents in 1,3-dialkylimidazolium salts, an increase in the alkyl
chain decreases the melting temperature. The flexibility of the cation and
anion is also an important factor. An increase of alkyl chain length enhances
the molar volume and chain flexibility of the cation. The U-shaped plots of
melting points (melting temperature versus chain length, for n = 0-20) were
presented for many imidazolium and pyridinium salts in Ref. 12. Increasing
the alkyl chain length from 0 to 8 the melting temperature decreases and
increasing from 8 to 20 it causes a monotonous increasing of the melting
point. The melting points of imidazolium salts increase with the degree
of chains branching [12]. The same influence of the alkyl chain length
was observed for different substituents for chiral ammonium-based ILs;
namely, trialkyl[(1R,2S5,55)-(-)-menthoxymethylJammonium tetrafluoroborate
[42]. Changing one alkyl substituent from methyl to ethyl decreases the melt-
ing temperature 26 K; from ethyl to n-decyl the melting temperature decreases
107 K. For chiral imidazolium chlorides the melting point decreases monoto-
nously from 411 K (methyl group) to 318 K (n-hexyl group) and to the liquid
phase (oil for n-heptyl and higher n-alkanes) [41]. Different relations were
observed for the symmetrical dialkoxymethyl-substitued imidazolium salts
with [CI]7, [BE,]7, [PE]", and [Tf,N]~ anions [77]. Melting temperatures were
305 K for didecyloxyimidazolium bis(trifluoromethylsulfonyl)imide or 318 K
for didodecyloxyimidazolium bis(trifluoromethylsulfonyl)imide [41]. The
melting points of the ILs based on [PE,]~, or [BF,], or [Tf,N]~ decreased in
the order mentioned earlier (see Table 1.6).

The glass transition temperatures for the most popular ILs are between
213 and 183 K. It is very interesting that also for the glass transition tem-
peratures versus cation chain length the U-shape plot was observed for most
of imidazolium hexafluorophosphate, or tetrafluoroborate salts, or imidazo-
lium bis(trifluoromethylsulfonyl)imides, or ammonium bis(trifluoromethyl-
sulfonyl)imides [12]. The minimum of the curve is for n = 5 or 6. The changes
of glass transition temperatures with changing length of the alkyl chain
are much smaller than the melting temperatures—see the values for chiral
imidazolium and ammonium-based salts [41,42]. It was also observed
that the melting temperatures were not so low (between 318 and 328 K)
for these ILs.

Popular ILs are thermally stable up to 700 K. Thermal stability is limited
by the same factors that contribute to the melting temperature. For many salts
the [Tf,N]~ anion presents the highest decomposition temperature and a lower
melting temperature. For example [81], for the [C,C,Im]" cation the temperature
of decomposition increases in the order: [Br]~ < [BF,]” < [CF;SO,]~ <[Tf,N]".
Low decomposition temperature was observed [80] for benzalkonium nitrite,
[Be(C)),C,NIINO,], quaternary ammonium-based IL with T, = 436 K. A
very high decomposition temperature was observed [82] for 1,2,3,4,5-methyl-
imidazolium bis(trifluoromethylsulfonyl)imide, [(C,);Im][Tf,N], T, ... = 743 K.
Usually, the difference in the decomposition temperature between particu-
lar salts with different cations is rather insignificant. For example [12], for
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Table 1.6 Melting Temperature, T,,/K, and Decomposition
Temperature, Ty../K

Ionic Liquid Tty (K) T jec (K) Reference
[CH;OCH,—C,Im][BF,] 190.7 (glass) 5222 78
[C.H,,OCH,~C,Im][T£,N] 194.0 (glass) 530° 78
[(C,),C,HOC,N]Br 541.4 5590 79
[(C)),C,HOC,N] [BE,] 426.8 583¢ 53
[(C,),C,HOC,N] [PE,] 272.0 556°¢ 53
[(C)),C,HOC,N]Br 359.3 525¢ 53
[4C,pyl[BE,] 361.9 575b 53
[Be(C,),C,]INO,] 309.4 215¢ 80
[(C10)2(C,),NI[NO;] 291.9 234¢ 80
[C,C,Im][T£,N] 271.0 695¢ 81
[C,C,CIm][TE,N] 288.0 735¢ 81
[C,C{Im][C,SO,] 308.9 649¢ 82

2 T4 decomposition temperature determined from onset to 5 wt% mass loss.
b T4 decomposition temperature determined from onset to 80 wt% mass loss.
¢ Tg4er decomposition temperature determined from onset to 50 wt% mass loss.

alkoxymethylimidazolium bis(trifluoromethylsulfonyl)imides, the decom-
position temperature is ~493 K, for dialkylimidazolium salts, from butyl to
1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imides, the decom-
position temperature is ~700 K. Branching the alkyl chain decreases the ther-
mal stability of imidazolium ILs. Thermal stability increases with increasing
anion charge density if the cationic charge density is also high [12].

Finally, Table 1.6 depicts summarized data for some ILs observed in the
differential scanning calorimetry (DSC) and thermogravimetric analysis
(TGA) experiment.

1.6 Solid-liquid phase equilibria

Experimental diagrams of solid-liquid phase equilibria (SLE) have been
shown to play a dominant role in the development of the crystallization pro-
cess. Experience in process synthesis and development, which covers pet-
rochemical, fine chemicals, pharmaceutical, polymer, and IL processes that
projects on crystallization and solids processing need not only SLE diagrams
but also crystallization kinetics and mass-transfer limitations to optimize
the final process design. The most important is, however, knowledge of the
solubility of the desired product in the selected solvent or binary solvent
mixture. In every process, a wide knowledge of the pressure, temperature,
and the overall composition of the mixture is needed. Previously, vapor—
liquid equilibrium (VLE) played a key role in the design of separation (distil-
lation) processes. The production of high-molecular-weight chemicals needs
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the thermodynamic basis of SLE in binary and ternary mixtures at normal
and high pressure to design and synthesize crystallization processes. In
this case, phase diagrams help to visualize the regions in the composition
space where the system exists as a single phase or a mixture of multiple
phases, providing a better understanding of the thermodynamic limitations
imposed by the phase behavior. Solubility is strongly dependent on both,
intramolecular forces (solute—solute and solvent-solvent) and intermolecular
forces (solute—solvent).

Systematic investigations into the physical-chemical properties and phase
equilibria of binary systems with imidazoles, benzimidazoles, and their
derivatives with organic solvents and water have been presented [83-89].
The purpose of these measurements was to obtain basic information on the
interaction of the imidazole or benzimidazole rings with organic solvents
(alcohols, ethers, ketones, aromatic hydrocarbons, chlorohydrocarbons, and
alkanes) and water, having in mind the imidazolium ILs. The simple imidaz-
olium molecules with two hydrophilic nitrogen groups (1 and 3) could imply
specific interactions between them and with the solvent. Benzimidazoles or
phenylimidazoles have a large aromatic group substituted at the imidazole
ring, causing new interaction effects, manifested in an enhancement of the
intermolecular interaction and in changing the solution structure. The molec-
ular rearrangement in the solution depends on the possibility of hydrogen
bond formation between the imidazole molecules themselves and between
the imidazole and the polar solvents. In the solutions with benzene or tolu-
ene, the n—m interaction was expected. The hydrogen bonds were respon-
sible for the new crystal structure, described as blocks of imidazole salt the
mono-, di-, or tetracarboxylic acids [90]. The results of SLE measurements
have confirmed that binary mixtures of imidazoles with organic solvents or
water present simple eutectic mixtures. Solubility depends on the kind of the
substituent at the imidazole ring, the melting temperature, and the melting
enthalpy of the solute. For example, the solubility in 1-octanol, or in dipen-
tyl ether, or in 2-pentanone decreases in the order: 1,2-dimethylimidazole >
1H-imidazole > 2-methyl-1H-imidazole > 2-methylbenzimidazole > benz-
imidazole > phenylimidazole [83-89]. The solubilities of imidazoles and
benzimidazoles in alcohols, ethers, and ketones decrease with an increase
in the number of carbon atoms of the solvent molecule. Their solubilities
were always lower than the ideal solubility, and activity coefficients in the
saturated solutions were higher than one. Branching of alcohols, ethers, and
ketones decreases the solubility of imidazoles and benzimidazoles. In some
mixtures the miscibility gap with the upper critical solution temperature
(UCST) was observed, for example, 1,2-dimethylimidazole and 1H-imidazole
in dibutyl ether or dipentyl ether [84]. The solubility of imidazoles in alco-
hols, ethers, and ketones shows different solute—solvent interactions; the sub-
stitution of the methyl group in position 2 of the imidazole ring increases the
solubility. Solubility in cyclic ether or ketone was higher than in linear ethers
or ketones because of the similarity of the structure [84,85]. The solubility
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of a certain imidazole in different solvents decreases in the order: water >
alcohol > ketone > ether. The solubilities of some benzimidazoles in dichlo-
romethane and nitrobenzene were much lower than those in alcohols and
much higher than those in ethers. The solubilities of benzimidazoles were
higher than those of phenylimidazoles [88]. Thus, imidazoles, benzimid-
azoles, and phenylimidazoles were chosen as the precursors of ILs in the
solubility measurements not only because of the large hydrophobic aromatic
groups but also for the known specific interactions of nitrogen atoms, or the
hydrogen atom with the solvent. It was noted that the interaction with oxy-
gen from the nitro group of the solvent and with the oxygen from the car-
bonyl group in ketones was similar.

The results obtained with imidazoles were useful for predicting the
physical properties and phase equilibria properties of ILs synthesized on
the base of an imidazole molecule. The systematic study of the solubilities
of l-alkyl-3-methylimidazolium chloride, namely, [C,C,Im]C], [CiC,Im]C],
[C,,CIm]C], and [C,,C,Im]Cl in alcohols (C,—C,,) has confirmed that com-
plete phase diagrams are eutectic mixtures [91-93]. The complete phase dia-
grams [C,C,Im]C], [C,,C,Im]C], and [C,,C,Im]C] were found to show eutectic
behavior in tert-butyl alcohol, 1-decanol, and 1-dodecanol [92,93]. The liqui-
dus curves of these salts in primary, secondary, and tertiary alcohols exhibit
similar shapes. The solubility increases in the order: 1-butanol > 2-butanol >
tert-butyl alcohol. The solubility was lower than the ideal one, and the activity
coefficients in the saturation solution were higher than one. The solubilities
of 1,3-dialkylimidazolium chlorides in alcohols decrease with an increase
of the alkyl chain of an alcohol from ethanol to 1-dodecanol with the excep-
tion of [C,C,Im|Cl in 1-butanol. This can be explained by the best packing
effect in the solution for the same number of carbon atoms of the solvent and
butyl substituent at the imidazole ring [93]. The SLE are presented [92,93]
as an example for three systems {[C,C,Im]C], or [C,,C,Im]C], or [C,,C,Im]CI +
tert-butyl alcohol} in Figure 1.5. Figures 1.5 and 1.6 show the influence of the
melting temperature of a solute and the alkyl chain substituent at the imid-
azolium ring on the SLE.

The solubility of IL is strictly dependent on melting temperature of the
solute, which is generally the result of the alkane or phenyl substituents
at imidazolium ring. The conclusions can be taken from the solubilities of
benzimidazole and 2-phenylimidazole in water [94] and of every measured
imidazoles in organic solvents [83—89].

The immiscibility in the liquid phase was observed for [C,,C,Im]Cl with
water and for [CgC,Im]Cl with water and 1-octanol [51]. For both salts the
solubility in 1-octanol was higher than that in water. Only [C4C,Im]CI was
liquid at room temperature (melting point, T, = 285.4 K) [51]. The binary
mixtures of [C,;,C,Im]Cl with n-alkanes and ethers have shown a very flat
liquidus curve, but only in {[C,,C,Im]Cl] + n-dodecane, or methyl 1,1-dimeth-
ylether} the immiscibility in the liquid phase was observed for the very low
solvent mole fraction [95].
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Figure 1.5 Solid-liquid equilibria for [C,C,Im]C] (@), or [C,,C,Im]C] (A), or
[C,CIm]C] (M) with tert-butyl alcohol. (Adapted from Domariska, U, Bogel-
Lukasik, E., and Bogel-Lukasik, R., J. Phys. Chem. B, 107, 1858, 2003; Domariska, U. and
Bogel-Lukasik, E., Fluid Phase Equilib., 218, 123, 2004.)
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Figure 1.6 Solid-liquid equilibria diagrams for different ionic liquids (1) in
1-octanol are [C,C,Im]CI (¢) and [C,;C,Im]C] (@). (Adapted from Domariska, U.
and Bogel-Lukasik, E., Fluid Phase Equilib., 218, 123, 2004; Domariska, U. and Bogel-
Lukasik, E., Ind. Eng. Chem. Res., 42, 6986, 2003.)
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An important advantage of ILs is that the anion, the cation, and the com-
position can be arranged based on the required properties. Generally, anions
contribute to the overall characteristics of ILs and determine the air and
water stability. One of the most important properties of ILs is that the melt-
ing point and the solubility can be easily changed by the structural variation
of the cation or the anion. For example, the IL with the [C,C,Im]* cation with
different anions will show the SLE diagram with immiscibility in the liquid
phase from x;; = 10~*up to 0.58 for [Cl]~ anion, liquid-liquid equilibria (LLE)
up to 0.9 (T = 310 K) for [C,SO,]” anion and LLE up to 0.97 (T = 305 K) for
[PF4]~ anion [95]. Thus, for the ILs with [C,C,Im]* cation, solubility in water
decreases in the order: [Cl] ]~ > [C,5O,]~ > [PF,] .

After changing the anion from chloride (ILs described earlier) to hexa-
fluorophosphate, it is easy to obtain [96] salts with very low melting tem-
peratures, for example, T;,, = 332.8 K for [C,C,Im][PF,] and T}, = 2764 K
for [C,C,Im][PFy]. The SLE diagrams with immiscibility in the liquid phase
with the UCST were observed in the mixtures of {[C,C,Im][PF,] + benzene,
or toluene, or ethylbenzene, or o-xylene, or m-xylene, or p-xylene} [96]. The
liquidus curves exhibited a similar shape for different solvents and differ-
ences between solvents were small. The evident differences were observed
in the liquid phase—the mutual solubility of [C,C,Im|[PF] in benzene and
its alkyl derivatives decreased with an increase of the alkyl substituent at
the benzene ring. In alcohols, the only system with complete miscibility in
the liquid phase was observed with methanol {[C,C,Im][PF] + methanol}
[97]. For longer chain alcohols, the immiscibility with UCST was noted. The
mutual solubility of [C,C,Im][PF,] with alcohols decreases with an increase
in the molecular weight of an alcohol. Solubility in methanol and ethanol is
higher than in aromatic hydrocarbons; in 1-propanol it is comparable with
that in toluene [97].

SLE were measured [5398] also for the dialkoxyimidazolium ILs,
[(C,H,OCH,),Im][BE,], [(C;H,;0CH,),Im][BF,], [(C;H,;0CH,),Im][Tf,N],
[(CeH,;,OCH,),Im][Tf,N], [(C,;H,;OCH,),Im][Tf,N], and for pyridinium IL,
[pyl[BE,]. The phase equilibria of these salts were measured with common
popular solvents: water, or alcohols or n-alkanes, or aromatic hydrocarbons.
These salts mainly exhibit simple eutectic systems with immiscibility in the
liquid phase with UCSTs, not only with aromatic hydrocarbons, cycloalkanes,
and n-alkanes but also with longer chain alcohols. The higher interaction
may be expected between two alkoxy groups with polar solvent such as
water or alcohol. The better solubility of the IL in a chosen solvent means the
possible hydrogen bonding between the IL and the solvent. The second
alkoxy group in the molecule of the IL causes a higher melting temperature
and a solid compound in the room temperature, but also stronger interaction
with the solvent. Only the [(C,H,OCH,),Im][BF,] salt with tetrafluoroborate
anion exhibits a small miscibility gap in alcohols (ethanol, 1-octanol) in the
IL low mole fraction (the area of immiscibility shifts toward solvent-rich
region). A much higher binary liquid area was observed in benzene, where
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the n-n interaction rather than hydrogen bonding exists. Greater mutual
solubilities were observed for [Tf,N]~ anion even for longer alkoxy chains on
the cation (Cg, or Cg versus C,). Complete miscibility in the liquid phase was
observed for [(C,H;;OCH,),Im][Tf,N], or [(C;H,;0CH,),Im][BF,] in 1-butanol,
or 1-hexanol, or 1-octanol, or 1-decanol, or benzene contrary to mixtures with
hexane, cyclohexane, or water [98]. Decreasing interaction with polar solvent
was observed by replacing the anion from [Tf,N]~ to [BF,]” in dihexyloxy
salts as in many other ILs. The systems of [(C;H;;OCH,),Im][BF,] and alco-
hols (1-hexanol, 1-octanol, or 1-decanol) have shown SLE diagrams with
complete miscibility in the liquid phase, whereas salt with one alkoxy group
[C.H,;O0CH,-C,Im][BF,] exhibited liquid-liquid immiscibility with the UCST,
that increasing with the increasing length of the alkyl chain of alcohol [98].
Similar interaction and complete miscibility was observed for [(CsH,,OCH,),
Im][Tf,N] or [(C,,H, OCH,),Im][Tf,N] in alcohols (ethanol, 1-octanol) and in
benzene. The solubility decreases as the molecular weight of the alcohol
increases. The eutectic point in the binary system of {[(C,H,OCH,),Im][BF,]
(1) + benzene (2)} was T, , = 260.3 K, x;, = 0.450 and for the binary system
{[(CsH,;,OCH,),Im][Tf,N] (1) + benzene (2)} was T}, = 271.8 K, x; . = 0.331. In
every system with [(C,H,OCH,),Im][BE,], the solid-solid phase transition
was noted in a phase diagram.

The longer alkoxy chain of the cation for two ILs with the same anion
causes higher melting temperature of the compound and lower solubility
[98]. The influence of the pyridinium ring, or the imidazolium ring on the
solubility was discussed using the solubility measurements of N-decyloxy-
methyl-3-amido-pyridinium tetrafluoroborate in alcohols (ethanol, 1-butanol,
1-hexanol, 1-dodecanol) and in benzene. Unfortunately, this compound has
only one alkoxy group and one new amido-group which will cause addi-
tional interaction with the solvent. Anyway, the melting temperature was
higher than it was observed for the alkoxyimidazolium salts and solubility
was lower. Complete miscibility was observed for alcohols with the excep-
tion of 1-dodecanol, for which a small area of immiscibility was observed in
the low-IL mole fraction [53].

SLE of quaternary ammonium ILs in alcohols, hydrocarbons, and water
have been measured for many salts. Systematic studies of SLE phase dia-
grams for quaternary ammonium salts [(C,),C,HOC,N]Br, [(C,),C;HOC,N]Br,
[(C),C,HOC,N]Br, and [(C,),CHOC,N]Br in water and alcohols have been
published [52,79]. Other anions including [BF,], [PF,]~, [dca]~, and [Tf,N]~
have also been investigated [53].

Quaternary ammonium salts are well-known cationic surfactants and
popular phase-transfer (PT) catalysts. In addition, these salts exhibit both
antimicrobial activities and antielectrostatic effects. Another useful com-
pound which belongs to the ammonium salt group is chinoline chloride,
also known as vitamin B,; it is an essential component that ensures proper
functioning of the nervous system and is widely used as a feed additive for
livestock.
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The solubility of [(C,),C,HOC,N]Br in 1-octanol increases when the alkyl
chain of cation increases in almost the whole concentration range. In water,
the solubility of [(C,),C,HOC,N]Br is much lower than that of the other three
salts and the best solubility was observed in Ref. 79 for [(C,),C,HOC,N]Br.
The results mainly depend on the temperature of melting and the enthalpy
of melting of the solute. It can be stated that the short alkane substituent at
the ammonium cation causes the highest melting temperature and the worst
solubility of this salt in 1-octanol and water. These results are opposite to
those presented earlier for 1-alkyl-3-methylimidazolium chlorides, observed
for much longer alkane chains (C, versus C,,) in 1-octanol and water [51].
The solid-liquid phase diagrams have shown simple eutectic mixtures. SLE
and LLE diagrams for [(C,),C,;HOC,N][BF,] (1) in 1-octanol are presented in
Figure 1.7. The immiscibility in this system was observed in the IL mole frac-
tion range from x; = 0.45 to 0.78 [53].

The effect of interaction with alcohols is different for [(C,),C,HOC,N]Br
and [(C,),C,HOC,N] [BF4]. The solubility of [(C,),C,HOC,N]Br in alco-
hols from ethanol to 1-dodecanol did not present the miscibility gap [52],
whereas [(C,),C,HOC,N] [BF4] showed immiscibility in alcohols at high
temperatures. These systems exhibit UCST higher than 435 K for every
system measured [53].

The solubility of [(C,),C,HOC,N]Br in primary alcohols (C,—C,,)
decreases with an increase of the alkyl chain of an alcohol [52]. Differences
in solubilities between the primary and the secondary alcohols are not
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Figure 1.7 Solid-liquid and liquid-liquid equilibria (SLE/LLE) diagrams for
[(C),CHOC,N][BE,] (1) in 1-octanol: experimental points (@); solid line designated
LLE. (Adapted from Domariska, U., Thermochim. Acta, 448, 19, 2006.)
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significant. Branching of alcohols decreases the solubility of ammonium
salts, as it was observed for imidazolium salts. It was noted that the solu-
bility of [(C,),C,HOC,N]Br in ethanol was higher than the ideal solubility;
the activity coefficients were lower than one. This strong interaction with
the solvent can be explained by the similarity of an ethyl group connected
with an OH group on the cation and the same chain of ethanol.

In polar solvents such as alcohols one can expect stronger interaction
between unlike molecules than in alcohol or IL itself. Clearly, hydrogen
bonding, or n-, or other interactions of the cation or anion of the IL with the
solvent play an important role in controlling liquid-liquid and solid-liquid
phase behavior of ammonium and imidazolium-based ILs. However, the
existence of the LLE in these mixtures is the evidence that the interaction
between some IL and the solvent is not significant.

The SLE diagram for a longer alkyl chain IL (2-hydroxy-ethyl)dimethyl
undecyloxymethylammonium dicyanamide, [C;;OC,EtOH(C,),N][dca] (1) in
1-octanol presents a typical SLE/LLE phase diagram—a simple eutectic
system with immiscibility in the liquid phase with the UCST. The influence
of the [dca]™ anion in spite of the long alkyl chain makes this salt liquid at
room temperature (T;,, = 283.5 K). Therefore, the choice of the anion can have
a huge effect on the phase behavior of ammonium and imidazolium ILs.

Similar to the imidazolium ILs, very low solubility of the ammonium ILs
was observed in alkanes. For example, the solubility of butyl(2-hydroxyethyl)
dimethylammonium bromide, [(C,),C,HOC,N]Br, exhibited a simple eutectic
system with immiscibility in the liquid phase in the IL mole fraction range
from x;; = 0.02 to 0.70 [53]; the other ammonium salt, (benzyl)dimethyl-
alkylammonium nitrate, [Be(C,),C,N] [NO;] showed very small solubility in
the liquid phase in hexadecane and it was slightly better in hexane (immis-
cibility from x;; = 107 to 0.90) [99]; for the ammonium salt with an alkane
substituent only, didecyldimethylammonium nitrate, [(C,),(C,),N][NO,],
the solubility in the liquid phase was better in hexane (immiscibility from
xy, = 107* to 0.50) than in hexadecane, where the immiscibility was observed
in the whole IL mole fraction [100]. In all systems with imidazolium and
ammonium salts, an increase in the alkyl chain length of the alkane (solvent)
resulted in a decrease of solubility.

Generally in cycloalkanes, solubility is very similar to that in alkanes.
The solubility of imidazolium IL, 1-ethyl-3-methylimidazolium tosylate,
[C,CIm][TOS] in cyclohexane and cycloheptane displays a very large mis-
cibility gap in the liquid phase (close to its melting temperature) [101,102].
Ammonium IL, [(C,),C,HOC,N]Br, has shown lower solubility in cyclohexane
than in heptane and the immiscibility gap was from x;; = 0.02 to 0.90 [53].

Changing the solvent from an aliphatic hydrocarbon to an aromatic
hydrocarbon demonstrates that the interaction is most likely due to n-m
interactions between the oxygen atom of the IL and the benzene ring. Solid at
room temperature ILs present usually much lower immiscibility gap in ben-
zene than in alkanes or cycloalkanes. For example, [(C,H,OCH,),Im][BF,] shows

© 2009 by Taylor & Francis Group, LLC



24 Ionic liquids in chemical analysis

immiscibility with UCST, T, = 278 K in the low mole fraction of the IL [53]. In the
phase diagrams of an ammonium IL, (benzyl)dimethylalkylammonium nitrate
[Be(C,),C,N] [NO;] with benzene and toluene reported, small immiscibility was
observed in the liquid phase with the UCST at high-IL mole fraction [99].

The solubility of quaternary phosphonium salt, tetrabutylphosphonium
methanesulfonate, [(C,),P][C,SO;] in alcohols, or alkylbenzenes was investi-
gated [54]. The systems with alcohols (1-butanol, or 1-hexanol, or 1-octanol, or
1-decanol, or 1-dodecanol) and aromatic hydrocarbons (benzene, or toluene,
or ethylbenzene, or propylbenzene) have shown simple eutectic systems; the
immiscibility in the liquid phase was detected in binary mixtures with the
aromatic hydrocarbons, ethylbenzene and propylbenzene [54]. The solubil-
ity of [(Cy),P][C,SO;] in alcohols increases in the order from 1-dodecanol to
1-butanol. The results mainly depend on the melting temperature of the sol-
vent. It can be stated that a better solubility is observed at the lowest melting
temperature of the solvent. Increasing the alkyl chain length of the alcohol
causes an increase in the eutectic temperature and shifts the composition of
the eutectic point to the higher IL mole fraction.

The eutectic point of the system ([(C,),P][C,SO;] + benzene) is shifted
toward a much lower IL mole fraction in comparison to that of ([(C,),P]
[C,SO;] + 1-alcohol). Experimental phase diagrams of SLE and LLE with
alkylbenzenes were characterized mainly by the following: (1) the mutual
solubility of [(C,),P][C,SO;] in ethylbenzene and propylbenzene decreases
with an increase in the alkyl substituent at the benzene ring; (2) the UCST of
the system increases when the alkyl chain length at benzene ring increases;
(3) the immiscibility gap was found at low concentration of the IL [54].

As compared to conventional organic solvents, ILs are much more com-
plex solvents, capable of undergoing many types of interactions. Therefore,
a single polarity term fails to describe the type and magnitude of individual
interactions that they make.

The SLE in a mixture of a solid (1) in a liquid may be expressed in a very
general manner by Equation 1.3

A, C T
—lnxl=M 1o 1) Sty T Fresn g +1Iny, (1.3)
R T Tfus,l R Tfus,l T

where xy, yy, Agy Hy, Ay Cp1s Thysp, and T stand for the mole fraction, the solute
activity coefficient, the enthalpy of fusion, the difference in the solute heat
capacity between the liquid and the solid at the melting temperature, the
melting temperature of the solute (1), and the measured equilibrium tem-
perature, respectively.

In many studies of the SLE of ILs, three methods have been used to
derive the solute activity coefficients, y,, from the so-called correlation equa-
tions that describe the Gibbs free energy of mixing (GE), the Wilson [103],
UNIQUAC ASM [104], and NRTL1 [105] models. Historically, the UNIQUAC
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associated—-solution theory has been proposed to reproduce the VLE, LLE,
and SLE of binary (alcohol + unassociated component, or alcohol) mixtures
as well as for ternary mixtures of two alcohols with one nonpolar compo-
nent. The model postulates the formation of linear multisolvated complexes
from the i-mers of one or two alcohols. The modified form of the NRTL equa-
tion proposed by Renon was presented by Nagata and co-workers [105] by
substituting the local surface fraction for the local mole fraction and further
by including Guggenheim’s combinatorial entropy for athermal mixtures
whose molecules differ in size and shape. The resulting equations involve
three adjustable parameters and are extended to multicomponent systems
without adding ternary parameters.

Two adjustable parameters of the equations can be found by an optimi-
zation technique using Marquardt’s or Rosenbrock’s maximum likelihood
method of minimization

n

2
Q [E“p—-ﬂ“%qu%Jzﬂ (1.4)

i=1

where Q) is the objective function (OF), n is the number of experimental
points, T? and T:* denote the experimental and calculated equilibrium
temperatures, respectively, corresponding to the concentration x;,. P, and P,
are model parameters resulting from the minimization procedure. The root-
mean-square deviation of temperature is defined as follows:

n (T-EXP — T.cal)2 vz

Parameters r; and g; of the UNIQUAC ASM model are calculated with the
following relationships:

r, = 0.029281V,, (16)

g = (Z-2)r, + 2(1_11')
Z Z

1.7)

where V, is the molar volume of pure compound i at 298.15 K. The molar
volume of IL V,_; was measured (298.15 K), or was calculated as for a
hypothetical subcooled liquid by the group contribution method [47]. The
coordination number Z was assumed to be 10 and the bulk factor [; was
assumed to be zero for the linear molecule or one for the cyclic molecule.
The calculations were carried out by the use of the literature data set of asso-
ciation for alcohols or for water. The temperature dependence of association
constants was calculated from the van't Hoff relation, assuming the enthalpy
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of hydrogen-bond formation to be temperature independent. Some values
of model parameters obtained by fitting solubility curves together with the
corresponding standard deviations are given in Table 1.7.

For most of the systems with alcohols, the description of SLE was given
by the average standard mean deviation (¢;) < 2 K for UNIQUAC ASM and
NRTL 1 equations. The procedure of correlation has been described in many
articles [52-54,79,84-88,91-94]. Using GE models the solute activity coeffi-
cients in the saturated solution, y,, were described.

For the systems with alcohols, the description of SLE given by the UNI-
QUAC ASM equation (assuming the association of alcohols) did not provide
any better results. It can be understood as a picture of a very complicated
interaction between the molecules in the solution: it means that it exists not
only in the association of alcohol molecules but also between alcohol and
IL molecules and between IL molecules themselves. Parameters shown in
Table 1.7 may be helpful to describe activity coefficients for any concentra-
tion, temperature, and to describe ternary mixtures. They are also useful for
the complete thermodynamic description of the solution.

1.6.1 Miscibility with water

At room temperature, all popular imidazolium salts such as [C,C,Im][PF]
or [C,C,Im][Tf,N] are insoluble in water, but at the same time they are very
hygroscopic. The miscibility gap was observed for water with [C,C,Im][Tf,N]
and [C,C,Im][Tf,N] at 353.15 K [106]. LLE were measured for [C,C,Im][PF,]
and [C,C,Im][PF] with water at the temperature range 315-323 K [107]. It was
found that the mutual solubility increases with increasing temperature. The
thermodynamic analysis of phase behavior and physical-chemical proper-
ties was made for [C,C,Im][PF,], [C;C,Im][PF,], and [C4C,Im][BF,] with water
at temperature 295 K [108]. The mutual solubilities of water and [CyC,Im][PF,]
are lower (the binary liquid phases were observed in the range of the IL mole
fraction from x;; = 3.5 X 10™* to 0.2 X 107*) than those seen for the IL with a
shorter alkyl chain, [C,C,Im][PE], (the binary liquid phases were observed
in the range of the IL mole fraction from x;;, = 1.29 X 1073 to 0.26 X 107%). As
observed in the other properties, changing the anion from [PF]~ to [BF,]~
increases the mutual solubilities substantially [108].

The solubility of the IL in water is mainly determined by the anion of the
IL. Typical imidazolium ILs based on halide-, ethanoate-, nitrate-, and tri-
fluoroacetate-based anions are fully water-soluble [109]. Salts with [BF,]~ and
[CF;SO;]™ anions are partly soluble in water. The influence of the anion on the
solubility of [C,C,Im]Cl and [C,C,Im][BF,] in water is shown in Figure 1.8.

For chloride anion, complete miscibility in the liquid phase was observed
and for tetrafluoroborate anion, the LLE area was observed in the low mole
fraction of the IL and at low temperature. It is known that the [C,C,Im][BF,]
is water miscible at 298.15 K; the UCST is at 278 K [110]. The immiscibility
with water was measured for [C,C,Im][PF,], [C;C,Im][PE{], [C,,C,Im][PF,],
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Table 1.7 Correlation of Solubility Data (Solid-Liquid Phase Equilibria) of {IL (1) + Solvent (2)} by Means of the Wilson, UNIQUAC §‘

ASM, and NRTL1 Equations: Values of Parameters and Measures of Deviations S

x

Parameters Deviations -

UNIQUAC g

Wilson ASM NRTL1? §

S1-811 Auy, Auy, Wilson UNIQUAC ASM NRTL1 oy

Solvent 818 Jmol™)  Auy Jmol™)  Au,, Jmol?)  op (K) o7 (K) o7 (K) Reference S

X

Benzimidazole —3301 3117 —502 0.93 1.01 0.92 S

+ l-propanol 7088 —3341 —2990 87 \3‘:

2-Methylbenzimidazole 8365 —-1622 —54435 2.75 1.64 1.19 S

+ 1-hexanol —3788 642 —98.32 87 i

[C,CIm]CI —2922 —3284 —5234 2.93 1.59 1.70 Q;

+ 1-hexanol 12690 44272 4539 93 ;n)..

[C,,CIm]C 5173 1243 3318 2.72 4.72 2

+ n-decane 6631 -32 4790 95 s

[(C¢H,,O0CH,),Im] 3057 377 3032 2.25 4.66 2.75 %

[Tf,N] + 1-octanol 3331 —422 1353 53 s

[(C,;H,OCH,),Im] —556 — 505 0.84 — 0.84 §

[T£,N] + benzene 505 —578 53 =

[pyl[BE,] 29526 — 1360 2.50 — 2.34 =

+ 1-hexanol 1563 11835 53 &
[(C)),C,HOC,N]Br + 1-butanol — -39 233b — 4.00 4.00

—1922 —-9057 52

@ Calculated with the third nonrandomness parameter a = 0.3.
b Calculated with the third nonrandomness parameter a = 0.1.
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Figure 1.8 The influence of anion on the solubility of imidazolium ILs in water:
[C,CIm]CI (O) and [C,C,Im][BF,] (®). (Adapted from Domariska, U. and Bogel-
Lukasik, E., Fluid Phase Equilib., 218, 123, 2004; Lin, H. et al., Fluid Phase Equilib., 253,
130, 2007.)

and [C,,C,Im][BF,] at 298.15 K [111]. When more polar anion is taken, like in
the [C,C,Im][C,50,] or [C,C,Im][C,SO,], complete miscibility with water is
observed [50].

There is no doubt that also the length of the alkyl chain of the cation has an
influence on solubility in water, as in other solvents. For a longer chain n =4,
the LLE is observed. For example, [C,C,Im][BF,] forms a biphasic system at
low temperatures and at low mole fraction of the IL (see Figure 1.8). Compar-
ing the [BF,]™ anion with the [PF,]~ anion, it can be concluded that the [PF,] -
based ILs dissolve less water than those of the [BE,]™. The solubility of water
in the IL decreases with the increasing alkyl chain length on the cation [109].

The immiscibility in the liquid phase was measured for [C;C,Im]Cl and
[C,oCIm]C] with water, and the UCST ~322 and ~323 K, respectively, was
observed [61]. The influence of the polar alkoxy group in the cation or anion
is presented in Figure 1.9.

As for many other solvents, two alkoxy groups in the cation increase solu-
bility; the area of two liquid phases is lower for [(C;H,;OCH,),Im][Tf,N] than
for [CH,;OCH,~C,Im][Tf,N]; the UCST is >370 K for both salts [98]. Much
higher interaction with water is presented by [C,C,Im][MDEGSQO,], where
two alkoxy groups are in the anion and four extra oxygen atoms in the sul-
fate group [112]. The immiscibility was observed only at very narrow and
low IL mole fraction with UCST >375 K.

The influence of the alkyl chain of the cation and the type of the anion on
the SLE diagram {IL + water} is shown for ammonium ILs in Figure 1.10.
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Figure 1.9 The influence of the alkoxy group in the cation or anion on solubility
in water: [C,H,;;OCH,~C,Im|[Tf,N] (O), [(CH;;0CH,),Im][Tf,N] (#), and [C,C,Im]
[MDEGSO,] (X). (Adapted from Domariska, U. and Marciniak A., Fluid Phase Equilib.,
260, 9, 2007; Domariska, U. and Marciniak, A., Green Chem., 9, 262, 2007.)
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Figure 1.10 The influence of the alkyl chain of cation and the type of anion on
the solid-liquid phase equilibria diagram {IL + water}: [(C,),C,HOC,N]Br (O),
[(C),CHOC,N]Br (#), and [(C,),C,HOC,N] [BE,] (X). (Adapted from Domariska, U.
and Bogel-Lukasik, R., J. Phys. Chem. B, 109, 12124, 2005.)
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The difference between the liquidus curve of [(C,),C,HOC,N]Br and that
of [(C,),CqHOC,N]Br is the result of the IL melting temperature. The results
of measurements of the solubility of [(C,),C,HOC,N]Br, [(C,),C;HOC,N]Br,
[(C),C,HOC,N]Br, and [(C,),CHOC,N]Br in water did not show the immis-
cibility in the liquid phase [79]. It was stated before that increasing the alkyl
chain at the cation of ammonium salt decreases the melting temperature of
theIL. Changing the anion [BF,]~ versus [Br] ", the same effect was observed—
lowering the melting temperature of the IL [53,79]. Substitution of the bro-
mide anion for a tetrafluoroborate anion increases the solubility in water. As
can be seen from Figure 1.10, three simple eutectic mixtures with complete
miscibility in the liquid phase were detected for these binary systems.

The interesting influence of the cation on the SLE diagram {IL + water} can
be observed [99,100] from the diagrams of ammonium salts [(C,,),(C,),N][NO;]
and [Be(C,),C,N]J[NO;]. Simple liquidus curve and no immiscibility in the
liquid phase for the didecyldimethylammonium cation with the eutectic
point shifted strongly to the solvent-rich side was noted (see Figure 1.11).

Water, being a polar solvent, can interact with the anion [NO;]~ but the
long alkane chains (C,) of the cation are hydrophobic; hence, there is little
interaction of water with the cation, and thus the anion entity is favored by
the (IL + water) mixtures. When one alkyl chain (C,;) was changed by the
benzyl group and the other one by the longer alkane chain (C,,—C,,) as the
substituents at the cation, the decrease of solubility was reported. These new
substituents had strong influence on packing effects in the liquid phase,
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Figure 1.11 The influence of cation on the solid-liquid phase equilibria diagram
{IL + water}: [(C,),(C,),N][NO;] (O) and [Be(C,),C,IINO;] (®). (Adapted from
Domariska, U,, Bakata, I, and Pernak, J., |. Chem. Eng. Data, 52, 309, 2007, Domariska, U.,
Lugowska, K., and Pernak, J., J. Chem. Thermodyn., 39, 729, 2007.)
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resulting in immiscibility at low weight fraction of the IL. The UCST for the
system {[Be(C,),C,N]J[NO,] + H,O} was observed at a temperature, T = 360.8 K,
and a mass fraction, wy; = 0.11. Inversely to water, a miscibility gap in the liquid
phase was not observed for [Be(C,),C,N][NO,] with short chain alcohols [99].

It is clear that ILs are capable of absorbing significant amounts of water,
whether in contact with vapor or liquid. Using ILs as a solvent in the syn-
thesis in reactions with moisture-sensitive compounds, as it is the case with
metal-organic synthesis, it is necessary to take into account the hygroscop-
icity of ILs. Hydrophobic ILs are, in fact, hygroscopic. It was proved that
chlorides and nitrate ILs absorb much more water from atmospheric air at
ambient temperature than the corresponding hexafluorophosphate or tetra-
fluoroborate ILs [109]. It is widely known that pure ILs based on the [PF]~
anion can readily decompose to produce hydrogen fluoride (HF) in the pres-
ence of water. The use of ILs based on the [PF;]~ anion in industrial applica-
tions will be very limited.

It has been shown by Cammarata et al. [113] that water molecules
absorbed by ILs from air are bound via hydrogen bonding with typical
anions of imidazolium ILs with the concentration of dissolved water in the
range 0.2-1.0 mol dm™. The conclusion was that most of the water mole-
cules at these concentrations exist in symmetric 1:2 type associating com-
plexes: anion-HOH-anion. The associating enthalpy of this H-bonding was
estimated from spectral shifts, with the values in the range 8-13 kJ mol .
The strength of H-bonding between water molecules and anions was found
to increase in the order: [PF]~ < [SbF,]” < [BE,]- < [Tf,N]” < [CIO,] <
[TfO]™ < [NO;]~ < [CF;CO,]". The presence of water in the IL may affect
many of their solvent properties such as density, surface tension, polarity,
viscosity, and conductivity. It has been stated as well that substitution of
the C2 proton in the imidazolium ring with a CH, group has no effect on
the molecular state of water [113].

1.6.2  1-Octanol/water partition coefficient

The partition coefficient K,y of an organic compound in the 1-octanol/water
system is used to assess the bioaccumulation potential and the distribution
pattern of drugs and pollutants. The partition coefficient of imidazole and
ILs strongly depends on the hydrogen bond formed by these molecules and
is less than one due to the high solubility in water. The low value of the
l-octanol/water partition coefficient is required for new substances, sol-
vents, insecticides to avoid bioaccumulation. Ky is an extremely important
quantity because it is the basis of correlations to calculate bioaccumulation,
toxicity, and sorption to soils and sediments. Computing the activity of a
chemical in human, fish, or animal lipid, which is where pollutants that are
hydrophobic will appear, is a difficult task. Thus, it is simpler to measure the
1-octanol/water partition coefficient. This parameter is used as the primary
parameter characterizing hydrophobisity.
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The thermodynamic data needed to calculate the 1-octanol/water parti-
tioning is the LLE in the ternary system, in binary phases:

fo(xe,T,P)= f (xy,T,P) (1.8)

where f; and x; are the fugacity and mole fraction of species 7, and the super-
scripts o and w denote the 1-octanol and water phases, respectively.

Kow = —— 1.9

where c is the molar concentration of species i in the 1-octanol and water
phase.

For very hydrophobic compounds, when Kgy, is very high (10°), there is
evidence from field studies involving fish, birds, and animals that there is
a bioaccumulation or bioconcentration up to food chain [114]. The pesticide
DDT is an example of bioaccumulating chemical with a Ky, of ~10°. The
thermodynamic model for air/water and 1l-octanol/water activity coeffi-
cients and the importance of the activity coefficient at infinite dilution mea-
surements have been presented as well [114].

Twelve imidazolium-based ILs were studied experimentally by Ropel
et al. [115] (mainly the bis(trifluoromethylsulfonyl)imides), and some of these
results are compared with other literature data of imidazoles and ILs in
Table 1.8.

As we can see, the log Ky is negative for benzimidazole or 2-methylbenz-
imidazole and for ILs with a longer alkyl chain at the cation, for example,
[C,CIm]*" and [C4C,Im]*. It was shown that for salts with the [Tf,N]~ anion
Kow regularly increases as the alkyl chain length on the cation increases [115].
It was also shown that the tested ILs were not dangerous to the atmosphere
and water. The bioaccumulation of [C,C,Im][Tf,N] was calculated on level
0.08-3.16, which is much less than 250, a moderate border of bioaccumulation
[115]. The values of K, are very low for ILs that are totally miscible with
water, for example, [C,C,Im][NO;]. Kny is an extremely important quantity
to describe the hydrophobisity or hydrophilisity of a compound and can
be correlated with bioaccumulation and toxicity in fish and other aquatic
organisms. Since all of Ky, values of popular ILs are very small, the con-
clusion is that these ILs will not accumulate or concentrate in the environ-
ment. Nevertheless, the new analytical methods are tested to measure the
concentration of ILs in aqueous environmental samples. The method based
on the cation exchange solid-phase extraction, followed by the selective elu-
tion, was proposed by using HPLC or electrophoretic methods [117118]. The
overall procedure was verified by using standard spiked samples of tap
water, seawater, and freshwater. The structural variability of commercially
available ILs as well as the abundance of theoretically accessible ILs was
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Table 1.8 1-Octanol/Water Partition Coefficients,
Kow at 289.15 K

Imidazole or Ionic Liquid Kow Reference
1H-imidazole 0.492 83
2-Methyl-1H-imidazole 0.672 83
1,2-Dimethylimidazole 0.832 83
Benzimidazole 16.90* 83
2-Methylbenzimidazole 28.512 83
[C,,C,Im]ClI 0.522 51
[C,,CIm]Cl 0.732 51
[C,CIm][PFE,] 0.022, 0.020° 115,116
[C,C,Im][BE,] 0.003 115
[C,C,Im][NO;] 0.0038 115
[C,C,Im][T£,N] 0.11-0.62 115
[C(C,Im][T£,N] 1.42-1.66 115
[CeCIm][T£,N] 6.3-11.1 115
[C,CIm][PE,] 0.015° 115
[C,CIm][T£,N] 0.09-0.11 115
[C¢H,;OCH,-C,Im][T{,N] 0.392 98
[C.H,;OCH,-C,Im][BF,] 0.642 98
[(C¢H,;0CH,),Im][BE,] 0.442 98

@ Values calculated from solubilities in 1-octanol and water with a cor-
rection for mutually saturated solvents.
b At temperature 303 K.

illustrated and the consequences for an integrated risk assessment accom-
panying the development process were presented by Jastorff et al. [119]. The
side-chain effect of the cation on toxicity for imidazolium type ILs was con-
founded by more complex biological testing. The influence of an anion on
cytotoxicity was also shown for the first time [119].

The experimental data on the adsorption of ILs onto natural soils have
shown that the desorption of ILs from agricultural soils decreases with an
increase of the alkyl chain length [120]. It was shown that only 2% of an ini-
tially sorbed [C,C,Im]" cation as compared with 10% of the [C,C,Im]" cation
was desorbed from the soils investigated. The effect of the different size of
the cationic head group on IL sorption can be assessed by comparing the
larger N-butyl-4-methylpyridinium with the smaller 1-butyl-3-methylimid-
azolium. For clay agricultural soil, their sorption coefficients do not differ
very much, and for fluvial meadow soils, they are even identical. But for
forest- and fluvial agricultural soils, alkylimidazolium sorption is twice as
high as that of alkylpyridinium. It was stated that for these two soils the
additional steric availability of the active sorption site may play an important
role in the sorption process before molecular interactions occur [120].
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Since ILs are mostly nonvolatile, they cannot contribute to atmospheric
pollution. However, as it was shown that they show some solubility in water,
studies of their effect on aquatic organisms or adsorption on soils are just
starting.

1.6.3 High-pressure solid—liquid phase equilibria

High-pressure phase equilibrium data of mixtures including ILs are of
importance for safety and efficient operation of chemical plants and oil
transportation and refineries. The SLE in binary mixtures that contains IL
and the molecular solvent: {[C,C,Im][TOS] (1) + cyclohexane, or benzene (2)}
and {[C,C,Im][C,SO,] (1) + 1-hexanol (2)} have been measured under very
high pressures up to about 900 MPa at the temperature range from T = 328
to 363 K for the technological use [101]. The thermostatted apparatus was
used to measurements of transition pressures from the liquid to the solid
state. The pressure-temperature-composition relation of the high-pressure
SLE, polynomial based on the Yang model was satisfactorily used [121].
The freezing and melting temperatures at a constant composition increase
monotonously with pressure. The high-pressure experimental results
obtained at isothermal conditions (p—x) were interpolated to the well-known
T—x diagrams. The experimental results at high pressures were compared
for every system to those at normal pressure. The influence of the interaction
between the IL and the solvent on the solubility at 0.1 MPa and high pressure
up to 900 MPa was discussed.

The system {[C,C,Im][TOS] (1) + cyclohexane (2)}, measured at ambient
pressure, was found to exhibit immiscibility in the liquid phase. At high
pressure only the characteristic flat liquidus curve in a broad range of ILs
mole fraction was observed. The effect of pressure on the SLE of the binary
mixtures has been measured at various constant compositions and tempera-
tures. The liquid-solid transitions were determined for the whole IL concen-
tration range from x; = 0 up to 1. The solubility of [C,C,Im][TOS] was lower
than that of [C,C,Im][C,;SO,], not only because of the higher melting tem-
perature, but also because of the polar solvent (1-hexanol). At 0.1 MPa and at
high pressure, the solubility of [C,C,Im][TOS] in benzene was higher than in
cyclohexane. Figure 1.12 presents the liquidus curves of [C,C,Im][C,SO,] in
1-hexanol at different temperatures and pressures. For many ILs the eutectic
point was at very low mole fraction of the IL and was not measured, espe-
cially under high pressure.

The influence of the high pressure on the liquidus curve in the tested
systems was typical: with increasing pressure the freezing curves shifted
monotonously to higher temperatures; the difference of the pressure from
0.1 to 160 MPa increased the melting temperature of the [C,C,Im|[TOS] AT =
~40.1 K. The melting temperature Ty, of [C,C,Im][TOS] changed from
Tiysn = 3229 K (0.1 MPa) to 363.1 K (160 MPa) and that of [C,C,Im][C,SO,]

© 2009 by Taylor & Francis Group, LLC



Chapter one:  General review of ionic liquids and their properties 35

, 3632
353.2

3432
T (K)

1 3232

Figure 1.12 Influence of pressure on the liquidus curve of {[C,C,Im][C,SO,] (1) +
1-hexanol (2)} up to 360 MPa (Adapted from Domariska, U. and Morawski, P., Green
Chem., 9, 361, 2007.); experimental points (O), solid line, description with the Yang
equation. (Adapted from Yang, M. et al., Fluid Phase Equilib., 204, 55, 2003.)

changed from T, ; = 3089 K (0.1 MPa) to 343 K (160 MPa). These results
show that high pressure has much stronger influence on the thermophysical
properties of [C,C,Im][TOS] than on [C,C,Im][C,;SO,]. The slope of dp/dT is
totally different for the ILs and the popular molecular solvents [101].

The experimental high pressure data (P, x;) at constant temperature can be
correlated by the equation proposed by Yang et al. [121]. They showed that
the activity coefficient y, at high pressure can be expressed as

s i
1 1 T Thus1

Iny, = E a| —=— +a|In A | 1.10

"1 = ’(T J [ T, T ] (110

fus,1 fus,1

where g; and a’ are two adjustable parameters. After substituting Equa-
tion 1.10 into Equation 1.3, some simplifications can be obtained.

3 i T
Inx; =Y b, 11 + b In_L 4 tlsi_ 4 (L11)
T T, T, T

fus,1 fus,1

where by = —ay, by = —a; — Ay H,/R, by = —ay, by = —a5, b' = —a" + A, C, /R

fus
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The value of the second term on the right-hand side of Equation 1.11 is
small and this term can be neglected. Thus, Equation 1.11 may be rewritten
in a simple form as

e —vp (11 l
nx, =y b, T (L12)

SLE curves are dependent on pressure. With increasing pressure, the SLE
curves shift to a higher temperature. The b; terms in Equation 1.12 were found
to be pressure-dependent and this dependence can be expressed as follows:

2
b, = ZODﬁPf (1.13)
p

The OF used in the fit of the parameters of Equations 1.12 and 1.13 was as
follows:

OF = iw;z (1n x (T, P, D;) ~ In xl,.) (1.14)
i=1

where In x¢! denotes the values of the logarithm of the solute mole fraction
calculated from Equation 1.11, In x;; denotes the logarithm of the experimen-
tal solute mole fraction and T}, P, Dﬁ express temperature, pressure, and coef-
ficients from Equation 1.13, respectively; w; is the weight of the calculated
values described by means of the error propagation formula.

Direct experimental points and the results of the correlation are shown
in 3D diagram in Figure 1.12. Solid lines represent the results of the fit with
the Yang equation. The description of the experimental data is quite good
not only for ILs but also for many systems. Greater standard deviations are
observed usually for higher pressures or close to the eutectic point.

1.7  Liquid-liquid phase equilibria

A major reason for the interest in ILs is their negligible vapor pressure
which decreases the risk of technological exposure and solvent loss to the
atmosphere. The solid-liquid and liquid-liquid measurements of ILs sys-
tems based on N,N’-dialkyl-substituted imidazolium cations or ammo-
nium cations or phosphonium cations are attracting increasing attention
for applications in liquid-liquid extraction [122-126]. Knowledge of the SLE
is of paramount importance for the design of separation processes, espe-
cially cooling, evaporation, and antisolvent crystallization. There is a press-
ing need to develop better solvents for separation, especially in the case
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of nonideal complexing mixtures. First technological investigations have
been conducted about the suitability of ILs as entrainers for the extractive
distillation and as extraction solvents for the liquid-liquid extraction. ILs
were found to be capable of breaking a multitude of azeotropic systems. The
nonvolatility of ILs in combination with their remarkable separation effi-
ciency and selectivity enable new processes for the separation of azeotropic
mixtures which, in comparison to conventional separation processes, might
offer a potential for cost-savings [122,126]. Until now, it cannot be predicted
which ILs are the best for certain applications. With the increasing compre-
hension on how the structure of an IL affects its physical properties one will
be able to use the advantages of ILs over volatile organic solvents. Owing
to their unique structures and properties they may be compared with den-
drimers or hyperbranched polymers. For example, it is possible to extract
out a tetrahydrofuran (THF)-water mixture using [C,C,Im][BF,]. This IL
easily breaks the azeotropic ethanol-water phase behavior by interacting
selectively with water (The conventional entrainer is 1,2-ethanediol). The
different interactions IL-water and IL-THF result not only in an increas-
ing relative volatility of THF but also in a phase split of the liquid mix-
ture [126]. It was shown also that ILs may give much higher selectivities
for the separation of aliphatics from aromatics (cyclohexane/benzene) than
N-methyl-2-pyrrolidinone (NMP) or NMP + water mixture [122]. Systematic
investigations on the activity coefficient at infinite dilution for different sol-
vent/ionic liquid systems have proved unbelievably attractive effects (will
be discussed later in this chapter).

A large miscibility gap exists in the mixtures of [C,C,Im][Tf,N] or
[C,CIm][C,SO,] with aliphatic (cyclohexane) and aromatic (benzene) hydro-
carbons [64,65]. The excess molar enthalpy for the {benzene + [C,C,Im][Tf,N]}
was highly negative (approximately —750 ] mol ) and for the {cyclohexane +
[C,C,Im][Tf,N]} was positive (~450 ] mol™). This means that ILs are excel-
lent entrainers for the separation of aliphatic from aromatic hydrocarbons by
extractive distillation or extraction.

In early measurements the solubility of [C,C,Im][PF,] in aromatic hydro-
carbons (benzene, toluene, ethylbenzene, o-xylene, m-xylene, and p-xylene)
and that of [C,C,Im][PF] in the same aromatic hydrocarbons, and in -
alkanes (pentane, hexane, heptane, and octane), and in cyclohydrocarbons
(cyclopentane and cyclohexane) has been presented [96].

Systematic studies of IL solubility measurements have been presented in
the literature [14,48,50,53,62,66,78,89,94-100,112,127-134]. A systematic inves-
tigation on the mixtures of [C,C,Im][PF,] with alcohols (ethanol, 1-propanol,
and 1-butanol) was presented very early [129,130]. Methanol was found com-
pletely miscible with [C,C,Im][PF(] at temperatures >273 K. A systematic
decrease in solubility was observed with an increase of the alkyl chain of
an alcohol. The measurements were repeated with the analytical UV spec-
troscopy method used to determine very small solubilities of the IL in the
alcohols [131].
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The same conclusions resulted from the solubility measurements of
[C,CIm][T£,N] in alcohols (1-propanol, 1-butanol, and 1-pentanol) and from
those of [CiC,Im][BF,] with alcohols (1-butanol and 1-pentanol) [62,132].
An interesting analysis of LLE in the mixtures of {IL ([C,C,Im][BF,], [C,C,Im]
[Tf,N], [C,C,C,Im][T{,N], [C,C,Im][BE,], [C,C,Im][TfO], [C,C,Im][Tf,N],
[C,C,CIm] [Tf,N]) + 1-alcohol (from 1-propanol to 1-dodecanol, 2-propanol)
or water} has revealed the most important factors that govern the phase
behavior of ILs with alcohol and water [14]. That discussion was continued
for {IL ([CsCIm][BE,], [C,C,Im][Tf,N], [C4CiIm][Tf,N], [C,C,C,Im][T£,N]) +
1-alcohol (1-hexanol, 1-octanol)} [133]. As in many published results, the alkyl
chain length increasing on the alcohol was found to cause an increase in the
UCST of the system, and that increasing the alkyl chain length on the cation
results in a decrease in the UCST of the system (see Figure 1.13) [133].

At the same time, the solubilities of [C,C,Im][PF] in alcohols (methanol,
ethanol, 1-propanol, 2-propanol, 1-butanol, 2-butanol, tert-butyl alcohol,
and 3-methyl-1-butanol) were measured [97]. The LLE measurements of
[C,CIm][PE(] or [C,C,Im][PF,] have shown mutual solubilities with aliphatic,
cyclic,and aromatic hydrocarbons being the function of the chain length of the
alkyl substituent at the imidazole ring [96,97]. The solubility of [C,C,Im][PF,]
in alcohols decreases with an increase of the molecular weight of the solvent
and is higher in secondary alcohols than in primary alcohols. In every case,
with the exception of methanol, the mutual LLE were observed. The shape
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Figure1.13 Liquid-liquid equilibria in the systems of {[C,C,Im][PE] (1) + 1-butanol
(2)}; Experimental points: [C,C,Im][PF,] (@), [C,C,Im][PF,] (M), [C,C,Im][PF,] (A),
[C,C,Im][PF,] (), [C,C,Im][PE(] (X), [CsC,Im][PF,] (+), and boiling temperature of the
solvent (dashed line). (Adapted from Domariska, U. and Marciniak A., J. Phys. Chem. B,
108, 2376, 2004; Wu, C-T. et al,, J. Chem. Eng. Data, 48, 486, 2003.)
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Figure 1.14 Liquid-liquid equilibria in the systems of {[C,C,Im][X] (1) + 1-butanol
(2)}; Experimental points: [C,C,Im][PE(] (®), [C,C,Im][BF,] (A), and [C,C,Im][T£,N]
(M). (Adapted from Wu, C.-T. et al,, J. Chem. Eng. Data, 48, 486, 2003; Crosthwaite, ]. M.
etal, J. Phys. Chem. B, 108, 5113, 2004.)

of the equilibrium curve was similar for [C,C,Im][PF,] in every alcohol and
for different ILs in the same alcohol. LLE in the systems of {[C,C,Im][PF,] +
1-butanol} are presented in Figure 1.13. The influence of alkyl chain on the
solubility in 1-butanol is shown in Ref. 97 for [C,C,Im][PF,], and in Ref. 130 for
[C,C,Im][PE], [C,C,Im][PF], [C,C,Im][PF,], [C,C,Im][PF,], and [C4C,Im][PF,].
The influence of the anion is shown in Figure 1.14.

The LLE in the systems of {[C,C,Im][X] + 1-butanol} are presented in
Refs 14 and 130 for [PF,]*, [BF,]*, and [Tf,N]*.

The observation of the UCST was limited very often by the boiling tem-
perature of the solvent. The solubility of [C,C,Im][PF,] and [C,C,Im][PF] in
aromatic hydrocarbons and in alcohols decreases with an increase of the
molecular weight of the solvent. The difference on the solubility in 0-, -, and
p-xylene was not significant. Solubility was better in secondary alcohols than
in primary alcohols. For example, for [C,C,Im][PF,] solubilities in methanol
and ethanol were higher than those in aromatic hydrocarbons. The miscibil-
ity gap in C; alcohols was bigger than that in benzene, but comparable with
the solubility in toluene; solubility in 3-methyl-1-butanol was very low and
similar to ethylbenzene and o-, m-, and p-xylene [96,97].

The LLE of twenty binary systems containing [C,H;;OCH,-C,Im][BF,] with
aliphatic hydrocarbons (n-pentane, n-hexane, n-heptane, or n-octane) and aro-
matic hydrocarbons (benzene, toluene, ethylbenzene, o-xylene, m-xylene, or
p-xylene) were presented [78]. Also, the mixtures of [C,H;;OCH,-C,Im][Tf,N]

© 2009 by Taylor & Francis Group, LLC



40 Ionic liquids in chemical analysis

and cyclohexane, or with aliphatic hydrocarbons (n-hexane, or n-heptane),
or with aromatic hydrocarbons (benzene, toluene, or ethylbenzene, o-xylene,
m-xylene, or p-xylene) have been measured [78]. The LLE or SLE of binary
systems comprising [C,H;;OCH,—C,Im][Tf,N] with an alcohol (1-butanol,
1-hexanol, or 1-octanol), a ketone (3-pentanone or cyclopentanone), or water
were measured as well as binary systems comprising [C;H;;OCH,~C,Im][BF,]
with an alcohol (methanol, ethanol, 1-butanol, 1-hexanol, or 1-octanol), a
ketone (3-pentanone or cyclopentanone), or water [98].

Many factors that control the phase behavior of ILs with other liquids,
especially with alcohols have been discussed in many published articles
focusing on pyridinium ILs as opposed to imidazolium ILs [134], or imid-
azolium ILs as opposed to ammonium ILs [52] or phosphonium IL [54]. The
impact of different alcohol and IL characteristics including alcohol chain
length, cation (alkyl or alkoxy) chain length, and cations with different sub-
stituent groups on the imidazolium ring or nitrogen in ammonium ILs or
different substituent groups on the pyridynium cation have been discussed
[14,52,54,66,79,91-93,97,98,127,129-134].

For a better understanding of the IL behavior and with a view to the
application in chemical engineering or the development of thermodynamic
models, reliable experimental data are required. Basically, an IL can act as
both a hydrogen-bond acceptor (anion) and donor (cation) and would be
expected to interact with solvents with both accepting and donating sites.
On the other hand, polar solvents as alcohols are very well-known to form
hydrogen-bonded net with both high enthalpies and constants of associa-
tion. Hence, they would be expected to stabilize with hydrogen bond donor
sites; it was interesting to increase the polarity of the cation or anion of the
IL and increasing hydrogen bonding opportunities with the anion by the
replacement of [Cl]™ or [PF]™ or [BF,]™ anions by [C,SO,]~ with four atoms
of oxygen, or with the [MDEGSO,]~ anion by adding the alkoxy group to the
alkane chain at anion or at cation at the imidazole ring, [C;H;;OCH,-C,Im]*
[98,112,127].

ILs based on the 1-alkyl-3-methylimidazolium cation, [C,C,Im]", or tetra-
alkylammonium cation, [(C,),N]~, are among the most popular and com-
monly studied or used in technological improvements. As for the anions,
bis(trifluoromethylsulfonyl)imide, [Tf,N]~, and alkylsulfate, [C,SO,]~ (n =
1, 2, 8), are much superior compared to the more commonly investigated
hexafluorophosphate, [PF]~, and tetrafluoroborate, [BF,]~, being hydrolyti-
cally stable and less viscous. Comparing the results of the solubility of ILs
in typical solvents from different publications, it can be concluded that the
miscibility gap in the liquid phase increases in the order: alcohol < aromatic
hydrocarbon < cycloalkane < n-alkane [50-54,66,78,79,95-100,127-136].

The [C,CIm][PF,] or [C,C,Im][PF] has shown immiscibility in alkanes
(n-hexane, n-heptane, and n-octane) in the whole IL mole fraction range from
xy, = 107 to 0.98 [96,135]; the salt with longer alkane chain, [C,,C,Im]Cl, has
shown a simple eutectic system with n-octane, and n-decane and eutectic
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system with a small miscibility gap in the low IL mole fraction in n-dodecane
[95]; [C,CIm][C,SO,] and [C,CIm][C;SO,] have shown immiscibility in
alkanes (n-pentane, n-hexane, n-heptane, n-octane, and n-decane) in the
whole IL mole fraction range from x;; = 10~*to 0.98 [128]; [C,C,Im][C;SO,] was
better soluble in n-alkanes (n-hexane, n-heptane, n-octane, and n-decane)—
the immiscibility gap for n-heptane was observed in the IL mole fraction
range from x;, = 107* to 0.5 at room temperature [50]; for the [C,H,;OCH,-
C,Im][BF,] with n-alkanes (n-pentane, n-hexane, n-heptane, and n-octane) the
immiscibility gap was observed in the IL mole fraction range from x;; =
10~* to 0.85-0.95 and slightly better solubility was observed for [C;H,;OCH,—
C,Im][Tf,N]—the equilibrium curve was at x;; = 0.80-0.83 for n-hexane
and n-heptane [78]; much better solubility was observed for dihexyloxy-
imidazolium salt [(C;H;;OCH,),Im][Tf,N] in n-hexane—the equilibrium
curve was at x;;, = 0.52 [98]; the IL with alkoxy group in anion [C,C,Im]
[MDEGSO,] has shown immiscibility in n-hexane in the whole IL mole frac-
tion range from x;; = 107* to 0.98 at room temperature [112]. In these systems
the small free volume effects and the van der Waals interactions between the
alkanes chains of cation and/or anion and n-alkane can only explain the
differences in solubilities.

Similar small solubility in n-alkanes was observed for the ammonium
ILs. For example, the solubility of butyl(2-hydroxyethyl)dimethylammonium
bromide, [(C,),C,HOGC,]Br, exhibited a simple eutectic system with immisci-
bility in the liquid phase in the IL mole fraction range from x;; = 0.02 to 0.70
[53]; the other ammonium salt: (benzyl)dimethylalkylammonium nitrate,
[Be(C,),C,N][NO,], showed very small solubility in the liquid phase in n-
hexadecane and slightly better in hexane (immiscibility in the range from
xy. = 107* to 0.90) [99]; for the ammonium salt with an n-alkane substituents
only: didecyldimethylammonium nitrate, [(C,(),(C,),N][NO;], the solubility
in the liquid phase was better in n-hexane (immiscibility in the range from
xy, = 107 to 0.50), but in n-hexadecane the immiscibility was observed in the
whole IL mole fraction [100].

In all systems with imidazolium and ammonium salts, an increase in
the alkyl chain length of the n-alkane (solvent) resulted in a decrease of
solubility.

Generally, in cycloalkanes the solubility is very similar to that in n-alkanes.
For example, the [C,C,Im][PF] or [C,C,Im][PF,] has shown immiscibility
in cycloalkanes (cyclopentane, cyclohexane) in the whole IL mole fraction
range from x;; = 107* to 0.90 at room temperature [96,135]; the solubility of
[C;H,;OCH,-C,Im][BF,] and of [C(H,;OCH,-C,Im][Tf,N] in cyclohexane
was much higher—the immiscibility gap was observed in the IL mole frac-
tion range from x;; = 107 to 0.72 and to 0.65. Usually, the solubility in cyclo-
alkanes is better than in n-alkanes [78,112].

The influence of the length of the alkyl chain of the imidazolium IL's cat-
ion on the solubility in n-alkanes or cycloalkanes, and the interaction with
a solvent has already been discussed for different ILs by the comparison of
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different thermodynamic properties [45,53,136]. For example, the solubility
of two salts [C,C,Im][C,SO,] and [C,C,Im][C,SO,] in cycloalkanes, aromatic
hydrocarbons, and other solvents (alcohols, ethers, and ketones) increases by
increasing the alkyl chain on the cation [34,127]. Sometimes similarity of the
molecule, imidazolium ring and the cycloalkane ring, results in better solu-
bility in cycloalkane than in n-alkanes. An opposite reaction was observed
for ammonium salts; for example, [(C,),C,HOC,N]Br is much less soluble in
the liquid phase in cyclohexane than in n-hexane [53].

The phase diagrams of ILs with benzene and benzene derivatives differ
from those of aliphatic hydrocarbons. The solubility of ILs is much higher in
aromatic hydrocarbons than in aliphatic and cyclohydrocarbons, which is the
result of interaction with the benzene ring. The interaction can be as n—- and
n— or even forming well-organized phases such as clatrate-type structures
in the liquid phase [96,112,128,137]. In a very recent work, it was found that
in the system ([C,C,Im][Tf,N] + benzene) an equimolar congruently melting
inclusion compound, [C,C,Im][Tf,N]-C,H,, exists [137]. The immiscibility in
the liquid phase was observed for [C,C,Im][PF,] and [C,C,Im][PF,] in ben-
zene in the IL mole fraction range from x;; = 10~ to 0.45 at room temperature
[96]; simple eutectic system without immiscibility in the liquid phase was
observed for [C,,C,Im]Cl in benzene [95]; much better solubility in benzene
than in n-alkanes and cycloalkanes was observed in [128] for [C,C,Im][C,SO,]
and [C,C,Im][C,SO,]; very strong interaction was observed for [C;H,;OCH,-
C,Im][BF,] and for [C,H,;OCH,C,Im][Tf,N] with benzene, where the immis-
cibility gap was shown only in a narrow area, in the IL mole fraction range
from x;; = 107* to 0.20 and to 0.10, respectively [78]; the [C,C,Im][MDEGSO,]
(the IL with alkoxy group in anion) has shown immiscibility in benzene in
the twice high IL mole fraction range from x;; = 10~ to 0.40 at room tempera-
ture [112]. The area of two liquid phases decreases with an increase in the
chain length of the alkyl substituent at the imidazole ring (e.g., [C,C,Im][PF,]
versus [C,C,Im][PE(], or [C,C,Im][C,SO,] versus [C,C,Im][C,SO,]). This trend
is perfectly shown for [C,C,Im][Tf,N], where n = 1-10 with benzene, tolu-
ene, and a-methylstyrene. Untypical shape of the LLE curves was observed
for [C,C,Im][Tf,N] and [C,C,Im][Tf,N] at high temperatures at ~450 K [138].
The interaction between these two ILs and benzene derivatives has revealed
that unusually high-temperature demixing may occur. The UCST increases
(solubility decreases) also with an increase of the alkyl chain at the benzene
ring (solvent) [96,128].

The phase diagrams of an ammonium IL, [Be(C,),C,N][NO;], with benzene
and toluene have shown low immiscibility in the liquid phase with UCST at
high IL mole fraction [99].

For the phosphonium salt, [(C,),P][C,SO,], in toluene and ethylbenzene,
the immiscibility was observed only in a very narrow area of the hydrocar-
bon high mole fraction [54].

Usually, the UCST increases as the length of the alkyl chain of hydro-
carbon or cyclohydrocarbon increases. This trend was observed for systems
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presented earlier and in binary mixtures with 1,3-dialkylimidazolium salts
as [C,C,Im][PF,] and [C,C,Im][PF(], or of [C,C,Im][C,SO,] and [C,C,Im][C,SO,]
[127128] or of [C;H,;O0CH,-C,Im][BF,] [78,98].

The LLE for ILs and common solvents such as alcohols is very important
for developing ILs for liquid-liquid extraction processes. Previous studies
in many laboratories have shown this potential. Most of the measured mix-
tures were of {IL + short chain alcohol} binary systems. It is well known that
an increase in the alkyl chain length of the alcohol resulted in an increase
in the UCST. Nevertheless, the solubilities of many ILs were measured in
1-octanol (important value for the description of bioaccumulation) [14,50-54,
79,98-100,112,127,133]. The other short chain alcohols were pointed out earlier.

The ability of the anion of the IL to accept hydrogen bonding with an
alcohol was observed to be inversely related to the effect that the anion had
on the UCST. Although the anion was observed to have a significant effect
on the solubility in alcohols, the importance of the anion decreased as the
length of the alkyl chain on the cation increased [133]. The longer alkyl chain
cases the stronger the interaction with an alcohol through dispersion forces
[133]. The substitution of the acidic C2 hydrogen on the imidazolium ring
with a methyl group increases UCST due to a reduction in hydrogen bonding
with an alcohol [133].

The hydrogen bonding between the IL and the CHCl; causes extremely
interesting phase behavior of a binary system. The interaction between
hydrogen of CHCl; and the 1 system of the imidazolium ring together with
that between the chlorine atoms and the acidic hydrogen atoms of the same
ring, C2, C4, and C5 is responsible for the entropy/enthalpy balance of mix-
ing as the temperature increases [139]. The phase diagram of [C,C,Im][Tf,N]
and [C,C,Im][Tf,N] and their mixtures with CHCI, were encountered for the
first time in binary and quasibinary liquid solutions of ILs with UCST and
lower critical solution temperature (LCST) together. This type of behavior is
usually restricted to aqueous or polymer solutions. It was also indicated via
electrospray mass spectrometric studies that in the mixture the cation-anion
contact pairs 1:2 and 2:1 exist together with simple cations and anions [139].

In addition to the experimental results of phase equilibria, the correla-
tion with the widely known GE models was assigned to. It was indicated
by many authors that SLE, LLE, and VLE data of ILs can be correlated by
Wilson, NRTL, or UNIQUAC models [52,54,64,79,91-101,106,112,131,134]. For
the LLE experimental data, the NRTL model is very convenient, especially
for the SLE/LLE correlation with the same binary parameters of nonrandom
two-liquid equation for mixtures of two components. For the binary systems
with alcohols the UNIQUAC equation is more adequate [131]. For simplic-
ity, the IL is treated as a single neutral component in these calculations. The
results may be used for prediction in ternary systems or for interpolation
purposes. In many systems it is difficult to obtain experimentally the equi-
librium curve at very low solubilities of the IL in the solvent. Because this
solubility is on the level of mole fraction x;; ~1072% or 107, sometimes only
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the spectroscopic method has to be used [131]. From many published results
[65,127-130] and COSMO-RS predictions the mole fraction at equilibrium
temperatures of the dilute IL solutions can be assumed as x;; = 1074

The solute activity coefficients, y;, of the saturated solutions were corre-
lated for many mixtures by the NRTL model describing the excess Gibbs
energy [140]

GE 791Gy 71,G1p
- +
RT T X+ x,Gy GpXy T, (115
T1p = (812 —82)/RT (L.16)
T = (821 —=8u)/RT (1.17)
Gy, = exp(—oy,7,) (1.18)
G,y = exp(—oy,Ty) (1.19)
G ’ G
R I T PR [
( 1) 2[ 2 xl + x2G21 (x2 + X1G12)2

Model adjustable parameters (g, —,,) and (g,; — g11) were found by the
minimization of the OF:

n

OF = 2[(Ax1 )+ (Ax;)f] (1.21)

i=1
where 7 is the number of experimental points and Ax defined as

Ax=x, —x (1.22)

exp

The root-mean-square deviation of the mole fraction was defined as follows:

n 1/2

3 (Ax,) + 3 (Ax;)]
o, ==L - _i=21 (1.23)
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Usually, the modeled binodal curves reproduced the experimentally
observed data (with different constant nonrandomness factor, a) to a satis-
factory degree [96-98,112,131,134].

The conductor-like screening model for real solvents (COSMO-RS) is a
unique method for predicting the thermodynamic properties of mixtures
on the basis of unimolecular quantum chemical calculations for individual
molecules [141,142]. In this approach, all information about solutes and sol-
vents is extracted from initial quantum chemical COSMO calculations, and
only very few parameters are adjusted to the experimental values of par-
tition coefficients and vapor pressures of a wide range of neutral organic
compounds. COSMO-RS is capable of predicting activity coefficients, parti-
tion coefficients, vapor pressures, and solvation free energies of neutral com-
pounds. In addition, successful applications of COSMO-RS to predict the
thermodynamic properties of ions in solution and ILs have been reported
[65,130,131,143,144]. The LLE properties have been calculated from the equity

xpyt = xflyf (1.24)

where indices I and II denote the liquid phases, x; is the mole fractions of the
two solvents and y; the activity coefficients of the solvents as computed by
COSMO-RS.

The COSMO-RS predictions correspond better to experimental results
for less polar ILs such as [C,C,Im][PF,] [107,131] than for [C,C,Im][C,50,] or
[C,CIm][C,S50,] [127128]. This can be explained partly by the stronger polar-
ity of especially [C,C,Im][C,SO,], which results in possibly larger errors in
COSMO-RS predictions. COSMO-RS overestimates the polarity difference
of the compounds and thus the miscibility gap prediction is too wide and
the UCST is too high for [C,C,Im][C,SO,] or [C,C,Im][C,;SO,] [127,128]. This is
especially true for the binary mixtures with alcohols. As one would expect
this overestimation is a result of strong A-B interaction, IL-an alcohol for the
investigated mixtures. It can be noticed as well that for the {[C,C,Im][C,SO,]
or [C,CIm][C,SO,] + ketone} binary mixtures the COSMO-RS prediction
was the best. Generally, it was found that the [C,SO,]™ anion is extremely
polar and that prediction by COSMO-RS is very difficult.

At the end of this section the effect of inorganic salts on the LLE of the IL's
aqueous solutions is worth underlining. It has been proved that the addition
of NaCl, Na,SO,, and Na,PO, salts to the binary mixture of {{C,C,Im][BF,] +
H,0} causes an increasing salting-out effect being the function of concentra-
tion of an inorganic salt. All three inorganic salts reveal significant upward
shifts of the UCST of the systems [145]. The magnitude of the LL demixing
temperature shifts depends on both the water-structuring nature of the salt
and its concentration. The interaction effects are correlated with the ionic
strength of the solution and the Gibbs free energy of the hydration of the
inorganic salt [145].
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1.71 Liquid-liquid equilibria in ternary systems

ILs exhibit many properties, which allow for their application as selective
solvents in solvent extraction. Large selectivities, remarkable loading capaci-
ties for certain components, low vapor pressures, comparatively low melt,
and solution viscosities as well as a good thermal and chemical stability are
only some of their characteristics described in this chapter.

Separation technology evolved during the twentieth century, driven pri-
marily by advances in the petrochemical industry. Several technologies, such
as distillation, extraction, and adsorption, have been known and used for
quite some time, and other technologies, such as membranes, have evolved
and arebeing used in new applications. Recent materials, such as ILs or hyper-
branched polymers, and other scientific and engineering advances provide
the potential for wider opportunities in almost all separation technologies.

The potential of ILs in the field of extractive distillation was shown in Refs
126 and 146 for the separation of THF-water and ethanol-water azeotropes
using [C,C,Im][BE,]. This IL easily breaks the azeotropic ethanol-water phase
behavior by interacting selectively with water.

The LLE in the similar ternary systems {[C,C,Im][PF,] + water + ethanol}
was measured in three temperatures (290.15, 298.15, and 313.25 K) [66]. From
these results it can be concluded that with decreasing temperature three lig-
uid phases can be expected.

Some ILs were tested as extracting agents to separate ethanol from its
mixtures with fert-amyl ethyl ether [147-149]. Industrially, ether purifica-
tion is carried out using water as the extraction solvent. The [CyC,Im]CI IL
has shown better solute-distribution ratio than in the system with water
[148]. Also, higher values of selectivity were obtained in comparison with
[C,CIm][TfO] and water [147]. Better results were only observed [149] with
[C,CIm][C,SO,]. The purification of the other ether, ethyl tert-butyl ether,
from its mixtures with ethanol was tested with four ILs—[C,C,Im][TfO]
[150], [C,C,Im][C,SO,] [151], [C,C,Im][C,SO;] [150], and [C,C,Im][TfO] [152]. It
has been found that 1-ethyl-3-methylimidazolium methanesulfonate leads
to very high values of solute distribution ratios and selectivities (>2000) com-
paring with three other ILs.

These two ethers are used as blending agents (antiknock effect) in the
petroleum industry. Especially, ethyl tert-butyl ether is expected to become
the most widely used octane booster on gasoline blending. Ethyl tert-butyl ether
is mainly produced on an industrial scale by the reaction of isobutene with
an excess of ethanol. Thus, the separation from ethanol is very important.

A successful extraction of heptane from the azeotropic mixture with etha-
nol by means of a liquid-liquid operation with the IL, [C,C,Im][PE], was
recently published [153].

The separation of aromatic hydrocarbons (benzene, toluene, ethyl benzene,
and xylenes) from methane to n-decane aliphatic hydrocarbon mixtures is
challenging since the boiling points of these hydrocarbons are in a close
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range and they have several combinations from azeotropes. For years, the
sulfolane, NMP or NMP with water as cosolvent were used in the indus-
try. Several ILs were tested for this extraction by Meindersma et al. [123] in
ternary LLE systems and by many scientists via the activity coefficients at
infinite dilution measurements. It has been found that many ILs are suit-
able for the extraction of benzene/n-alkane or toluene/n-alkane (n-hexane,
n-heptane) mixtures. This discussion will be presented later in this chapter.

The requirements of a suitable IL for the separation of aromatic and ali-
phatic hydrocarbons are the high solubility of aromatic hydrocarbons in the
IL and low solubility of aliphatic hydrocarbons in the IL. The latter is easy
to obtain, but for the former, the strong interaction, n-m or 7-m , has to be
assumed. There are quite many publications [154-158] concerning the LLE
in ternary systems {IL + aromatic hydrocarbon + aliphatic hydrocarbon}
using [C,CIm][L;], [C,CIm][L;], [C,CIm][Tf,N], [CeCIm]CL [C,C,Im][BE,],
[C,CIm][PE], [C,CIm][C,SO,], [C,CIm][C,SO, [C,CIm]C,SO,, and
4-methyl-N-butylpyridinium tetrafluoroborate, [4C,-C,pyl[BF,]. For the
mixtures of C, C,,, and C,; n-alkanes, it was found that the selectivity given
by [C¢C,Im][C]] increases with increasing carbon number of the n-alkane
[156]. The best solubility of toluene was observed [158] for [4C,-C,py][BE,] in
comparison with three imidazolium salts: [C,C,Im][C,SO,], [C,C,Im][C,SO,],
and [C,C,Im][C,SO,]. It was also stated that [4C,-C,py][BF,] was the best sol-
vent for the aromatic/aliphatic separation from these four ILs [158]. From
this experiment and from LLE of binary systems {IL + benzene, or toluene} it
can be assumed that alkoxyimidazolium ILs will demonstrate high selectivi-
ties for the aromatic/aliphatic separation.

Some interesting research has focused on the influence of the alkyl-
substituent length on ternary LLE and separation of systems benzene/
n-hexane [159]. For the benzene/n-hexane separation the [C,C,Im][Tf,N] ILs
were chosen, with 7 ranging from 2 to 12. The mutual solubility IL + benzene
increases when the alkyl chain of the cation increases. For [C,,C,Im][Tf,N]
complete miscibility was presented. Unfortunately, the increasing n-hexane
concentration in the IL as the chain length increases lowers the distribu-
tion ratio. It has an influence on the ternary diagram. In conclusion, it was
indicated that ILs with longer alkyl chains demonstrated lower selectivities.
Conversely, an optimum solute distribution ratio is achieved for the ILs with
8-10 carbon atoms in their alkyl chain. Because of the high viscosity of lon-
ger chain ILs, the [C,C,Im][Tf,N] was chosen from these mixtures [155,159].

Similar good results of the separation of aromatic and aliphatic hydro-
carbons were recently obtained with ethyl(2-hydroxyethyl)dimethylammonium
bis(trifluoromethylsulfonyl)imide, [(C,),C,HOC,N][Tf,N], at 298.15 K [160].
The separation of m-xylene from n-octane by extraction with [(C,),C,HOC,N]
[Tf,N] was observed with the distribution ration of 0.3 and selectivities of
range 22-31. The other ammonium salt as [(C,),C,HOC,N][BFE,] or 1,3-dihexyl-
oxymethyl-imidazolium tetrafluoroborate was not so successful in this
separation [161].

© 2009 by Taylor & Francis Group, LLC



48 Ionic liquids in chemical analysis

1.7.2  Extraction of metal ions

In separation, ILs are mainly used to extract metal ions with popular ILs
[C,CIm][PE{], [C,C,Im][PF,], or other ILs with [PF]~ or [Tf,N]~ anions [162—
167]. ILs have usually hydrophobic character that allows them to extract
hydrophobic compounds in biphasic separation. Metal ions tend to stay in
the aqueous solution being hydrated. Therefore, to remove metal ions from
the aqueous phase into the hydrophobic IL, extractants (ligands) are nor-
mally needed to form complexes to increase the hydrophobicity of the metal.
In more details this area will be covered in chapter 10 of the book.

1.8 Vapor-liquid phase equilibria

Since the evaporation of the molecule involves stretching of the hydrogen-
bonded structure of the IL, it is natural to examine the change of vapor
pressure for binary mixtures with molecular solvents. The vapor pressure
of mixtures {[C,C,Im][BF,] or [C,C,Im]Br + 2,22-trifluoroethanol} were
measured in the concentration range from 40 to 90 mass percent of the IL
and in the temperature range from 293.2 to 573.2 K [168]. The highest vapor
pressure was found for 40 mass percent of IL at 370.2 K: p = 100.5 kPa.

VLE of binary mixtures of alcohol (methanol or ethanol or 1-propanol) or
benzene with [C,C,Im][Tf,N] were studied by using a static method [169].
The activity coefficients of solvents in these mixtures were higher than one
except the system with methanol, where the values were lower than one for
the mole fraction of alcohol x = 0 to 0.35. The same method was used for the
VLE measurements of {1,2-ethanediol or 1,4-butanediol + [C,C,Im][Tf,N]}
mixtures and {metoxybenzene or hydroxymethylbenzene + [C,C,Im][Tf,N]}
mixtures [170]. Pressures were very low and activity coefficients were higher
than one, except the high concentrated mixtures of hydroxymethylbenzene.
The same static method based on the transpiration technique used for the
low pressure substances was investigated in the mixtures of {dimethyl adi-
pate or ethyl benzoate or benzylamine + [C,C,Im][Tf,N]}. The measured
pressure for binary mixtures was lower than 360 Pa and calculated from the
VLE activity coefficients was higher than one [170].

The VLE was measured for three ILs: [C,C,Im][PF,], [C;C,Im][PF,], and
[CsC,Im][BE,] with absorbed water using a gravimetric microbalance at three
temperatures, 283.15, 298.15, and 308.15 K. The solubility of water vapor was
the highest in [CgC,Im][BF,]. It was suggested that water is more soluble in
the system where the counteranion is [BF,]~ rather than [PF,]~, because of the
higher charge density for [BF,]~ anion [171].

Important information for the separation of aromatics from aliphatic
hydrocarbons was derived from the VLE data at three temperatures 303.15,
333.15, and 353.15 K for [C,C,Im][Tf,N], [C,C,Im][Tf,N], and [C,C,Im][Tf,N]
with benzene and cyclohexane [64]. Based on the observed larger miscibil-
ity gaps for cyclohexane (higher activity coefficients compared to benzene),
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suggestions can be made about the suitability of these ILs for the separa-
tion process. It was also confirmed that the miscibility gap increases with
decreasing alkyl chain from butyl to methyl at the imidazolium ring [64].

Low vapor pressure was also measured for the binary system of {THF +
[C,C,Im][BE,]} at temperature 337.15 K: for 0.3 mole fraction of THF it was
84.2 kPa [172]. Also, ternary VLE was measured for four ILs, [C,C,Im][BF,],
[C,CIm]C], [C,CIm][BE,], and [CiC,Im][BF,] with water and THF [144].
Tailoring of ILs as entrainers in extractive distillation was discussed.

The VLE of many systems {cyclohexane or cyclohexene or methanol or
ethanol + [C,CIm][Tf,N] or [C,C,Im][Tf,N]} at 353.10 K were measured
together with the activity coefficients at infinite dilution, and the prediction of
thermodynamic behavior was made using original UNIFAC, mod. UNIFAC,
and COSMO-RS(01) models [65]. A homogenous behavior was observed for
methanol and ethanol, and a miscibility gap was obtained for cyclohexane and
cyclohexene. The VLE correlations with UNIQUAC show excellent agreement
with the experimental results. For the first time also the group contribution
method UNIFAC was used for the prediction of thermodynamic properties
of ILs with perspective results [65]. Important measurements of the VLE
with polar solvents, methanol, ethanol, 2-propanol, acetone, THF, water with
three ILs ([C,C,Im][Tf,N], [C,C,Im][Tf,N], and [C,C,Im][(CH,),PO,]) have
been presented at 353.15 K [106]. The complete miscibility was observed for
[C,C,Im][Tf,N] and [C,C,Im][Tf,N] with acetone, alcohols, and THF, and the
miscibility gap was found for water. Also strong negative deviation from
Raoult’s law was observed for the systems of water, or methanol, or ethanol
with [C,C,Im][(CH,),PO,]). The high selectivity of [C,C,Im][(CH,),PO,] was
found for the separation of THF/water by extractive distillation [106].

The VLE was also measured for binary and ternary systems of {ethanol +
[C,CIm][C,SO,]} and {ethanol + ethyl tert-butyl ether + [C,C,Im][C,SO,]} at
101.3 kPa [151]. This ternary system does not exhibit a ternary azeotrope. The
possibility of [C,C,Im][C,SO,] use as a solvent in liquid-liquid extraction or
as an entrainer in extractive distillation for the separation of the mixture
ethanol/ethyl tert-butyl ether was discussed [151].

The estimated critical temperatures and normal boiling temperatures
using the E6tvos and Guggenheim equation, from the pure substances data
of surface tension and density, were presented by Rebelo et al. [172]. Normal
boiling temperatures of ILs were found inherently high because the strong,
long-range Coulomb interactions prevent the particles separation into the
gas phase. When the ion size decreases and the charge density increases the
normal boiling temperature increases. For example, the values are 725 and
646 K for the [C,C,Im][Tf,N] and [C,C,Im][Tf,N], respectively [172].

In every VLE measurement cited earlier, the vapor pressure of pure IL
was zero. It is widely believed that a fundamental characteristic of ILs is
that they reveal no measurable vapor pressure. In 2006, Earle et al., demon-
strated that a range of pure, aprotic ILs such as [C,C,Im][Tf,N], [C,C,Im][PF],
[C,CIm][C,SO,], and many others can be vaporized under vacuum at
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473-573 K and then recondensed at lower temperatures [173]. It was also
demonstrated that there is a possibility of separating two ILs by distillation
without their thermal decomposition. On the other hand, for example, BASF
used ILs in the extractive distillation process at temperatures of 448 K and
pressure of 5 kPa for more than three months without loss of the IL. The
assumed nonvolatility of ILs had been a basis of their common reputation as
“green” solvents.

This chapter contains many interesting sections that cover the development
of the subject from a wide range of perspectives. There is no doubt that the
VLE data that exist today will enable studies of separation by more polar or
hydrophobic ILs and the first of such studies can only be a short way off.

1.9 Activity coefficients in ionic liquids

Thermodynamic activity coefficients can be determined from the phase
equilibrium measurements, and they are a measure of deviations from
Raoult’s law. Data of the activity coefficients covering the whole range of lig-
uid composition of {IL + molecular solvent} mixtures have been reported in
the literature and discussed in sections 1.6, 1.7, and 1.8 as the values obtained
from the SLE, LLE, and VLE data. When a strong interaction between the IL
and the solvent exists, negative deviations from ideality should be expected
with the activity coefficients lower than one.

Activity coefficients at infinite dilution, y7,, of organic solutes in ILs have
been reported in the literature during the last years very often [1,2,12,45,64,
65,106,123,144,174-189]. In most cases, a special technique based on the gas
chromatographic determination of the solute retention time in a packed
column filled with the IL as a stationary phase has been used [45,123,174—
176,179,181-187]. An alternative method is the “dilutor technique” [64,65,106,
178,180]. A lot of y7; (where 1 refers to the solute, i.e, the organic solvent,
and 3 to the solvent, i.e., the IL) provide a useful tool for solvent selection in
extractive distillation or solvent extraction processes. It is sufficient to know
the separation factor of the components to be separated at infinite dilution to
determine the applicability of a compound (a new IL) as a selective solvent.

In many publications, the activity coefficients at infinite dilution y7; have
been determined for alkanes, alk-1-enes, alk-1-ynes, cycloalkanes, aromatic
hydrocarbons, carbon tetrachloride, and methanol in the IL at different
temperatures. Figure 1.15 presents a plot of the activity coefficients, y7,,
against chain length, n of hydrocarbons: n-alkanes, alk-1-enes, alk-1-ynes,
and cycloalkanes for [C,C,Im][Tf,N] [183].

For every hydrocarbon the activity coefficient increases with an increase
of the carbon chain length. Usually, the value of activity coefficient decreases
when the interaction between the solvent and the IL increases. It can be seen
in Figure 1.16, where the plot of the activity coefficients, Yoy for different C,
hydrocarbons in [C,C,Im][Tf,N] is presented [183]. The value of the activity
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Figure1.15 Plot of activity coefficients, y7;, against chain length, 1, of hydrocarbons
for [C,C,Im][Tf,N]: n-alkanes (), alk-1-enes (A), alk-1-ynes (@), and cycloalkanes (H).
(Adapted from Letcher, TM. et al., J. Chem. Thermodyn., 37, 1327, 2005.)
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Figure 1.16 Plot of activity coefficients, y{,, for different C, hydrocarbons in
[CoCIm][Tf,N]. (Adapted from Letcher, T.M. et al., J. Chem. Thermodyn., 37,1327, 2005.)

coefficient in benzene is the lowest. The influence of the alkyl chain in the
cation is presented in Figure 1.17 for the [Tf,N]~ anion.

The plot of the activity coefficients, y 7., against alkyl chain length, 1, in the
cation [C,C,Im][Tf,N] is shown for n-hexane, hex-1-ene, benzene, and cyclo-
hexane. The increase of the alkyl chain at the cation decreases the activity
coefficient for every kind of hydrocarbon in the IL.
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Figure 1.17 Plot of activity coefficients, y{,, against alkyl chain length, , in cation
[C,C,Im][Tf,N]: n-hexane (®), hex-1-ene (A), benzene (@), and cyclohexane (H).

The selectivity S7 is the ratio of the activity coefficients at the infinite
dilution and is given by

ee)
o _ Vi3

Ty (1.25)

where i and j refer to the liquids to be separated and it usually refers to
hexane and benzene, or n-heptane and toluene, respectively. The selectivity
value is used to determine the potential of the ionic solvent for extractive
distillation in the separation of aromatic compounds from aliphatic com-
pounds. The capacity

1

o0
753

k= =

(1.26)

determines the ratio of the feed flow; that is, the capacity has an influence
on the operating costs. Often an increase of selectivity leads to a decrease in
capacity. It is shown in Figure 1.18, where the selectivities and capacities are
plotted against the alkyl chain length of the cation of [C,C,Im][Tf,N].

It can be seen that the best IL for the economic realization of this process
is [C,C,Im][Tf,N].

GLC is a well-established and accurate method used to obtain y}, and
the partial molar excess enthalpies at infinite dilution values AH?*, which is
determined from the Gibbs—Helmholtz equation:

dlny? | _ AH;” (1.27)
a1/ T) R ‘
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Figure 1.18  Selectivities at infinite dilution, S*, and capacities, k*, against the
n-alkyl chain length, n in the cation of ionic liquid [C,C,Im][Tf,N]: S* (n-hexane/
benzene) (@), S* (cyclohexane/benzene) (M), and k* (benzene) (—A—).

In general, within each of the series, n-alkane, alk-1-ene, alk-1-yne, and
cycloalkane, the AHf‘“ values increase with the increasing carbon number
of solute (molecular solvents) [184-186]. Opposite effects were observed for
[CsCiIm]CI and [C,C,Im][MDEGSO,] [178,182]. The values of AH: for hex-1-
yne, hept-1-yne, benzene, and carbon tetrachloride are negative for some ILs
[182,183]. The negative value (—480 ] mol™) was also observed for benzene
in [C,C,Im][Tf,N] [177]. The value for benzene in [C,C,Im][Tf,N], AH* =
—900 J mol ! is more negative, indicating that the intermolecular - inter-
actions are higher for longer alkyl substituent at the imidazole ring [183].

The selectivity S values for the separation of hexane (i)/benzene (j) mix-
ture at T = 29815 K using different IL compounds and some very polar
solvents obtained from the literature are presented in Table 1.9. The results
demonstrate a significant influence of the cation on the S? values. For a given
anion [Tf,N]" the values of S are much higher for shorter alkyl chain at the
imidazole ring (see also Figure 1.18).

The results at T = 298.15 K for [C,C,Im]", [C,CIm]*, [C,C,Im]*, and
[C,CIm]* are 29.0, 244, 229, 16.7, and 12.4, respectively. It was shown ear-
lier in many investigations that the selectivities of ILs in separating organic
liquids are often higher than those for commonly used solvents, such as
NMP, or NMP + water. For the imidazolium compounds with the [Tf,N]~
anion, the selectivity increases with the decreasing alkyl chain length at the
imidazole ring for different separation mixtures. Furthermore, in Table 1.9,
it was shown that by changing an anion from [Tf,N]~ to [PF,] -, or [BE,]~, an
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Table 1.9 Selectivities, S7, at Infinite Dilution of Various
Solvents for the n-Hexane/Benzene Separation
Sf}‘ = y;;/y].’; atT =298.15K

Solvent S; Reference
Sulfolane 30.5 188
Dimethylsulfoxide 22.7 188
Diethylene glycol 154 188
N-methyl-2-pyrrolidinone 125 188
[4C,C,pyr][T£,N] 16.72 65
[C,CIm][C,SO,] 4142 177
[C¢CiIm][PE] 21.6 179
[C¢CyIm][BE,] 23.1 179
[C,CIm] [T£,N] 24.4° 65
[C,CIm][T£,N] 229 176
[C,C{Im][T£,N] 375 184
[C,C,C{Im][TE,N] 25.3 176
[C,CIm][TE,N] 16.7° 177
[CoCIm][TE,N] 12.4 183

2 Extrapolated value.
b Interpolated value.

increase in selectivity is observed. Comparing different results for many
ILs, the selectivity 57 and capacity values for the separation of n-hexane (i)/
benzene (j) mixture have to be calculated; also the density, viscosity, toxicity,
and cost for the investigated IL have to be discussed. The results presented
show that the activity coefficients and intermolecular interactions of differ-
ent solutes with the IL are very much dependent on the chemical structure
of the IL.

The effect of the alkyl chain length, the structure of the cation and anion,
and the final selection of the IL for aromatic/aliphatic extraction (mainly
toluene/n-heptane) have been presented by Meindersma et al. [123]. The
ILs [C,CIm][C,SO,], [C,CIm][C,SO,], and 4-methyl-N-butylpyridinium salt
[4C,C,py][BF,] have been chosen as the best for the extraction experiment.
In conclusion, [4C,C,py] [BF,] showed the best combination of capacity
and selectivity. Also, some other ILs appeared suitable for this extraction:
[C,CIm][BE,], [3C,C,pyllC,SO,], and [C,C,Im][C,SO,]. The ammonium based
[(C)),C,HOC,N][Tf,N] can also be not neglected [160].

Recently, ILs similar to those presented in this section have been under
intense investigation. The quantitative structure-property relationship
(QSPR) method to the analysis of y7, values obtained in different laboratories
was used for the correlation and prediction. These studies have shown that
QSPR is a powerful tool for extending experimental activity coefficient data,
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especially for new solutes [189]. Excellent results of modeling of the activ-
ity coefficients of tetramethylammonium, tetraethylammonium, tetrapro-
pylammonium, and methylammonium salts with different anions in water
at 298.15 K have been obtained with the electrolyte-nonrandom two-liquid
(NRTL) equation [190].

In conclusion, the examination of selectivity has been done together with
capacity in a variety of solutes in ILs to provide a picture of interactions and
costs.

1.10  Heat capacity of ionic liquids and heat of mixing

Over the past decades, heat capacities have constructed an impressive
database in the ILs, with respect to both the solid and the liquid phases.
Heat capacities are needed to estimate heating and cooling requirements
as well as the heat-storage capacity. From the beginning, heat capacities of
popular ILs were measured in Refs 191-193 for [C,C,Im][PF,], [C,C,Im][PF,],
[CCIm][PE(], [C,C,Im]C], [C,C,Im][Tf,N], [C,C,Im][BE,], [C,C,Im][BF,], and
[C,C,CIm][TE,N]. Systematic measurements of imidazolium ILs at two
temperatures 298.15 and 323.15 K, especially of bis(trifluoromethylsulfo-
nyl)imides were performed by Fredlake et al. [81]. For example, the value
for [C,C,Im][Tf,N] was 524.3 ] mol™! K}, the lowest value was measured
for [C,C,Im]Br, 316.7 ] mol* K. Heat capacity increases with temperature
and with the increasing number of atoms in the IL. Some of these salts
([C,C,Im][PF,] and [C,C,Im][Tf,N]) were measured again by Troncoso et al.
[193] at the temperature range between 283 and 328 K. The deviations from
the data of Fredlake et al. [81] were observed and a slight influence of the
effect of CI~ content was stated. Again, the same ILs and N,N-methyl propyl
pyrrolidinium salt with [Tf,N]~ anion were measured at the temperature
range from 283.15 to 358.15 K [194].

The values of heat capacities of 24 ILs, pyridinium-based, imidazolium,
and ammonium ILs were presented by the same laboratory a year later [195].
The high value (766 ] mol™! K™ at 298 K) was observed for 1-hexyl-2-propyl-
3,5-diethylpyridinium salt, [1C;—2C;-3,5C,py][Tf,N]. It was found that heat
capacity increases linearly with increasing molar mass for these compounds
that are comprised of a limited number of different atoms. A series of pyri-
dinium and imidazolium-based ILs mainly with trifluoromethanesulfonate
anion, [TfO]~, have been measured by Diedrichs and Gmehling [124]. The
values between 300 and 800 ] mol ! K™! were observed for different ILs.

The heat capacities of series of ammonium bromides ([(C,),C;HOC,N]Br,
[(C)),C,HOC,N]Br, and [(C,),C,HOC,N]Br) were measured for the solid and
liquid phase, and the difference in the solute heat capacity between the lig-
uid and solid phase at the melting temperature, A, ,C,, has been determined
by the DSC analysis [79]. Negative values of A, ,C,, were observed for these
compounds.
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The excess molar enthalpies at 323 K and 1.3 MPa were measured in [64]
for hydrocarbons (hex-1-ene, cyclohexane, benzene, and cyclohexene) in the
[C,C,Im][Tf,N]. The negative excess enthalpies were observed (=730 J mol™*
at xi; = 0.63) only in the mixtures with benzene, expected from the discus-
sion about the interactions in the solution. Much more data can be found in
the two existing data banks [1,2]; for example, in Dortmund Data Bank, 37
systems are accessible.

The heats of the solution, A, H, of ILs [C,C,Im][BF,] and [C,C,Im][BF,] in
acetonitrile as a function of concentration were measured at 298.15 K [196].
The values were approximately —4.5 ] mol ™ for small concentrations of the
IL. The heat of the solution at the infinite dilution as well as the enthalpy of
transfer from water to methanol and acetonitrile for four ILs was detected
[196]. Enthalpies of the solution of six organic solutes (methanol, terf-butanol,
1-hexanol, chloroform, toluene, and ethylene glycol) in [C,C,Im][Tf,N] have
been measured, and the enthalpies of mixing have been calculated [196].
Excess molar enthalpies were negative for chloroform and toluene.

Calorimetric measurements are time consuming and very expensive
because of the amount of the IL taken to the experiment. The results usually
show the same type of interaction as in other experiments as the activity
coefficients at the infinite dilution or solubility measurements. From calo-
rimetric measurements it can be observed that the molar heat capacities
depend linearly on the temperature and increase proportionally to the alkyl
chain length of the cation.

1.11  Electrochemical properties

In recent years, the 1,3-dialkylimidazolium salts have been vigorously stud-
ied, because they are expected to be a new electrolyte medium. Especially
when the counter anion of such imidazolium salt is exchanged from halo-
gens to popular anions such as [PF]~, [BE,]", [Tf,N], [TfO]", and others,
which are known to be water stable and less viscous liquids at ambient tem-
peratures. This characteristic (low viscosity and correspondingly high ionic
conductivity, chemical and thermal stability, nonflammability and a wide
electrochemical potential window) is preferable for electrolyte solution for
lithium battery. Various trials have been made to have a fundamental under-
standing of these ILs and to introduce them in practical applications, such as
batteries, capacitors, and electrochemical solar cells. The formation of poly-
mer electrolytes based on these ILs has also been proposed. However, the
fundamental understanding of the ionic transport properties is not sufficient.
The problems of ionic diffusion coefficient, the degree of ionic association,
and the interaction between ions have not been clearly revealed. Recently,
the critical review of ILs as electrolytes was presented from the point of view
of their possible application in electrochemical processes and devices. The
viscosity, melting and freezing points, conductivity, temperature depen-
dence of conductivity, electrochemical stability, and possible application in
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aluminum electroplating, lithium batteries, and in electrochemical capaci-
tors were reviewed [36]. The introduction to novel ILs in electrochemistry
was presented in the book edited by Ohno [197].

For many years scientists have been searching a new class of highly conduc-
tive polymer electrolytes containing ILs based on pyridinium, or imidazolium
halide, and aluminum chloride [198-207]. Poly(1-butyl-4-vinylpyridinium
halides) (chloride or bromide), pyCl or pyBr with AICl; have revealed an
eutectic system with 1:1 congruently low melting compound (~303 K) with
conductivity ~12.6 mScm™ [198]. Mixtures of three salts, triethylammonium
benzoate, lithium acetate, and Li[Tf,N] in 7/2/1 molar ratio form a stable
molten salt with the glass transition temperature and melting temperature
221 and 328 K, respectively [199]. The ionic conductivity at 333 Kis 1 mSem™.
The compatibility of the ionic melts with polymers has been explored by
using several commercially available polymers (polyacrylonitrile, poly(vinyl
butyral)). Polymer-based solid electrolytes, especially poly(ethylene oxide)
(PEO), are of growing importance in solid-state electrochemistry [200-204].
PEO dissolves inorganic salts and transports the dissociated ions along the
segmental motion of the polyether chain. PEO has been studied as an ion-
conductive matrix which is useful in many applications, such as secondary
batteries, sensors, electrochromic displays, and other electrochemical devices.
The PEO oligomers having sulfonamide groups or ethylimidazolium groups
on the chain end have shown drastic decrease of glass transition tempera-
ture and improvement in ionic conductivity [201]. For 10 mol% of addition of
Li* anion to PEO unit, the small maximum of ionic conductivity at 323 K was
observed. Generally, the ionic conductivity is dependent on the number of
carrier anions and on the segmental motion of the polymer matrix. Deriva-
tives of PEO having both vinyl group and imidazolium salt structure on
their ends with changing chloride anion to [Tf,N]~ anion have revealed very
high conductivity, 12 mSem™ at 303 K. The same effects were obtained by
changing bromide counter anion to [Tf,N]~ anion in dimethylimidazolium-
alkylene salts. The high conductivity of these salts was kept even after the
addition of lithium salt, Li[Tf,N] [204]. A number of novel salts with ammo-
nium and pyrrolidinium-based cations and the [Tf,N]~ anion were tested in
its lithium salts. The conductivities for some derivatives were ~1.4 or
~2.2 mSem™! at 298.15 K [205]. The zwitterionic-type molten salts having a
sulfonamide group instead of sulfonate group mixed with Li[Tf,N] had an
ionic conductivity of 10 mScm™ [205]. Different polymer gel electrolytes with
alkali metal ILs consisted of sulfate anion, imidazolium cation, and alkali
metal cation displayed excellent ionic conductivity—10> mSem™ [206].

Ionic conductivity for the chosen pure ILs was determined in a wide range
of temperatures (263-373 K) [208]. For example, the ionic conductivities for
[C,C,Im][BE,] and [C,C,Im][Tf,N] at 294 K were about 2.2 and 0.8 mScm™,
respectively [199]. Much higher values for these two ILs were collected
by Galiriski et al. [36]. It was also shown in Ref. 208 that at 303 K the ionic
conductivity decreases from 17.2 to 10.6 mScm™! after adding 1 M of Li[BF,].
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The ionic conductivity of [C,C,Im][BF,] was higher than of Li[C,C,Im][BF,].
The high influence of water and ethanol on ionic conductivity was observed for
1-allyl-3-methylimidazolium salt. The conductivity increases with an increase
of temperature and the addition of water and ethanol. For example, the con-
ductivity was changed from 3.82 mSem ™ for pure IL at 293.15 K to 8.17 mScm ™!
for the mixture (IL + 0.3 water + 0.1 ethanol in mole fraction) [209].

The influence of alkyl chain, anion, and water on conductivity was
tested in Ref. 210 for [C,C,Im][Tf,N], [C,C,Im][Tf,N], [C,C,Im][Tf,N], and
[C,C,Im][PE(]. The conductivities at 293.15 K for these ILs were from 7.73 to
1.09 mScm™. The addition of water always increases conductivity. It means
that for the entire temperature the conductivity decreases when the alkyl
chain increases. The [PF;]~ anion decreases the conductivity in comparison
with the [Tf,N]~ anion.

The effect of the addition of water and molecular solvents such as propylene
carbonate, N-methylformamide, and 1-methylimidazole on the conductivity
of [C,C,Im][Br] and [C,C,Im][BF,] was measured at 298 K [211]. The mixture of
the IL and the molecular solvent or water showed a maximum on the conduc-
tivity/mole fraction IL curves. The maximum for nonaqueous solvents was at
the level of approximately 18-30 mScm ™! at low mole fraction of the IL and the
maximum for water was at level approximately 92-98 mScm ™ [211]. The con-
ductivity of a mixture of these two ILs depends monotonically on the compo-
sition. The temperature dependence of the conductivity obeys the Arrhenius
law. Activation energies, determined from the Arrhenius plot, are usually in
the range of 10-40 k] mol ™. The mixtures of two ILs or of an IL with molecular
solvents may find practical applications in electrochemical capacitors [212].

1.12  Conclusions and perspectives

In recent years, physical-chemical measurements on supported ILs have
been performed by using many techniques that have appeared to be a per-
forming tool to derive physical-chemical properties and the reaction mecha-
nism of catalytic reaction on ILs. These studies have been motivated by the
necessity to bridge the material gap in many fields of sciences with novel
compounds.

Before using the ILs, it must be remembered that they can be dramatically
altered by the presence of impurities. Impurities can change the nature of
these compounds. The main contaminants are halide anions and organic
bases, arising from unreacted starting material and water. The influence of
water and chloride anion on the viscosity and density of ILs has already been
extensively discussed by many authors [56]. The hydrophilic/hydrophobic
behavior is important for the solvation properties of ILs as it is necessary
to dissolve reactants, but it is also relevant for the separation and extrac-
tion processes and in electrochemical processes. Furthermore, the water con-
tent of ILs can affect the rates and selectivity of reaction (this problem was
not discussed in this chapter) and can be taken as a cosolvent in extraction
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process as it is with NMP and water. The solubility of water in ILs is, more-
over, an important factor for industrial applications of these solvents. Unfor-
tunately, the toxicity of ILs discussed in this chapter and possible pathway
into the environment is not known. The phase equilibria of ILs with water
were discussed in Section 1.6.1. The interaction with water has also been
investigated through theoretical calculations. Molecular dynamics simula-
tion of mixtures of 1,3-dimethylimidazolium ILs with water have been per-
formed as a function of composition [213].

It is impossible to measure all possible combinations of the anions and
cations, including the possibility of using mixtures of ILs, because the num-
ber of these novel substances is extremely high. To have the possibility to
tailor the best IL for a certain application, more theoretical work has to be
done, for example, the prediction of the melting temperatures of quaternary
ammonium ILs.

Recently, Rebelo and coworkers [172] presented a method to estimate the
critical temperatures of some ILs based on the temperature dependence of
their surface tension and liquid densities. The molar enthalpies of vaporiza-
tion of a series of commonly used ILs were also determined for the first time.
The molar enthalpies of vaporization of [C,C,Im][Tf,N] ILs in the function
of the alkyl chain length have been presented [214]. The critical properties
(T, P, V), the normal boiling temperatures, and the acentric factors of 50 ILs
were determined as well for the first time [215].

Studies on physical, chemical, and thermodynamic properties of ILs,
high-quality data on reference systems, the creation of the comprehensive
database, the review efforts, the theoretical modeling of physical-chemical
properties, also, the development of acceptable thermodynamic models such
as COSMO-RS (01), or mod. UNIFAC is a strategy that will help to make
progress in the field of ILs.

ILs have many fascinating properties which make them of fundamental
interest to all chemists and physicists, because both thermodynamics and
kinetics of reactions carried out in ILs are different to those in conventional
molecular solvents. It was shown by many reviewers that by choosing the
correct IL, high product yields can be obtained, and a reduced amount of
waste can be produced in a given reaction. Often the IL can be recycled, and
this leads to a reduction of the costs of the processes. It must be emphasized
that reactions in ILs are not difficult to perform and usually require no spe-
cial apparatus or methodologies.

Recent data and other scientific and engineering advances provide the
potential for expanded opportunities in almost all separation technolo-
gies. Future separation needs are related to the pharmaceutical, biomedical,
and other biotech industries, microelectronics, aerospace, and alternative
fuels (i.e., hydrogen) segments of the economy. In addition, nanotechnol-
ogy will impact separations in general with respect to scale and materials.
Environmental concerns, such as CO, levels in the atmosphere, will continue
to provide the impetus for improved separation technologies.
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Very little research has been conducted on the potential application of ILs
as lubricants or heat transfer fluids. ILs have the potential to compete with
even the most successful synthetic organic and silicone-based compounds
in the market.

The unique properties of ILs and the ability to tailor properties by the
choice of the cation, the anion, and substituents open the door to many
new technologies. ILs offer the opportunity for chemical engineers to revo-
lutionize the industry. However, there are a variety of challenges that are
associated with turning ILs from scientific concepts into practical fluids for
industrial use. These have to do with cost, lack of corrosion data, and absence
of toxicity data.
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2.1 Introduction

An understanding of the microscopic structure of liquids is paramount in
understanding the macroscopic properties of the system. Given the sheer
number of potential ionic liquids, quantifying the interactions in the liquid
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state is of enormous benefit when selecting candidate ionic liquids, or at
least narrowing any potential search to perhaps less than a hundred candi-
dates rather than many tens of thousands. However, the complex interplay
between species in the liquid state presents a significant challenge even for
simple molecular solvents. In the case of ionic liquids, the introduction of
charged species provides even more variety and directionality to the inter-
actions and deepens the problem. What are the local environments of the
individual species? Which are the important interactions between them?
How, in the case of ionic liquids, can the individual ions be tailored to adjust
the properties of choice? Experimentally, several techniques have begun to
answer these questions but remain restricted to relatively simple systems.
Nevertheless, combined with theoretical insights, a detailed and useful pic-
ture of the microscopic structure in these systems may be built.

2.2 Structure of simple molten salts

The structure of simple molten salts based on atomic ions, for example
the alkali halide salts, has been studied extensively for the last 30 years,
since it became feasible to apply experimental methods such as neutron
diffraction and extended x-ray absorption fine structure (EXAFS) at the
high temperatures associated with the melt phase. The pioneering work
of Edwards et al. on molten NaCl provides perhaps the best-known
example [1], and illustrates the standard template for the liquid structure
of a purely ionic binary melts. Figure 2.1 shows the radial distribution func-
tions (RDFs) obtained from the study for all pairs of ions, and clearly shows
the charge ordering present in the system. The profiles are dominated by
the unlike-ion (gy,c) curve located at ~2.7 A. A minimum occurs there-
after in gy, at ~4.3 A, which corresponds to the maximum in the like-ion
curves (gnana aNd geicy)- It is important to note that there is no overlap above
g = 1 between gy, and either of the like-ion traces, giving a clear indica-
tion that concentric shells of anions and cations exist with no penetration
of one into the other. Furthermore it is evident that this structuring persists
out to at least the third Na---Cl shell. One important quantity that can be
obtained from experiments such as these is the coordination number (CN)
of the ions. From an integration of the first peak in the gy, and gnana/Scici
RDFs CNj. = 5.8 £ 0.1 and CN_ ;. = 13.0 = 0.5 are found. For CNj;,, this
suggests an octahedral 6-coordinate arrangement of ions about a central
site, and for CN,,;;. a less-ordered, but still quantifiable, shell of 13. In
addition, this bears considerable resemblance to the solid-state structure
of the salt.

Since the work of Edwards et al. a vast array of molten salts has been
studied, including mixtures and eutectics [2-5]. Beyond the binary ionic melt
there are two important factors affecting the local order of the system, namely,
the covalency of the interaction between unlike ions and the stoichiometry
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Figure 2.1 Radial distribution functions for an NaCl melt at 1148 K, as found by
neutron diffraction. Concentric, mutually exclusive shells of anions and cations can
clearly be seen extending to large distances relative to the sizes of the ions. (From
Edwards, EG., Enderby, ].E., Howe, R.A., and Page, D.I, |. Phys. C: Solid State Phys., 8,
3483-3490, 1975. With permission.)

of the ions in the system. We will not discuss the effect of stoichiometry since
all the ionic liquids considered later are simple 1:1 salts, but the nature of the
interaction between ions is of particular importance. For example, consider
the series of silver halides from AgCl to Agl, where both neutron diffrac-
tion [6,7] and EXAFS [8-10] techniques have been employed to investigate
the changes in liquid structure when progressing from the smaller, less-
polarizable chloride anion to the larger, more-polarizable iodide anion. A
roughly tetrahedral arrangement of ions is found for all salts near their
respective melting points, with CNs calculated to be 3.8, 3.9, and 4.6 for AgCl,
AgBr, and Agl, respectively [6]. On further heating the local order is seen
to decrease for Cl”~ and Br~ salts resulting in first shell CNs whereas for Agl
little significant change in the local structure occurs. This has been attrib-
uted to the effect of the increased covalent character associated with the
Ag*/I" ion pair, compared with essentially ionic interactions found for the
Ag*/Cl”and Ag*/Br~. Kawakita et al. also noted that the molten structures
of AgCl and AgBr are different from the mineral structure with respect
to the cation—anion distance [7]. In contrast, for Agl the cation—-anion
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distances between the solid and the melt phases are almost identical, again
indicating that the cause is increased covalency between the Ag*/I" ion pair.

2.3 Structure of pure ionic liquids

Even the simplest ionic liquids are a significant departure from the simple
binary molten salt, with both the cation and the anion often being poly-
atomic, asymmetric organic or inorganic ions. Although it is possible to make
the approximation that both species are just (slightly larger) ionic spheres
with differing polarizability this is an oversimplification. The introduction
of atomically fine charge distributions means this approach is unlikely to
adequately describe the structure and properties of ionic liquids, even those
containing ions that are roughly pseudo-spherical such as tetrafluoroborate
or hexafluorophosphate. The distribution of the charge over the ions provides
the variety of interactions observed within the liquid state, and should not
be oversimplified if an accurate picture is desired.

Owing partly to the vast number of potential ionic liquids, experimentally
derived structural data for the liquid state is still scarce. 1,3-Dialkylimidazo-
lium ionic liquids are among the most common family of solvents currently
under study, since they were the first to be synthesized and put to use as
room-temperature molten salt solvents, and have received the most atten-
tion both experimentally and theoretically. Molecular dynamics and Monte
Carlo techniques have been particularly important in predicting properties
of the liquid state of these materials, while neutron diffraction has been able
to elucidate structural descriptions from experiments. In combination, these
last two techniques make up a powerful, complementary theory/experiment
combination which is able to provide a detailed examination (and justifica-
tion) of the microscopic structure of the liquid state. This was realized in
the original work on NaCl with references made to theoretical studies of the
same system [11], and, since then, the two combined methodologies have
been used extensively for many different systems [12-14]. Since the prac-
tice of simulating ionic liquids is also still relatively young (the first such
study being that of Hanke et al. in 2001) [15] the evolution of forcefields
and experiments have been complementary, with experimental results
allowing the proper evaluation of forcefields, and by return the creation of
more accurate forcefields with which to model and compare with the experi-
mental data.

2.3.1 1,3-Dimethylimidazolium chloride

The simplest alkylimidazolium ionic liquid* 1,3-dimethylimidazolium chlo-
ride ([C,C,Im]Cl, numbering of the cation atoms is shown in Figure 2.2) and

* Note that [C;C,Im]Cl is not a room temperature molten salt since its melting point is
just above 450 K.
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Figure 2.2 Labeling of atoms in the 1,3-dimethylimidazolium cation ([C,C,Im]").

has served as a model ionic liquid for many theoretical studies owing to its
simplicity and comparatively rich experimental characterization. For much
the same reason it was the first ionic liquid studied by neutron diffraction by
Hardacre et al. in 2003 [16]. Figure 2.3 shows g, _and g, , as determined from
the empirical potential structure refinement (EPSR) process [17-19]. From
Figure 2.3 it is clear that the RDFs possess many features in common with
those for NaCl given earlier. Notably, the cation-anion and cation—cation
curves overlap very little above g = 1, and there is clear structure beyond the
first coordination shell. Integration of the RDFs up to the position of the first
minimumin g, givesa CN of ~6, again showing much similarity with NaCl.
The first peak in the g,, curve occurs at ~5.5 A indicating the separation
between pairs of cations and reflecting the width of the primary anion shell.
However, considering only the spherically-averaged RDFs misses out much
of the importance of the cation-anion interaction. For example, if taken in
isolation it might be tempting to conclude that the ions are arranged around
each other in a regular manner similar to the packing of charged spheres
as found in the case of NaCl. Chemical intuition forces a consideration that
strong directional character of the ion—ion interactions will exist. The ions
do not, in general, have spherical symmetry, and the electrostatic surface of
the cation will contain chemically distinct sites with varying Lewis charac-
ter. To understand the structure in detail, this directionality must be fully
considered.

From neutron diffraction experiments and molecular dynamics/Monte
Carlo simulations three-dimensional, spatial distributions of the liquid can
be determined by considering the positions of species relative to a given
site in the liquid, usually located at the center-of-mass of one of the ions and
defined by a set of local axes (which may only be uniquely defined for a
nonlinear arrangement of three atoms or more). Taken as an ensemble aver-
age over time, the resulting distributions represent the probability of finding
a given site at a given position around a central species. Depicted graphi-
cally, contour surfaces represent regions of a given probability, and are either
measured relative to the probability of finding a species in the bulk (as with
normalization of RDFs) or as a percentage of the number of molecules of a
given type occurring within some distance.
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Figure2.3 Cation—anion (a) and cation—cation (b) center-of-mass radial distribution
functions determined by empirical potential structure refinement from neutron
diffraction studies of [C,C,Im]C], [C,C,Im][PE], and [C,C,Im][Tf,N]. (From Acc.
Chem. Res., 40, 11461155, 2007. With permission.)

Figure 2.4 shows the distributions of anions about cations for [C,C,Im]Cl
as determined from EPSR at two different probabilities. The direction-
ality of the interactions is clear, with the highest probability regions of
anions located along the vectors of the aromatic C-H bonds of the ring and
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cr [PF]” [NTf]

Figure 2.4 Probability densities determined by empirical potential structure
refinement from neutron diffraction studies of [C,C,Im]Cl, [C,C,Im][PF], and
[C,C,Im][Tf,N]. Surfaces represent anions (top row) and cations (bottom row) about
a central cation, drawn to encompass the top 10% of ions within 8 A (From Acc. Chen.
Res., 40, 1146-1155, 2007. With permission.)

secondary interactions in the regions above and below the ring. Interest-
ingly, in the liquid state, no significant association of the anions with the
methyl groups of the cation is seen. The crystal structure of [C,C,Im]Cl is
dominated by H-Cl contacts, involving both hydrogens of the imidazo-
lium ring and those of the methyl groups [20]. In the liquid phase only the
aromatic hydrogens of the ring are able to interact strongly enough with
the anions to promote any significant structuring, owing to their increased
acidity compared with the aliphatic methyl hydrogens, nevertheless the
general similarity with the crystal structure should be noted.

No less than four classical forcefields have been used in simulation
studies of [C,C,Im]Cl1 [21-24], and show general agreement with the neutron
diffraction data. Simulated RDFs follow the experimental results closely,
but tend to display a multiplet rather than a single, well-defined first peak
[22], Figure 2.5. It is possible that the more complex structure arises from
too-strong interactions between ions, resulting in an RDF more akin to the
solid than the liquid. The individual features of the simulation peaks may
be uniquely assigned to specific H-Cl interactions within the liquid, as
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Figure 2.5 Cation—anion center-of-mass radial distribution functions of [C,C,Im]Cl
calculated using two different classical forcefields: (a) that of Canongia-Lopes [21]
(solid line) and (b) that of Liu et al. [22] (dashed line). Both have a small shoulder at
~5.6 A, and the model of Liu et al. displays a splitting of the primary peak.

detailed in Figure 2.5. One discrepancy between simulation and experi-
ment has been the probability of finding anions above or below the imidaz-
olium ring, which is clearly evident from the experiment but which is not
agreed upon by simulations. Figure 2.6 shows examples of simulated prob-
ability distributions from two different forcefields where one predicts the
association of anions with the aromatic ring and one does not. Reproduc-
tion of the experimental features by the second model has been obtained
by modification of the atomic charges in the system, with the end result
that the aromatic ring has an overall slight positive charge, compared with
a slight negative charge in the alternative model. It is enough to note that,
while simulations are able to reproduce the general features of the experi-
ment fairly easily, the finer aspects require more thought regarding the
potentials employed and are particularly sensitive to the representation of
charges on the ions and the distribution of total charge [25-27]. [C,C,Im]Cl
has also been the subject of several ab initio molecular dynamics studies
[28-30] that are consistent with the neutron data, but again do not show
the presence of anions above and below the imidazolium ring. Typically,
in both forcefield and ab initio simulations the regions above and below the
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Figure 2.6 (See color insert following page 414.) Probability densities of chloride
anions about a central [C,C,Im]* calculated from MD simulations using two different
classical forcefields: (a) that of Canongia-Lopes [21], which has an overall negatively
charged imidazolium ring (C and N atoms only) and (b) a model that has an overall
positively charged imidazolium ring. Both surfaces are drawn at five times the bulk
density of anions.

ring are populated by cations; however, these cations are positioned far
enough away from the plane of the imidazolium ring such that they do not
penetrate the first solvation shell.

2.3.2  1,3-Dimethylimidazolium hexafluorophosphate

1,3-Dimethylimidazolium hexafluorophosphate ([C,C,Im][PF,]) presents an
interesting contrast to [C;C,Im]C] owing to the marked differences in the
anion. The chloride anion is small and nonpolarizable and will readily
form hydrogen bonds while [PF]™ anion is large, a poor nucleophile, and
weakly coordinating. These properties serve to reduce the association
between cation and anion, decreasing the melting point of [C,C,Im][PE(] to
362 K. As found for the analogous chloride salt, neutron diffraction studies
on the liquid [31] again show the alternating shells of cations and anions in
the RDFs, Figure 2.3, with the distance between cations increased to 6.3 A
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to accommodate the larger anion. Integration of the first g, peak gives a CN
of 6.8, higher than for the chloride-containing liquid. In comparison with the
first g, peak in [C,C,Im]|C], here there are three associated maxima instead
of one, indicating that the cation-anion interaction in [C,C,Im][PF,] is more
complex despite the reduced association between the anions and the cations.
Probability distributions of [PF,]” around the cation, Figure 2.4 show that, as
with [C,C,1,m]Cl, there are three regions for which the highest probability
of finding anions exists. Anion density above and below the plane of the
imidazolium ring clearly exists, but since no bonding interaction is possible
between anions in this position and the cation the distribution is a result
of electrostatic interactions only, and are favored over C-H---F hydrogen-
bonding interactions which are weak owing to the chemical nature of the
anion. The most significant portion of the top 2.5% are positioned along the
C2-H2 vector at the top of the imidazolium ring, while increasing the scope of
the plot to encompass the top 20% of molecules within 9 A reveals a region
below the H4 and H5 hydrogens. On first inspection these regions might
be considered to be the result of hydrogen-bonding interactions between
ring hydrogens and the fluorine atoms of the anion, but it may be more
instructive to understand these as a consequence of maximizing the favor-
able electrostatic interactions. Figure 2.7 shows probability distributions of
cations about [PF,]” where it is interesting that cations are not located along
P-F bond vectors, but rather occupy positions at the corners of a cube where
the P-F bonds point toward the faces of the cube. The [PF]™ anions them-
selves are positioned directly along the P-F vectors, which seems to be a

Figure 2.7 (See color insert following page 414.) Probability densities determined
by empirical potential structure refinement from neutron diffraction studies of
[C,C,Im][PE,]. Densities are for (a) [PF;] and (b) [C,C,Im]* around a central anion.
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remarkably high-energy configuration, but is just an arrangement dictated
by the intermediate cations and lead to the anions and cations occupying
mutually-exclusive positions.

Classical simulations by Hanke et al. [15] employed a model without
methyl hydrogens and which showed excellent agreement with the
experimental RDFs. In particular, the main feature of g, at ~4.8 A has
two peaks which are also evident in the EPSR-derived curve, although the
secondary peak at ~6.3 A is missing in the simulated data. Other studies
have been performed on the related ionic liquid 1-butyl-3-methylimidazo-
lium hexafluorophosphate ([C,C,Im][PFy]), and some relevant results can
be extracted. For example, Morrow and Maginn used an explicit-hydro-
gen model [32] and showed from atom-atom RDFs that the [PF,]” anion
prefers to coordinate with the hydrogen at the C2 position over the
hydrogens at the C4/C5 positions, in line with the probability densities
in Figure 2.4 above. Interestingly, the ¢, resulting from the use of the
explicit-hydrogen model displays a singlet primary peak, whereas another
model containing no hydrogens employed by Shah et al. [33] again dis-
plays the fine structure observed by experiment and the model of Hanke
et al. This perhaps reaffirms the fact that the distribution of anions about
cations is more influenced by Coulombic forces and packing rather than
directional interactions provided by the presence of explicit hydrogens.
Probability densities calculated for [C,C,Im][PF;] by Hanke et al. [15] via
classical molecular dynamics and for [C,C,Im][PF,] by Bhargava and Bala-
subramanian [34] via ab initio molecular dynamics are very similar and
reproduce the essential features of the experiment with high-probability
regions above and below the imidazolium ring and along the H4 and H5
bond vectors, although neither shows any significant region along the
C2-H2 bond vector as was found in the experiment and also observed in
the crystal structure [35].

2.3.3 1,3-Dimethylimidazolium bis{(trifluoromethyl)sulfonyl}imide

Recently, ionic liquids based on the bis{(trifluoromethyl)sulfonyllimide
anion ([Tf,N]") have grown in popularity owing to their hydrophobicity
and high thermal stability. The [Tf,N]™ anion marks a significant depar-
ture from those already studied, not least because of the inherent flexibil-
ity of its structure. It is also much more weakly coordinating than either
the chloride of hexafluorophosphate anions studied owing to its increased
size over which the negative charge is spread. This weakens the Coulombic
interactions between the ions and results in reduced viscosity compared
with chloride- and hexafluorophosphate-based ionic liquids, for example,
see Ref. 36.

Neutron diffraction studies performed by Deetlefs et al. in conjunction
with theoretical investigations were conducted as part of the data analysis
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process [37]. Figure 2.3 shows the RDFs extracted from EPSR of the neutron
data and once more shows the (by now expected) oscillatory structure for
the individual curves revealing the concentric shell structure of anions and
cations. However, the oscillations are far weaker than observed for the other
anions and dampen more quickly indicating less structuring of the liquid
relative to a given ionic center. The primary g, , peak is located at around 7.0 A
reflecting a further expansion of the liquid effected by the increased size of
the anion. Strikingly, though, there is significant overlap between the ¢, and
g++ RDFs indicating that the primary solvation shell about a cation is not an
anion-exclusive zone, and instead contains both types of ion. For the second
shell the effect is enhanced, the g, and g,, curves being almost coincident.
As a result of the softer ionic binding between the anions and the cations in
the case of [Tf,N], the cations are able (or are forced) to approach each other
more closely and produce intermolecular contacts that are at least as favorable
as those between cations and anions, despite the obvious repulsive Coulom-
bic forces between the cation species.

Probability densities obtained from EPSR are shown in Figure 2.4. Here
there is a clear preference for the anions to sit above and below the ring, and
also to associate with the methyl groups forming a band of anions around
the cation. As the hydrogen-bonding ability of the anion has decreased, the
probability of finding anions above and below the ring has steadily increased
inferring that in the present salt it is more a case of packing forces rather than
specific interactions dominating the liquid structure. Indeed, the cations may
now be found in positions that in the two other ionic liquids were dominated
by anions—that is, apparently associated with the aromatic hydrogens of the
imidazolium ring. Again, however, this is a result of packing rather than of a
geometry enforced by intermolecular contacts.

The crystal structure of [C,C,Im][Tf,N] bears little resemblance to the
liquid [38] in contrast to those for [C,C,Im]Cl and [C,C,Im][PF,]. Stacks of
cations resulting from 77— interactions are clearly seen in the solid state,
yet in the liquid the relevant positions above and below the imidazolium
ring are occupied solely by anions. Also, the conformation of the [Tf,N] in
the crystal is almost exclusively cis, but in the liquid a mixture of trans and
cis conformers is observed in the ratio of 4:1. Even aspects as subtle as this
are picked up by the complementary forcefield simulations that predict a
similar ratio.

2.3.4 Summary

The structure of ionic liquids in the liquid state is determined by the inter-
play of two interactions. Firstly, a general Coulombic interaction that, in
the absence of any others, would result in a concentric shell structure of
ions similar to those observed for simple molten salts. Secondly, direc-
tional interactions between ions arising from charge distribution over the
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molecular surface. If strong enough, the latter will determine the major
features of the ion distributions about a given center, as is the case for
[C,C,Im]CI and, to a large extent, [C,C,Im][PF]. In these cases the pres-
ence of hydrogen bonds formed between the weakly acidic hydrogens on
the imidazolium ring and either the chloride or the fluoride atoms of the
anion serve to direct the positions of the unlike-charged species, with the
like-charged species tending to order as a result of this preliminary struc-
ture. When the hydrogen-bonding ability of the anion is reduced to such
an extent that no hydrogen bonds between cation and anion are formed (as
is the case for the [Tf,N]™ anion) then the influence of charge ordering and
packing is much greater on the liquid structure. Pronounced sharing of
the coordination shells by cations and anions occurs for the [Tf,N] -based
liquid as a result of the reduction in association between the cation and the
anion through reduced hydrogen-bonding ability, with packing determin-
ing the relative positions of ions.

CNs for the primary shell increase as the size of the anion increases, since
the shell must expand to account for the larger anions and create a larger
volume. For the CI, [PF,]” and [Tf,N] -based salts the CNs are 6, 6.8, and 8.8,
respectively, but it is not always possible to define exclusive contacts or local-
ities which translate to the presence of individual ions in the primary coor-
dination shell (as is possible, for instance, for liquid water which shows a CN
of 4 and four well-defined lobes in the distribution, or for a simple binary salt
such as NaCl which has a CN of 6 and may be legitimately conferred to be
an octahedral arrangement). For example, the probability density of anions
about cations in [C,C,Im][PF,] visually shows that there are five well-defined
regions of high likelihood of finding an anion (above and below the plane
of the imidazolium ring, and along each of the aromatic C-H bond vectors).
However, the CN is 6.8, and so the remaining 1.8 ions in the primary coor-
dination shell exist as disordered, weakly interacting anions. While likely
interaction sites may be identified, care should be taken not to overinterpret
probability densities in this kind of situation.

2.4 Solvation environments of small
molecules in ionic liquids

Typical ionic liquids consist of organic cations paired with inorganic anions,
complicating the rule of thumb that like dissolves like. This combination of
properties potentially offers a panacea with respect to dissolution and
results in ionic liquids which can dissolve and solvate both organic and
inorganic species. It is interesting to understand (given the strong charge-
ordered structure seen in the ionic liquids already studied) how solutes
physically fit in to the bulk liquid and how much the overall structure is
affected.
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2.41 Benzene: 1,3-dimethylimidazolium hexafluorophosphate

From the empirical observation that the simple 1,3-dialkylimidazolium-
based ionic liquids dissolve aromatic compounds more readily than aliphatic
compounds, this presents an interesting system which may be used to probe
the solvation interactions by both theory and experiment. Deetlefs et al. per-
formed neutron diffraction experiments on [C,C,Im][PF] containing 33 and
67 mol% concentrations of benzene and found that as with pure ionic liquids,
significant charge ordering of the system resulted [39]. To accommodate the
additional solute, the structure of the liquid changes as expected with the
primary coordination shell around the cation showing reduced anion coor-
dination. For example, in the pure ionic liquid, the first shell contains 6.8
anions whereas 5.5 and 4.1 are found for the 33 and 67 mol% systems, respec-
tively. The benzene molecules are predominantly associated with [C,C,Im]",
with 3.3 and 9.1 (33 and 67 mol%, respectively) found in the primary solva-
tion shell with anions being replaced in favor of the aromatic solute. This
region, however, is still anion-exclusive with little-to-no presence of cations,
as found in the pure liquid. Furthermore, the relatively high number of aro-
matic molecules within the primary coordination shell indicates that the
benzene is readily accommodated by the ionic liquid, whilst still retaining
a large proportion of the expected charge-shell structure. Figure 2.8 shows
the probability densities of molecules around a central cation from EPSR
analysis of the neutron data. For [PF;]” anions, Figure 2.8a, the shapes of the
distributions are remarkably similar to those of the pure liquid (Figure 2.4),
suggesting that those anions replaced by benzene in the primary coordina-
tion shell were not directly interacting with the cation, and instead were dis-
ordered about the remaining volume of the shell. However, this is clearly not
always the case as in Figure 2.8b that shows regions of high probability for
finding benzene molecules about the cation that coincide with some of those
for the anion. Therefore, while the averaged anion distribution about the
cation remains largely unchanged from the pure liquid, benzene molecules
may be found to replace anions in several positions. The distribution of cat-
ions about the cation, (Figure 2.8c) shows the largest difference with respect
to the pure liquid structure (Figure 2.4) with the density associated with the
methyl groups absent for the benzene mixture (and replaced by benzene
molecules—compare regions in Figures 2.4 and 2.8c). Overall, we may sum-
marize that:

1. The benzene molecules are largely associated with [C,C,Im]*.
2. The cation—anion distribution is relatively undisturbed by the presence
of the solute, even at high concentrations.

Harper and Lynden-Bell [40] studied 1:1 mixtures of benzene, 1,3,5-

trifluorobenzene, and hexafluorobenzene in [C,C,Im][PF,]. For benzene
it was found that cations are concentrated above and below the plane of
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Figure 2.8 (See color insert following page 414.) Probability densities determined
by empirical potential structure refinement from neutron diffraction studies of
[C,C,Im][PE(] containing 33 mol% benzene. Densities are for (a) [PF]", (b) benzene,
and (c) [C,C,Im]* around a central cation. Surfaces are drawn to encompass the top
25% of ions within 8 A for the anion and benzene and 10 A for the cation. (From Dee-
tlefs, M., Hardacre, C., Nieuwenhuyzen, M., Sheppard, O., and Soper, A. K,, J. Phys.
Chem. B, 109, 1593-1598, 2005. With permission.)

the aromatic solute while anions prefer the equatorial region of the ring,
and observed charge ordering extending to several shells of ions which is
supported by the experimentally determined structure. For hexafluoroben-
zene the association is also strong and well-defined, but effectively reversed.
The influence on the ionic liquid is due to the quadrupole moment present
on the benzene and its fluorinated derivative. In the former the quadrupole
provides a negative electrostatic field above and below the plane of the mol-
ecule, hence these are cation-rich regions. After fluorination the quadrupole
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is reversed, hence the cation-rich regions become anion-rich, and vice
versa. However, subsequent analysis of energetics of various interactions
reveals that the benzene-—cation and hexafluorobenzene—anion interac-
tions (i.e., those between the aromatic solute and the ions in those regions
above and below the plane of the solute) are repulsive in nature. Instead,
it is the benzene-anion and hexafluorobenzene—cation interactions (i.e.,
those between the aromatic solute and the ions in the equatorial region) that
are energetically-favorable—thus, the presence of ions above and below the
plane of the solutes is purely a result of the strong cation—-anion interactions
in the ionic liquid. In other words, ionic liquid ions about the equator of the
solute are directly associated, while those above and below the aromatic ring
are the result of secondary structuring by the equatorial ions. Thus, while a
probability density might appear to suggest strong interactions between a
solute and both the anion and the cation of a given liquid, it is more likely
that only one of the ions strongly associates with the solute and the presence
of the other is a side effect of this association. In this instance it is found
experimentally that benzene will readily dissolve in the ionic liquid, whereas
hexafluorobenzene does not, suggesting that the primary interaction found
between solvent and solute in the classical simulations is not strong enough
to facilitate dissolution.

2.4.2  Glucose: 1,3-dimethylimidazolium chloride

The dissolution of cellulose in ionic liquids is currently being investigated
as a replacement for volatile, environmentally unfriendly solvents [41-43].
The nature of interactions between glucose and cellobiose (the monomer
and dimer subunits of cellulose) in [C,C,Im]Cl has been probed by 35/%’Cl
and *C nuclear magnetic resonance (NMR) experiments [44]. Therein, it
was found that the 3%/%’Cl signal is strongly dependent on the concentration
of sugar dissolved in the ionic liquid suggesting that, as might be expected,
the predominant solvent/solute interaction is between the anion and the
sugar, a result of hydrogen bonding between hydroxyl groups and the chlo-
ride. Qualitative methods were used to determine the stoichiometry of this
interaction and a value of 1:5 glucose:chloride was proposed, that is, each
hydroxyl group is associated with a single chloride anion. It has been sug-
gested [45] since this work that the actual interaction ratio is closer to 1:4,
and that the initial study measured the number of OH-Cl interactions, but
not the number of chlorides involved. Recent molecular dynamics simula-
tions by Youngs et al. have enabled characterization of the nature of the
glucose/solvent interaction more fully, and are shown to be consistent with
measured experimental neutron data [46]. On average, the glucose is most
often coordinated to four chloride anions via hydrogen bonding through the
hydroxyl groups, with one chloride being shared by two hydroxyl groups.
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It should be noted that the 1:5 case previously proposed by Moyna et al. is
observed, but accounts for <12% of the total number of considered glucose
environments. At the other extreme, it is also possible that the glucose can
be fully solvated (i.e,, its hydrogen-bonding requirements satisfied) by as
few as three chlorides, with two pairs of hydroxyl groups bridged by com-
mon anions.

Figure 29 shows the glucose—cation and glucose-anion RDFs for an
isolated sugar molecule in the ionic liquid. A sharp peak at ~5.0 A exists
for the glucose—anion curve reflecting the strong association of chlorides
with hydroxyl groups, while the glucose—cation curve shows a broad and
shallow peak at ~6.5 A. The data strongly suggests that the cations do not
occupy much of the primary coordination shell since the overlap between
the ¢,, and g, curves is only slight. Again, oscillations indicating a shell-
like ordering of ionic liquid ions about the glucose are clearly visible. For a
16.7 mol% solution of glucose in [C,C,Im]Cl it is interesting to observe that,
despite the size of the solute, the cation—-anion RDF is relatively unperturbed
compared with the pure ionic liquid or the ionic liquid containing a low con-
centration of glucose. Within the first solvation shell little change is visible,
while for the second peak it is possible to infer a slight decrease indicating
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Figure 2.9 Glucose—cation (solid line) and glucose—anion (dashed line) center-
of-mass radial distribution functions calculated from molecular dynamics simulations
of a single sugar molecule in [C,C,Im]CL
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a reduced number of anions in the second solvation shell. The most notable
change occurs for the anion—-anion RDFs since at the higher concentration
the number of chlorides associated with glucose molecules becomes more
significant. There also exist chlorides that have no association with cations,
that is, those forming bridges with two glucose molecules simultaneously.
Despite the particularly strong association with CI” it is possible for the
glucose molecule to undergo conformation change within the ionic liquid,
and several different conformers are identified as existing for significant
periods of time in the work of Youngs et al.

2.4.3 PCly/POCl;: 1,3-dimethylimidazolium
bis{(trifluoromethyl)sulfonylfimide

Phosphorous trichloride (PCl;) and phosphorous oxychloride (POCl;) are
moisture-sensitive reagents used in a variety of important synthetic routes;
however, because of their sensitivity to water their handling and storage is an
issue. Recently, hydrophobic ionic liquids with bis|[(trifluoromethyl)sulfonyl]
imide anions have been reported to both readily solubilize PCl, and POCl,
and stabilize them with respect to hydrolysis if exposed to moisture [47].
This suggests a valuable use of ionic liquids as a combined reaction medium
and storage solution for these reactive reagents.

Neutron diffraction experiments have been performed [48] on mixtures
of the two compounds with [C,C,Im][Tf,N] but the raw S(Q) data showed
very little difference between the pure ionic liquid and that containing up
to 14 mol% of solute. Although it may seem surprising that, despite the pres-
ence of the solute, the structure is not notably affected, some precedent exists
with both benzene and glucose solutes also providing similar scenarios. It
is tempting to consider the idea that, since the experiment does not offer a
positive result, the data is at fault in some way. Simulations in this instance
represent a useful way to validate the experimental findings one way or
the other (provided we have confidence in the forcefield). Figure 2.10 plots
the simulated S(Q) data for a pure system of [C,C,Im][Tf,N] against the dif-
ferences between it and the simulated S(Q) data for 1:6 mixtures of both
PCL;:[C,CIm][Tf,N] and POCL;[C,C,Im][Tf,N]. With the exception of some
small deviations associated with the first broad peak in the low-Q region for
each of the substitutions, little significant difference may be found from the
various simulations. It should be noted that the small changes observed in
the simulations between the solute + IL systems and the pure ionic liquid
are within the uncertainty of experimental measurements and, therefore,
would not be observed.

Molecular simulations of 14 mol% solutions reveal an interesting con-
trast between the two solutes. On the one hand, PCl, tends to form micro-
domains where high concentrations of solute exist, whereas POCI, is more
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Figure 2.10 (See color insert following page 414.) Simulated S(Q) data for a pure
system of [C,C,Im][Tf,N] (black line) and differences between this and data for 14%
mole fractions of PCl, (red line) and POCI, (blue line) for fully-protiated, fully-deuteri-
ated, and methyl-deuteriated systems.

molecularly diffuse throughout the solvent. This is illustrated through prob-
ability densities calculated over nanosecond slices of a 15 ns simulation
(Figures 2.11 and 2.12) where at ¢t = 0 the solutes are randomly distributed
throughout their respective systems. After a few nanoseconds it is clear that
PCl; molecules reduce their association with the ionic liquid ions, with few
high-probability regions existing. Conversely, the degree of association with
other PCl; molecules increases until the only high-probability region sur-
rounds the molecule (neglecting areas opposite faces of the PCl; pyramid).
With POCI, there is relatively little change in the probability distributions
as time progresses, the solute forming contacts with ionic liquid anions and
other POCl; molecules at all times. The strongest association is between
[C,CIm]* and oxygen, as might be expected, while association with anions
is much weaker. In the latter the [Tf,N]™ anions are found in the primary
coordination shell and are located in opposite faces of the POCI, tetrahe-
dron. The remainder of the primary solvation shell is largely occupied by
other solute molecules, replacing anions on to the tetrahedral face regions.
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Figure 2.11 (See color insert following page 414.) Probability densities deter-
mined by MD studies of 14 mol% solutions of PCl, in [C,C,Im][Tf,N], calculated over
consecutive nanosecond intervals in a continuous 15 ns simulation. Densities are for
[Tf,N]" (red), [C,C,Im]* (blue), and PCl, (green) around a central PCl,. Surfaces are
drawn at twice ([C,C,Im]* and [Tf,N]") and three times (PCl,) the bulk densities of
the individual species.

2.4.4  Summary

Ionic liquids can clearly dissolve a range of different solutes, and may be
driven by specific interaction with either the cation or the anion, or neither.
For glucose in [C,C,Im]CI the association is clearly with the anion owing to
hydrogen bonding from the hydroxyl groups, but nevertheless glucose—cation
interactions, although relatively weak, may still exert some influence on the
dissolution process. In contrast, energetic analysis has shown that benzene
(hexafluorobenzene) is clearly and directly associated with the anions (cat-
ions) around its equator, with the density of the other ions above and below
the plane of the ring purely a result of ordering arising from the ionic liquid
cation—anion interaction. Comparison of simulations between [C,C,Im]ClI
and [C,C,Im][PF] have shown that this is not necessarily the case for glu-
cose. Hexafluorobenzene and POCl,, on the other hand, interact primarily
with the cation rather than the anion since their predominant interaction
sites or regions are electronegative rather than electropositive. PCl,;, with
little polarization along the P-Cl bonds, presents only a weak external
electrostatic field to the solvent. This, coupled with the strong association
between ionic liquid anions, forces the solute to segregate or self-associate
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Figure 2.12 (See color insert following page 414.) Probability densities deter-
mined by MD studies of 14 mol% solutions of POCI; in [C,C,Im][Tf,N], calculated
over consecutive nanosecond intervals in a continuous 15 ns simulation. Densities
are for [Tf,N]" (red), [C,C,Im]* (blue), and POCI, (green) around a central POCl,. Sur-
faces are drawn at twice ([C,C,Im]* and [Tf,N]") and three times (POCl;) the bulk
densities of the individual species.

into microdomains. Nevertheless, such structuring by the ionic liquid is still
sufficient to considerably slow reaction of the compound to air- or solvent-
based moisture.

The Lewis donor ability of the solute is an important defining aspect of
the dissolution process. If the solute is capable of forming reasonably strong
interactions with either (or both) of the ionic liquid ions then dissolution of
solutes may proceed up to reasonably high solute/solvent ratios. Neutron
diffraction and molecular dynamics simulation can be used to probe the
exact interactions occurring and influencing the salvation process, but the
indication of energetically favorable interactions with either ion is sometimes
not enough to guarantee a comparable experimental result—for example, for
hexafluorobenzene the strength of interaction is not strong enough to permit
dissolution.

2.5 Conclusions

Pure ionic liquids, when composed of cations coupled with strong- or
moderately-coordinating anions (e.g., CI” or [PF,]") tend to exhibit a liquid
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structure that (on average) bears a great deal in common with the solid-phase
structure.

A common observation with all the solutes studied is that, no matter how
well-defined are the solute—cation and solute—anion interactions, the ionic
liquid cation—-anion structure is relatively unaffected—cations are still sur-
rounded by a bulk-like arrangement of anions, and vice versa.

Discussions here have focused on the more well-characterized salts based
on the [C,C,Im]* cation, but this is a somewhat model system, and may
accentuate the interactions observed in many of these examples. Where lon-
ger alkyl chains are present on the cation liquid and solid-state packing are
disrupted and can lead to the formation of ionic/nonionic microdomains in
the liquid and which may have a considerable influence on the dissolution
of solutes [49].
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3.1 Introduction

The salt, sodium chloride, familiar to the layperson as table salt, exhibits a
very high-melting point near 800°C. Given this fact alone, envisioning this
or comparable molten inorganic salt environments serving as viable plat-
forms for chemical and especially biosensor development is inconceivable.
However, the recent emergence of ionic liquids (ILs), generally defined as
organic salts with unusually low melting points below 100°C (many are in
fact liquid at/below ambient temperature), makes this an intriguing possi-
bility. Generally based on inorganic or organic anions paired with large,
usually asymmetric, organic cations, ILs have been touted as potentially
green replacements for traditional molecular solvents as they are nonvolatile,
nonflammable, thermally stable, and recyclable [1-11]. Although ILs per se
have been known for over a century—one of the earliest examples known
is the protic IL ethylammonium nitrate [C,H;NH;][NO,] which melts near
14°C—they have come under intense scrutiny only more recently due to
implications for their use in a diverse range of solvent applications. Several
hundreds of different ILs are now known to exist in the liquid (or super-
cooled) state at room temperature or below, making handling of these fluids
convenient for a host of applications.

In addition to the features just mentioned, ILs exhibit a wide electrochem-
ical window, high ionic conductivity, a broad temperature range of the liquid
state, and frequently possess excellent chemical inertness as well. Moreover,
the physical properties of ILs—including density, melting point, conductivity,
polarity, Lewis acidity, viscosity, and enthalpy of vaporization—can all be
tuned by changing the cation and anion pairing. Thus one can, in principle,
design an IL for a specific task (e.g., extraction, separation, reaction) simply
by manipulating its key physicochemical properties as a result of appropriate
cation/anion pairings. The dual nature (discrete ions) of ILs allows for the
compartmentalized molecular-level design of a wide range of versatile molten
systems. All of these features, particularly their tunable property sets, have
proved to be important drivers in the areas of electrochemistry, separation
sciences, chemical synthesis, catalysis, energetic materials, pharmaceutics,
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biotechnology, lubricants, heat transfer fluids, nanochemistry, and analyt-
ical chemistry, among others. To date, ILs have been used in numerous
chemical applications but they have, of course, been most often discussed
as possible substitutes for volatile organic solvents in synthesis and cataly-
sis, industrial processing, electrochemistry, and separation technologies.
Most recently, interest surrounding their distinctive potential in analyti-
cal chemistry, particularly in sensor and device technology, is gaining
extraordinary momentum [10-14]. This chapter focuses on such contem-
porary developments into the application of ILs in optical, and electro-
chemical- biosensors and, to a lesser extent, in actuator and microfluidic
devices.

Full names, molecular structures, and shorthand nomenclature for all
ILs discussed within this chapter are provided in Table 3.1.

3.2 Optical sensors

This section focuses on the implementation of IL technology to the optical
sensing field. This IL application is relatively unexplored and this section
provides a summary of the very few reports that have been published on the
topic to date.

Pandey and coworkers explored the use of 1-butyl-3-methylimidazolium
hexafluorophosphate, [C,C,Im][PF,], as a solvent for polycyclic aromatic
hydrocarbon (PAH) analysis [15]. The researchers investigated the steady-
state emission behavior of the two different PAH types (alternate versus
nonalternate) in the presence of the fluorescence quencher nitromethane
dissolved in either acetonitrile, [C,C,Im][PF,], or 90 wt% glycerol in water.
The authors discovered that, in the above systems, nitromethane selectively
quenches the emission of alternant PAHs and thus one can distinguish
between alternate and nonalternate PAHs using this method. The nitro-
methane quenching obeys simple Stern-Volmer-type behavior for the five
alternate PAH compounds studied in acetonitrile, [C,C,Im][PF,], and 90 wt%
glycerol in water. The nitromethane quenching efficiency of the alternate
PAHs in [C,C,Im][PE] and 90 wt% glycerol is, in fact, very similar and col-
lectively lower in comparison to that in acetonitrile. This behavior is attrib-
uted to the much higher viscosity of [C,C,Im][PF] and 90 wt% glycerol as
compared to acetonitrile, a conclusion underscoring the need for developing
ILs with superior fluidity.

Baker and coworkers [16] reported on a self-referencing luminescent
thermometer designed around the temperature-dependent intramolecular
excimer formation/dissociation of the molecular probe 1,3-bis(1-pyrenyl)pro-
pane (BPP) dissolved in 1-butyl-1-methylpyrrolidinium bis(trifluoromethyl-
sulfonyl)imide, [C,C,pyr][Tf,N]. Upon an increase in temperature, and hence
a decrease in the IL’s bulk viscosity, the excimer-to-monomer fluorescence
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Table 3.1 Additional Ionic Liquids Discussed within Chapter 3 and their Corresponding Chemical Structures and Abbreviations

Full name Structure Abbreviation
. . — [S) F
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1-Vinyl-3-ethylimidazolium
bis(trifluoromethylsulfonyl)imide

1-Vinyl-3-ethylimidazolium bromide

1-Vinyl-3-ethylimidazolium tetrafluoroborate

Dodecylethyldiphenyl-phosphonium
bis(trifluoromethylsulfonyl)imide

Ethylammonium nitrate

N-ethylpyridinium hexafluorophosphate

N-ethylpyridinium tetrafluoroborate

N-ethylpyridinium trifluoroacetate

~">NH; NOj
X F
|| FSF
A F. ©OF
L) B

Je

) fQ
NG T

[Co CoIm][T£,N]

[C,,C,Im][Br]

[C,,CIm][BF,]

[(Ph),C,,C,P][TEN]

[C,NH,][NO;]

[C,pyl[PF]

[C,pyl[BE,]

[C,pyl[TFA]
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Table 3.1 (Continued)

Full name

Structure

Abbreviation

N-octylpyridinium hexafluorophosphate

Tetraheptylammonium dodecylbenzenesulfonate

Tetrahexylphosphonium camphorsulfonate

Tetraoctylphosphonium dodecylbenzenesulfonate

F
| FLIOF
- '~

F7IF

[Cspyl[PE]

[(C;),N][C,,BeSO;]

[(Cy),LI[CamSO;]

[(Cy),PIIC,,BeSO;]
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Trihexyltetradecylphosphonium
dodecylbenzenesulfonate

Trihexyltetradecylphosphonium methanesulfonate

Trimethylbutylammonium
bis(trifluoromethylsulfonyl)imide

Trioctylmethylammonium
bis(trifluoromethylsulfonyl)imide

| O\ N /CF3
/\/\T_ O:\§’ ‘ﬁ:O
CF3 (@]
Q
\ T3
/W\/\N_ O:\$/N\ =0

[(Ce)sC4PI[C,BeSO;]

[(Cy)5Ci4PIIC,S0;]

[(C);CN][TEN]

[(Cg);CN][T£,N]

Note: Although the abbreviations used may differ slightly from popular convention, an editorial decision was implemented to improve fluency and

uniformity amongst the various chapters.
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106 Ionic liquids in chemical analysis

intensity ratio I;/I, for the probe increases, allowing temperature to be
tracked optically (see Figure 3.1). The process is completely reversible over
extended heating and cooling cycles, and displays no hysteresis in an
operational range spanning 25-140°C. The luminescent thermometer is also
among the most precise available, with an average uncertainty in temperature
estimation below 0.35°C in the 25-100°C range.

ILs, specifically [C,C,Im][BF,], and [C,C,Im]Br, have also been employed
as optical sensor matrices for the detection of gaseous and dissolved CO,.
Recently, Ertekin and coworkers developed a new optical CO, sensor that is
based on the spectrophotometric signal changes of the ion pair, bromothymol
blue/tetraoctylammonium (BTB~/[(Cy),N]*) [17]. The authors report pK, values

1.2 1.2

N A Heating

1.0 %7 Cooling 1.0

e/

e
3T(C)=——~

. L 1 0_0
10 30 50 70 90 110 130 150

Temperature (°C)

Figure 3.1 Analytical working curve for a self-indexed luminescent thermo-
meter based on the ratio between the measured excimer (E, 475 nm) and monomer
(M, 375 nm) emission bands of 1,3-bis(1-pyrenyl)propane in [C,C,pyr][Tf,N]. The
optical thermometer is perfectly reversible in the temperature range shown and
highly precise, with the measured uncertainties in the ratio (I/Iy) falling well within
the symbol dimensions. The dashed curve represents the temperature uncertainty
predicted from explicit differentiation of a sigmoidal fit to the calibration profile:
8T = |0T/dR|*6R where R = I;/Iy;. (Reprinted from Baker, G.A., Baker, S.N., and
McCleskey, TM., Chem. Commun., 2932-2933, 2003. Copyright 2003 Royal Society of
Chemistry. With permission.)
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for BTB in [C,C,Im][BF,] and [C,C,Im]Br of 9.68 and 9.74, respectively, demon-
strating that the BTB~/[(Cg),N]* ion pair can be used as an absorption-based
CO, indicator when dissolved in ILs. Upon addition of HCO;, there is a signifi-
cant decrease in the peak intensity around 420 nm with a corresponding
increase in the peak intensity near 625 nm. The reported limits of detection
are 1.4% for CO, (g) and 10 M HCO; for dissolved CO,.

Ertekin and coworkers developed an additional optical CO, sensor based
on the fluorescence signal intensity changes of the pH-sensitive fluorescent
dye 8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt (HPTS) dissolved
in ILs [18]. When HCO; was added to HPTS solution, the fluorescence
intensity of the peak centered around 520 nm decreased by 90% in [C,C,Im]
[BE,] and by 75% in [C,C,Im]Br. The reported detection limit for CO, (g)
was 1.4% while the detection limit for dissolved CO, was 10® M HCO;.
The sensor exhibited excellent stability and repeatability over a time period
>7 months.

Li and coworkers synthesized the novel IL 1-butyl-3-trimethylsilylimid-
azolium hexafluorophosphate and demonstrated its utility for liquid/
liquid extraction of inorganic mercury. Using o-carboxyphenyl diazoamino
p-azobenzene as a chelator to form a stable neutral complex with the metal
ion, the authors demonstrated selective extraction into the hydrophobic IL
phase [19]. When sodium sulfide was added to the IL phase, the mercury
ion was back-extracted into the aqueous layer, providing an avenue for
recycling the IL. The authors report extraction and back-extraction effi-
ciencies of 99.9 and 100.1%, respectively, for a 5.0 pg/L aqueous mercury
standard. The mercury detection limit was 0.01 ng/mL in water and the
method was successfully applied to detecting trace mercury in natural
water samples.

ILs have been utilized as capillary coatings for capillary zone electro-
phoresis with optical detection. Li and coworkers developed a method
combining capillary zone electrophoresis and potential gradient detection
to separate 11 different metal ions including alkali and alkaline-earth metals,
nickel, lead, and ammonium ions [20]. In this work, 1-hexyl-3-methylimid-
azolium hydroxide IL was covalently coated onto a capillary surface. The
system contained the IL as a background electrolyte, lactic acid as chelat-
ing reagent, 18-crown-6-ether as an inclusion reagent for analytes, and
a-cyclodextrin for modulating the mobility of the IL. When compared to the
separation efficiency of a bare silica capillary, the IL-based capillary afforded
higher separation efficiencies.

3.3  Electrochemical sensors incorporating ionic liquids

A variety of electrochemical sensors have been developed that use ILs as
functional media, where the unique properties of the solvents serve vital
roles that an aqueous or organic media could not fulfill. This emerging class
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of electrochemical sensors is dealt with in this section, reserving discussion
of IL-based bioelectrochemical sensors for Section 3.4.

3.3.1 Quartz crystal microbalance-based sensors

Liang and coworkers developed a quartz crystal microbalance (QCM) device
that incorporates ILs as the sensing medium [21]. In this case, a membrane of
ILs (1-R;2-R,-3-methylimidazoliums paired with Tf,N™ or BF;, where R, is
ethyl, propyl, or methyl and R, is H or methyl) was deposited on the surface
of a12.5 mm diameter, 6(MHz AT-cut crystal using a conventional spin coater.
Exposure of the IL membranes to organic vapors, which are generally quite
soluble in ILs, altered the resonance frequency of the QCM. Importantly, the
responses of the various ILs studied were functions of the gaseous organic
species to which the membranes were exposed. While the responses under
these idealized conditions demonstrated a clear IL and analyte vapor depen-
dence arising from changes in the adsorbed mass and viscosity of the
organic-saturated membrane, the use of a multi-QCM array under realistic
conditions might allow for the detection and differentiation of multiple
species by comparing the frequency response of the array against a library
of known vapors. The rapid response of the membranes to the presence of
organic vapor (a few seconds), makes such characterization possible in real
time.

Jin and coworkers developed a high-temperature sensor array using a
QCM-based sensor [22]. Thin films of seven ILs were employed to provide
sensitivity to concentrations of various flammable organic vapors (i.e., etha-
nol, dichloromethane, benzene, heptane). The sensor array operated at a high
temperature of 120°C. Much like the design followed by Liang and cowork-
ers earlier [21], the change in the resonance frequency of various IL-coated
QCM crystals was a function of the analyte, its concentration, and the IL as
summarized in Figure 3.2. By subjecting the response of the array to linear
discrimination analysis (LDA), it is possible to infer the species of organic
vapor present with 96% accuracy. The team further characterized the system
to understand the detection limitations of the design by measuring the
adsorption enthalpy and entropy in the ILs used for the sensor, which were
found to be of the same order of magnitude as the enthalpy and entropy of
vaporization (30-40 kJ/mol and 85-112 J/(mol K), respectively).

Schéfer and coworkers [23] developed a QCM-IL sensor for use as an
artificial nose using the ubiquitous [C,C,Im][PF]. The IL was spin coated
onto the surface of a 10 MHz AT-cut quartz crystal with gold electrodes.
The work specifically studied the response of the sensor to ethyl acetate.
The deposition of the IL on the surface of the electrode decreased the reso-
nance frequency of the QCM by 2017 Hz. Exposure to increasing amounts
of ethyl acetate vapor produced a linear increase in frequency, which was
attributed to a progressive decrease in viscosity of the IL upon adsorption
of the analyte. The response time, given as the time to full saturation of the
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Figure 3.2 Signal patterns from 80% organic vapor samples at 120°C. Responses
are normalized to the surface loading of ionic liquids and the concentrations of
vapors in the carrier gas. (Reprinted from Jin, X., Yu, L., Garcia, D., Ren, R.X,, and
Zeng, X., Anal. Chem., 78, 6980-6989, 2006. Copyright 2006 American Chemical Society.
With permission.)

response of the sensor, was found to be 360 s, which is a great deal higher
than expected simply based on diffusion of the ethyl acetate into the IL. The
disparity was attributed to the design of the entire sensor assembly and may
warrant further study.

Seyama and coworkers incorporated ILs into plasma-polymerized films
(PPFs) deposited on QCMs for constructing sensory arrays to detect alcohol
vapors from methanol, ethanol, n-propanol, and n-butanol [24]. The PPFs
were generated from D-phenylalanine, which was chosen because such
films are coarse with submicron cracks into which ILs can penetrate. The
particular IL selected for their investigation was 1-ethyl-3-methylimidazolium
tetrafluoroborate, [C,C,Im][BF,], because it shares stability toward water
and air with many common ILs while also having a relatively low viscosity.
The sensory array, consisting of 8 mm diameter, 9 MHz AT-cut crystals,
incorporated [C,C,Im][BF,] into the PPFs at concentrations of 0-18 mM. The
detection level of the array was 16-84 ppm with frequency responses
being a function of alcohol species and film thickness, making chemical
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identification possible using principle components analysis (PCA). Response
times were not particularly short, and frequency shifts reported in the paper
were collected after 180 min, except for one test using only 40 min of gas
adsorption. This is an interesting alternative to gas discrimination by means
of arrays containing different ILs.

Demonstrating the popularity of QCMs for sensor applications, Goubaid-
oulline and coworkers opted to entrap IL within nanoporous alumina depos-
ited on the surface of the QCM to eliminate dewetting of the QCM and
solving the problem of the soft IL surface [25]. The sensors that employed
the ILs [C,C,Im][Tf,N], and [3C;C,N][Tf,N] were designed to detect organic
vapors including acetonitrile, cyclohexane, isooctane (2,2,4-trimethylpentane),
methanol, tetrahydrofuran, and toluene. The nanoporous alumina, with pore
diameters of 120 nm, resulted in a more robust sensor. The sensor maintained
a better response when ILs were added at less than the full capacity of the
alumina pores. The detection limits for the organic vapors ranged from
321 to 7634 mg/m?>. Sensor response times were on the order of minutes.

3.3.2  Ionic liquid alternatives for membrane-based electrodes

Buzzeo and coworkers employed ILs as the electrolyte medium in a sim-
plified, microelectrode electrochemical sensor that uses the robust nature
of ILs to produce an improved device [26]. By leveraging the fact that ILs
have a negligible vapor pressure, they eliminated the gas—porous membrane
traditionally used to maintain the reservoir of electrolyte above the electrode.
The ILs [C,C,Im][Tf,N], [C,C,C,Im][Tf,N]), [CC,Im][Tf,N], [C,,C,Im][Tf,N],
and 1-pentyl-3-methylimidazolium tris(pentafluoroethyl)trifluorophosphate
were tested. The design was determined to have comparable performance to
more traditional sensor designs that employ a 1 um gas-permeable polytet-
rafluoroethylene (PTFE) membrane using either water or dimethylsulfoxide
(DMSO) as the medium, with the time to 95% maximum response ranging
from 13 to 63 ms. This response is an order of magnitude slower than mem-
brane-independent sensor designs in which the diffusion zone to the elec-
trode does not overlap with the PTFE membrane.

A solid-state sensor for molecular oxygen was developed by Wang and
coworkers [27] based on the IL [C,C,Im][BF,] as an alternative to both ampero-
metric sensors using a metallized gas—permeable membrane to encapsulate
the electrolyte solution and gas sensors based on a solid polymer electrolyte
film, such as Nafion®. Unlike the solid membrane or an encapsulated elec-
trolyte, the IL retains excellent electrochemical properties over a wide range
of environmental conditions. The IL-based sensor employs three electrodes:
glassy carbon (GC), silver and platinum as working, pseudoreference, and
auxiliary electrodes, respectively, in an arrangement similar to that of a
solid-state electrochemical cell.

In addition to responding to the oxidation and reduction of molecular
O,, the sensor can be used to determine the concentration of the gas by
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measuring the transient and steady-state currents over a range from 0 to
100% O,. The response time of the sensor was estimated at 2.5 min, most of
which is due to requirements for changing the O, environment. Improved
sensitivity is obtained using chronoamperometry instead of performing a
steady-state measurement. It is also expected to extend the lifetime of the
sensor by oxidizing the reactive species O,"".

Wang and coworkers [28] reported a similar gaseous O, sensor using
[C,C,Im][PF,] which is more hydrophobic than [C,C,Im][BF,]. The sensor
was tested with both dry and water-saturated O,, which produces a two-
electron reduction instead of a one-electron reduction, and gave similar
performance to [C,C,Im][BF,].

In a slightly different approach, Shvedene and coworkers utilized three
ILs ([C,C,Im][PF,], [C,C,C,Im][Tf,N], and dodecylethyldiphenylphosphonium
bis(trifluoroethanesulfon)imide as plasticizers to construct ion-selective
membrane electrodes using poly(methyl methacrylate) and poly(vinyl
chloride) as ion responsive media [29]. By simple mixing of powdered poly-
mer and IL within a glass or Teflon dish, homogeneous and flexible mem-
branes were produced in most cases. The membranes were preconditioned
with the desired analyte for up to several hours before use. In addition to
simple salts, the researchers studied common surfactant salts and amino
acid-based salts. The [C,C,Im][PF,] plasticized membranes did not perform
particularly well, having no sensitivity to anions and losing sensitivity to
ions over a period of a few days. In total, 18 different combinations of ILs
and polymers were tested. The sensors were found to have a roughly pH-
independent response with good reproducibility and response times <20 s.

3.3.3 lIonic liquid-modified electrodes

Maleki and coworkers developed an IL-based carbon composite electrode
with good electrochemical properties that would be well-suited for use in
sensor and biosensor applications [30]. (Note: Electrochemical biosensors
based on modified electrodes (MEs) are further fleshed out in the subse-
quent section.) The IL used was N-octylpyridinium hexafluorophosphate
which served as a binder in carbon paste electrodes (CPEs) using graphite
powder. The IL binding agent resulted in more uniform electrodes than
traditional CPEs resulting, in part, to a lower resistance of 8 + 2 Q and wet-
ting angle of 45 *+ 3° The IL CPE has a wider potential window (anodic limit,
V,n ~ 1.3 'V; cathodic limit, V_,, = —1.0 V) with an improved current density
relative to a bare GC electrode.

The electrode has several other advantages as well. For instance, it
combines the advantages of edge plane characteristics of both carbon nano-
tubes and pyrolytic graphite electrodes together with the low cost of CPEs
and the robustness of metallic electrodes. It further provides a remarkable
increase in the rate of electron transfer of different organic and inorganic
electroactive compounds, offers a marked decrease in the overvoltage for
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biomolecules (e.g., nicotinamide adenine dinucleotide (NADH), dopamine,
ascorbic acid), and resists NADH surface fouling effects. Depending upon
the choice of electrolyte, the electrode can feature ion-exchange properties
and adsorptive characteristics similar to clay-MEs. Due to its mechanical
strength, the IL CPE could be applied as an effective flow-through detector
in flowing streams, and since a mixture of IL and graphite is easily mold-
able, the fabrication of different electrode geometries is completely feasible.
The favorable electrochemical response, high reversibility, sensitivity, and
selectivity observed for these electrodes toward biomolecules together with
its resistance to electrode fouling make it an excellent candidate for the con-
struction of a new generation of biosensors. In the next section, we discuss
such IL MEs and their utility in assorted biosensing formats.

3.4 Biosensors based on ionic liquids
3.4.1 Optical-based assays

One of the first reported biosensors using ILs involved the detection of the
organophosphate paraoxon [31]. Because of the acutely toxic effects of
organophosphates, systems for detection and degradation of such com-
pounds are in high demand. Enzymatic analysis is often used for organo-
phosphate detection due to its high selectivity and simplicity. However,
organic solvent modifiers, often required due to the low water solubility of
most organophosphates, can decrease or fully wipe out the enzyme activity
at the core of such biosensors. Inspired by earlier successful biocatalysis
within ILs, Malhotra and Zhang investigated the use of ILs to replace
organic modifiers in an acetylcholinesterase (AChE)-based bioassay for
paraoxon detection [31]. Investigation of the ILs N-ethylpyridinium tetraflu-
oroborate ([C,pyl[BF,]), N-ethylpyridinium hexafluorophosphate ([C,py]
[PE;]), N-ethylpyridinium trifluoroacetate ([C,py][TFA]), and [C,C,Im][BF,]
in pH 7.2 phosphate buffer (PB) established that AChE activity was retained
for low concentrations of ILs, with the greatest activity (~87%) seen at 2.5%
[C,C,Im][BE,]. Therefore, the effects of these ILs and the organic modifiers
acetone and cyclohexane were compared at 2.5% modifier concentration in
pH 7.2 PB (with the exception of [C,py][PF,] being studied at 0.125 M due to
its limited solubility). After a set incubation period, the absorbance of the
AChE-catalyzed acetylcholine hydrolysis products at 405 nm, in the pres-
ence and absence of paraoxon, was measured to determine the relative inac-
tivation of AChE for each modifier system relative to neat buffer. In these
studies, the use of 0.125 M [C,pyl[PF,] as buffer modifier afforded the
largest percentage drop-in AChE activity (i.e., the highest sensitivity) when
challenged with paraoxon. Inhibition kinetics followed a first-order model
and it was revealed that AChE inactivation by paraoxon was 22-fold
more efficient in 0.125 M [C,py][PF] compared with inactivation in neat
buffer. Such studies suggest the potential of ILs as practical modifiers in
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colorimetric-based enzyme assays, particularly toward analytes having
restricted water solubilities.

The first demonstration that antibody-based immunoassays are feasible
in IL media was provided by Baker and coworkers [32]. Using a fluorescence
quenching assay based on the binding of BODIPY® FL with polyclonal anti-
BODIPY FL antibodies, these authors showed that free antibody binding
affinity could be almost fully retained for a substantial volume fraction
(75 vol%) of the IL [C,C,Im][BF,] in PB (100 mM, pH 8.0). Measured equilib-
rium binding affinities (K;), despite being somewhat lower relative to the
benchmark value in PB, remained higher at 50 vol% [C,C,Im][BF,] (K; = 5.30
X 10° M) than those determined for water-miscible organic solvents at
the same volume fraction, including acetonitrile, ethanol, and DMSO. In fact,
the K; value for 50% [C,C,Im][BF,] was over three decades higher than the
value in 50% acetonitrile in which the anti-BODIPY was significantly inacti-
vated. Moreover, for an increase from 50 to 75 vol% [C,C,Im][BE,], K;increased
unexpectedly to 1.52 X 107 M1. However, IL concentrations exceeding 75
vol% [C,C,Im][BF,] could not be studied in a homogeneous format due to
solubility limits. Thus, to study antibody-hapten binding in a neat IL sys-
tem, the authors instead developed a heterogeneous assay utilizing an array
of anti-BODIPY capture antibodies immobilized onto a (3-aminopropyl)dieth
oxymethyl silane self-assembled monolayer pattern, as summarized in
Figure 3.3. The anti-BODIPY bioarrays were incubated in [C,C,Im][X] (X =
BE,, Tf,N-, TfO", or PF;) containing the target BODIPY FL, followed by
rinsing with the given IL. In each case, a high-contrast fluorescence image
resulted, demonstrating that immobilized antibodies are able to maintain
their binding integrity at analytically relevant levels in IL. Overall, these
results hold compelling possibilities for advancing biosensors targeting a
range of analyte species including traditionally difficult lipophilic targets
of key importance in pharmacology, petrochemistry, food science, biomed-
icine, environmental monitoring, and homeland security applications.

3.4.2  Modified electrode biosensors

By far the most highly investigated aspect of IL-based biosensors is in the
realm of electrochemistry, with most based on IL MEs [33-47,48-57] wherein
the IL typically serves as both binder and conductor. Common attributes
observed when incorporating ILs into electrodes include higher conductivity,
good biocatalytic ability, long-term stability (including stability at elevated
temperature), superior sensitivity, improved linearity, better selectivity, and
the ability to fabricate third-generation biosensors with direct (mediator-less)
electron transfer between protein and electrode. The remainder of Section
3.4.2 is further broken into specific subsections treating different types of IL
MEs and these subsections appear in roughly chronological order, based on
their appearance in the open literature. Most investigations to date have
centered on the amperometrically determined biocatalytic activity of

© 2009 by Taylor & Francis Group, LLC



114 Ionic liquids in chemical analysis

Figure 3.3 (See color insert following page 414.) Schematic illustration of self-
assembled monolayer (SAM) photolithographic patterning via masked exposure to
Hg lamp irradiation and subsequent antibody conjugation to fabricate immunosur-
faces for use in an ionic liquid-based immunoassay. Shown in the inset (lower left)
is a representative fluorescence image showing spatially selective BODIPY binding
within neat [C,C,Im][Tf,N]. (Reprinted from Baker, S.N., Brauns, E.B., McCleskey,
TM.,, Burrell, A K., and Baker G.A., Chem. Commun., 28512853, 2006. Copyright 2006
Royal Society of Chemistry. With permission.)

common enzymes such as glucose oxidase (GOx), horseradish peroxidase
(HRP), or various other heme proteins (e.g., Hb, Mb, cyt c) incorporated into
electrodes. Table 3.2 provides a summary of the performance characteristics
of various MEs discussed within the chapter.

3.4.2.1 Carbon nanotube modified electrodes
The electrochemical detection of the neurotransmitter dopamine is com-
plicated by the high concentration of biologically coexisting ascorbic acid,
which has an oxidation potential lying very close to dopamine’s at solid
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Table 3.2 Performance Characteristics of Ionic Liquid-Based Modified Electrodes

Additional Coated Analyte(s)
Ionic liquid component(s) electrode Enzyme(s) detected Detection range (M) LOD (M) Method Ref.
[CeC,Im][PF,]  Multiwalled carbon =~ GCE N/A Dopamine 10*to 10°° 107 Amperometry 33
nanotube
[C,C,Im][BF,]  Acid-treated GCE Hemin, Hb H,O, NR NR Cyclic 34
multiwalled carbon horseradish voltammograms
nanotube peroxidase
[C,CIm][PF;]  Multiwalled carbon GCE GOx Glucose 5% 10° to NR Chrono- 35
nanotube 20 X 107 amperometry
[C,CIm][PF;]  Multiwalled carbon Carbon N/A Dopamine 18 X 10 to NR Osteryoung 36
nanotube microfiber 180 X 10-6 square wave
voltammetry
[C,C,Im][BF,]  Ferrocene/sol-gel GCE Horseradish H,0, 0.02 X 1073 to 11X10°  Amperometry 37
peroxidase 0.26 X 107
[C,CIm][BF,]  Nafion/sol-gel Basal plane Hb O, 0.14 X 10 to 32x10°  Amperometry 38
graphite 1.82 X 10
Poly[veim][Br] NA Platinum GOx Glucose 2.5 X107 to (aqueous) 38x10°  Amperometry 40
2.0 X 107 (nonaqueous) 2.0 X 107
9.0 X 10° to
5.0 X 107
Poly[veim] NA Platinum  GOx Glucose 25X 10*to (aqueous) 25x10*  Amperometry 40
[BE,] 2.5 % 107 (nonaqueous) 6.0 X 107
2.5 X 107 to
4.0x10*
Poly[veim] NA Platinum GOx Glucose 25X 10*to (aqueous) 38x10°  Amperometry 40
[T£,N)] 8.0 X 10 (nonaqueous) 1.4 x 107
6.0 X 10™* to
1.1 X 10-3
[C,C,Im][BF,]  Chitosan GCE Hb O, Trichloroacetic  NR NR Amperometry 41
acid 04 X 102 to
56 X 107
[C,CIm][BF,]  Chitosan GCE Horseradish H,0, 0.75 X 107 to NR Amperometry 42
peroxidase 135 X 107

(continued)
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Table 3.2 (Continued)

Additional Coated Analyte(s)
Ionic liquid component(s) electrode Enzyme(s) detected Detection range (M) LOD (M) Method Ref.
[C,CIm][PF]  Bentonite clay Basal plane Hb H,0O, 8.0 X 10°to NR Amperometry 43
pyrolytic 2.0x10*
graphite
electrode
Trichloroacetic NR
acid
Nitrite 2x10%to
21 x 107
[OHC,mim] NA Basal plane Mb 0, 0-60 X 10°° 23X 10®%  Amperometry 44
[BE,] graphite
[2-C,C,pyl NA Basal plane Cytc H,0, 1 X 10°to 5.16 X 10® Differential pulse 45
4 graphite 16 X 10 voltammetry
[C,CIm][PF,]  Nafion GCE Horseradish H,0,, NR NR Cyclic 46
peroxidase N voltammograms
[C,CIm][PF;]  Paraffin and carbon Teflon Mb H,0, 9.04 X 107 to 2.7 X 107 Amperometry 47
powder electrode Hb 1.53 x 103 3.9 %107
holder Horseradish 1.29 X 10* to 2.3 X 10°
peroxidase 1.90 x 103
7.57 X 1075 to
1.04 X 107
[C,C,Im][PF]  Carbon powder Electrode Hb H,0, 1.0 X 10 to 1.0 X 10 Amperometry 48
tube Nitrite 100 X 10°° 2.0NR
NR
[C,CIm][PF;]  Gold nanoparticles/  GCE GOx Glucose 0.1 X 10° and NR Amperometry 49
N-dimethylformamide 2-20 X 10°°
Polyaniline Platinum  Uricase Uric acid 1 X 10 to NR Amperometry 50
synthesized in sheet 1.0 X 107

[C,C Im] [PF,]

Note: NR — not reported; GCE — glassy carbon electrode.

9IT

sisAjpup [woruayo uy spimby ooy



Chapter three:  Ionic liquid advances in sensor technology 117

electrodes. Various approaches have been investigated to circumvent this
intrinsic interference. One promising approach involves the use of multi-
walled carbon nanotube-IL(MWCN-IL)-modified (GC) electrodes [33]. In this
work, Zhao et al. mixed MWCNs with the [C;C,Im][PF,], by grinding them
together in a mortar to create a gel-like paste which was then applied to the
surface of a cleaned GC electrode. Using a platinum wire and a saturated
calomel electrode as auxiliary and reference electrodes, respectively, cyclic
voltammograms (CVs) were measured for dopamine in PB for both the
MWCN-IL-modified GC electrode and a bare GC electrode. In both cases,
two pairs of redox peaks characteristic to dopamine were observed. An
immediate advantage of the MWCN-IL ME was a larger peak current with
smaller peak separations, an indication of faster electron transport to the
electrode surface. Similar measurements for ascorbic acid and uric acid
revealed that the anodic peak potentials were respectively shifted more
negative (by ~0.31 V) and more positive (~0.02 V), when employing the
MWCN-IL ME compared with GC. This feature helps to eliminate overlap
between dopamine’s anodic peak and the anodic peaks of ascorbic acid and
uric acid as occurs at a GC electrode. Further resolution was achieved by
using differential pulse voltammetry. At pH 7.08, the ascorbic acid and uric
acid peaks are separated from dopamine by ca. 0.20 and 0.15 V, respectively.
Hence dopamine could be determined in the presence of uric acid and
ascorbic acid in 100-fold excess, as revealed in Figure 3.4. The detection limit
of dopamine was determined to be 1.0 X 107 M with a linear dynamic range
up to 1.0 X 104 M.

Tao et al. [34] compared the interaction of [C,C,Im][BF,] with three different
types of carbonaceous material for use in MEs: acid-treated MWCNs
(AMWCN ), pristine MWCNs (PMWCNSs), and pyrolytic graphite powder
(PGP). To prepare the MEs, each carbon material was ground with the water-
miscible IL [C,C,Im][BF,], resulting in AMWCN-[C,C,Im][BF,], PMWCN-
[C,C,Im][BE,], and PGP-[C,C,Im][BF,] composites which were then applied to
a polished GC electrode surface. The composite films presumably attached
through electrostatic adsorption between the negatively charged surface and
the positive component of the IL. The conductivities and optical properties of
each composite were compared using ac impedance and Raman spectroscopy.
[C,C,Im][BE,] formed a gel when ground with MWCNSs, whereas a viscous
liquid resulted from the admixture of [C,C,Im][BF,] with PGP. Raman
spectroscopy demonstrated that both AMWCNs and PMWCNs electro-
statically interact with [C,C,Im][BF,] while no such interaction occurs between
PGP and [C,C,Im][BF,], accounting for the fact that PGP-[C,C,Im][BF,]
blend fails to gel. Data from ac impedance and CV measurements (using
potassium ferricyanide, K;[Fe(CN),]) demonstrated that the ME conductivity
increases in the following order: PGP-[C,C,Im][BF,] <PMWCN-[C,C,Im][BF,]
<AMWCN-[C,C,Im][BF,]. Thus, the AMWCN-[C,C,Im][BF,] ME system was
selected for additional bioelectrochemical studies. For these experiments,
the redox biocatalyst (i.e., hemin, hemoglobin (Hb), or HRP) was initially
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Figure 3.4 Differential pulse voltammograms with correction of background
current for (a) 0.4 mM ascorbic acid, (b) 0.4 mM ascorbic acid + 0.05 mM dopamine,
and (c) 0.4 mM ascorbic acid + 0.05 mM dopamine + 0.05 mM uric acid at a
multiwalled carbon nanotube-ionic liquid/GC electrode. The total weight of the
gel on the multiwalled carbon nanotube-ionic liquid modified electrode is 0.1 mg.
Scan rate = 20 mVs. (Reprinted from Zhao, Y., Gao, Y., Zhan, D,, Liu, H,, Zhao, Q.
Kou, Y, Shao, Y, Li, M., Zhuang, Q., and Zhu, Z., Talanta, 51-57, 2005. Copyright 2005
Elsevier. With permission.)

mixed with the IL prior to grinding with AMWCNS, and the ensuing gel
fixed to the GC electrode by rubbing. CV measurements showed a pair of
reversible peaks attributed to the heme Fe!!/Fe!! redox couple for all three
MEs. The hemin-, Hb-, and HRP-AMWCN-[C,C,Im][BF,] MEs all demonstrated
electrocatalytic behavior toward H,O,, with the fastest electron transfer rate
observed for the hemin-based ME. While the authors did not elucidate a
dynamic range or detection limit for their ME biosensors, the MEs were
reproducibly fabricated and reportedly exhibited good stability, retaining
=60% of the peak current after 20 cycles.

In related work, Dong and coworkers reported using the hydrophobic IL
[C,CIm][PF,] mixed with MWCNs to form two types of MEs [35,36]. In one
report, MWCNs were mixed with [C,C,Im][PF,] and applied to a GC elec-
trode [35]. Environmental scanning electron microscopy (ESEM) images of
the films showed homogeneously dispersed island-like particles that open
up into a number of rope-like 3-D networks. They incorporated GOx into
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Figure 3.5 Scanning electron microscope images of the surfaces of (a) a bare carbon
fiber microelectrode and (b) a multiwalled carbon nanotube -[C,C,Im][PF,]-modified
carbon fiber microelectrode. (Reprinted from Liu, Y., Zou, X., and Dong, S., Electrochem.
Commun., 8, 1429-1434, 2006. Copyright 2006 Elsevier. With permission.)

the ME by electrode immersion in a PB solution containing the enzyme for
12 h. Using chronoamperometry at an electrode potential of 0.7 V, they were
able to detect glucose with a linear dynamic range of 5-20 mM using this
MWCN-[C,C,Im][PF,] ME.

In an earlier study, the same group used a similar approach to modify
a carbon fiber microelectrode with an MWCN-[C,C,Im][PE,] layer [36]. This
electrode modification markedly increased the electron transfer rate, as
evidenced by higher current responses for CV measurements of K;[Fe(CN),]
compared with an unmodified carbon fiber microelectrode. These results
can be understood by comparing ESEM images for a naked carbon fiber
microelectrode with an MWCN-[C,C,Im][PF,]-modified one. As shown
in Figure 3.5, the surface of the unmodified electrode is relatively smooth,
however, after MWCN-[C,C,Im][PF,] modification and immersion in water,
a network of randomly tangled MWCN bundles can be plainly observed.
Formation of these networks not only increases the electrode surface area, but
also greatly improves the electrochemical properties of the microelectrode.
Because carbon nanotubes are known to be catalytic in the electrooxidation of
dopamine, ascorbic acid, and NADH, the authors tested the modified micro-
electrode for detection of these three analytes. Using Osteryoung square wave
voltammetry, the detection of 18-180 uM dopamine in the presence of 600 pM
ascorbic acid was possible, due to fortuitous separation of the oxidation peak
potentials, a result reminiscent of that observed earlier in Zhu et al. [33].
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3.4.2.2  Sol-gel composite ionic liquid modified electrodes

Liu and coworkers investigated a hybrid material combining an IL with a
silica-based sol-gel to generate novel MEs for amperometric biosensing [37].
In this work, a mixture of tetraethylorthosilicate (TEOS, 2 mL), [C,C,Im][BF,]
(1 mL), water (1 mL), and 1.0 M HCI (0.05 mL) was stirred for 3 h, followed
by storage under ambient conditions for 1 h to generate a pre-hydrolyzed sol.
To fabricate MEs, an ethanolic solution of ferrocene was first applied to a
GC electrode and allowed to dry. Next, HRP in PB was gently mixed with
the sol, and 10 pL of this final solution was cast onto the ferrocene-coated
GC electrode, prior to drying at 4°C for 24 h. The redox peak separation for
ferrocene in the CV was found to be small (64 mV), indicating a fast one-
electron reversible process. Subsequently, the ME was tested for catalytic
behavior toward H,O, using amperometric methods. Recording current-
time response curves for increasing H,O, concentrations, it was found that
the electrode could achieve steady-state conditions within 10 s, presumably
a result of [C,C,Im][BF,] facilitating electron transfer. The linear response
range was 0.02-0.26 mM H,0O, and the detection limit was ~1 uM. The calcu-
lated Michaelis—Menten constant of 2 mM was smaller than that reported
for HRP in a conventional sol-gel, indicating the higher affinity of the
hybrid enzyme electrode toward H,O,. Of the interferents tested (e.g.,
ethanol, glucose, sucrose, oxalic acid, uric acid, and ascorbic acid), only the
latter interfered, but only to a small extent. For 10 successive assays, the
standard deviation was just +3.1%, and electrode-to-electrode reproducibil-
ity (n = 6) was excellent (=5.1%). When stored at 4°C over 20 days, 95% of the
initial current response was retained with no loss in sensitivity. The high sta-
bility was ascribed to favorable sol-gel/IL interactions, with IL loss curtailed
by sufficiently small sol-gel pores in the material. It is important to point out
that ferrocene is used as the electron mediator in this configuration, making
it a second-generation biosensor. Because the bulk of the IL MEs discussed in
this chapter require no mediator, the feasibility of this approach in the
absence of ferrocene also seems high.

Wei et al. reported on the immobilization of the IL [C,C,Im][BF,] onto
the surface of a basal plane graphite (BPG) electrode by sandwiching the
IL between layers of Nafion and silica sol-gel [38]. For fabrication, a Nafion
in ethanol solution was first applied to a cleaned BPG electrode surface
and allowed to dry. Next, an IL solution in ethanol was applied and, after
drying, an aliquot of a TEOS-based sol was added and allowed to gel.
Finally, the ME was soaked in a buffer solution containing Hb to imbibe
the protein. Initial CV measurements revealed the small peak separation
of the characteristic redox peaks from the heme, consistent with a fast elec-
tron transfer reaction. When [C,C,Im][BF,] was omitted from the electrode
assembly, the redox peaks were absent, revealing the IL's importance in pro-
viding an environment suitable for electron transfer between Hb and the
BPG surface. Moreover, when either the sol-gel or Nafion layer was omitted,
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although the redox peaks were weaker they were still observable. The ME
was tested for catalytic activity in the reduction of O,. Amperometric current
responses reached steady-state within 5 s upon changes in O, concentra-
tion and, compared with a bare BPG electrode, the O, overpotential for the
ME was decreased by about 0.35 V. The reported analytical operating range
was 0.14-1.82 uM with a limit of detection of 3.2 nM at pH 7.0. The elec-
trode was remarkably stable during the course of 500 continuous scans,
and when stored in pH 7.0 PB, retained its activity for 2 weeks.

3.4.2.3 Ionic liquid-based particles for modified electrodes

The Lépez-Ruiz and Mecerreyes groups have worked together to make
IL-based microparticles for incorporation into MEs [39,40]. The micropar-
ticles were synthesized using a novel two-step route [39]. First, 1-vinyl-3-
ethylimidazolium bromide ([C,,C,Im][Br]) microparticles with different
amounts of bisacrylamide crosslinker were prepared by concentrated emul-
sion polymerization. In the second step, the bromide ion was exchanged in
water by metathesis with salts of various anions including BF,”, CF,SO;~
(TtO"), Tf,N-, and dodecylbenzenesulfonate (DBS). Microparticles of
poly[C,,C,Im][Br], poly[C,,C,Im][Tf,N], and poly[C,,C,Im][BF,] containing
GOx were investigated for making modified biosensor electrodes [40]. The
incorporation of GOx was carried out by adding the enzyme in the aqueous
phase of the emulsion polymerization step. The authors also optimized the
pH of the synthetic medium, monomer concentration, and crosslinker con-
centration. Typically, the resulting particles had a diameter between 2 and
12 ym with a mean particle diameter close to 5 pm.

ME formation was accomplished by placing the microparticles on a
platinum electrode and covered with a dialysis membrane. Using ampero-
metric detection, glucose was successfully detected with the exact detection
range depending on the type and amount of particles used; that is, in the
2.5 X 107 to 8 X 10~ M range for aqueous solution and 9.0 X 10°to 1.1 X 107
M in 80:20 (v/v) acetonitrile-buffer. The limits of detection spanned 10 to
107 M. The sensor response was both pH and temperature dependent with
the maximum sensor response achievable at a pH range of 6-7 and with
increasing current response for increasing temperature up to 40°C. In addi-
tion, a Nafion membrane could be added to reduce the interference caused
by negatively-charged species. When stored frozen in PB, these MEs could
completely retain their initial activity even after 150 days.

3.4.2.4 Chitosan/ionic liquid modified electrodes
A chitosan/IL ME incorporating Hb for the electrocatalytic detection of
oxygen and trichloroacetic acid (TCA) was investigated by Li et al. [41]. The
Hb/chitosan/[C,C,Im][BF,] MEs were prepared by casting a 6 pL droplet of
a buffer solution containing 1.2 mg/mL chitosan, 2.4 mg/mL Hb, and 5 vol%
[C,C,Im][BE,] onto a polished GC electrode and allowing the film to air
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dry. CV measurements in PB (50 mM, pH 7.0) showed a pair of well-defined
redox peaks that were ascribed to direct electron transfer between Hb and
the underlying electrode. When the [C,C,Im]|[BF,] component was excluded
from the ME preparation no such redox peaks were observed. Once again,
this indicates that the IL is responsible for facilitating electron transfer
between the enzyme and the electrode. Further CV measurements at
increasing scan rates between 0.04 and 1.0 V/s resulted in progressively
increasing peak currents, revealing the electron transfer between the Hb
and GC electrode surface to be a confined electrochemical process. The
authors demonstrated stability for their MEs over 50 consecutive cycles and
4 h with only a 1.6% reduction in peak current. The electrocatalytic prop-
erties were further tested for reduction of O, and TCA. The Hb/chitosan/
[C,C,Im][BF,] ME showed higher electrocatalytic activity toward O, than
Hb/chitosan, Hb, or bare GC electrodes, supporting the role of the IL in
facilitating electron transfer. The Hb/chitosan/[C,C,Im][BF,] ME was also
biocatalytically active toward TCA. The reduction peak currents increased
linearly for a TCA concentration range from 0.4 to 56 mM.

The Li group also studied a chitosan/[C,C,Im][BF,] ME using HRP as the
incorporated enzyme [42]. UV-Vis measurement of a drop cast film of
HRP/chitosan/[C,C,Im][BF,] on quartz showed a Soret band (403 nm) con-
sistent with that of the heme group in native HRP. CV measurements
showed a pair of stable, well-defined redox peaks for the Fe'l/Fe! transfor-
mation of the heme moiety for direct electron transfer between the HRP
and the electrode. As before, removal of [C,C,Im][BF,] during the ME
preparation gave no redox peaks. Increasing the scan rate from 0.04 to 1.0 V/s
also resulted in concurrent increase in the peak current, as was the case for
Hb. The HRP/chitosan/[C,C,Im][BF,] ME was stable over 50 consecutive
cycles and for 6 h, with only a 2.2% reduction of peak current. The cathodic
peak current for the HRP/chitosan/[C,C,Im][BF,] ME was linear in H,O,
concentration from 0.75-135 uM. The ME was able to detect 60 uM H,O, in
the presence of ethanol, glucose, sucrose, and uric acid, but sulfide and
ascorbic acid both interfered with H,O, detection. To test long-term stability,
the ME was stored in the dry state at 4°C and measured twice a week for
30 days and, over that period, only a 5% decrease in current response to
60 uM H,O, was seen.

3.4.2.5 Clay/ionic liqguid modified electrodes
Sun investigated the use of Hb/clay/IL composite MEs for the electrocatalytic
detection of H,O,, TCA, and nitrite [43]. The IL [C,C,Im][PF,] (2 mL) was
stirred with bentonite clay (1 mg) for 1 h after which 1 mg of Hb was
dispersed into the mixture. A volume of this dispersion was then cast onto
a freshly polished basal plane pyrolytic graphite (BPPG) electrode. UV-Vis
studies revealed the position of the Hb Soret band to be 410 and 412 nm
for dry and buffer-immersed films, respectively. This is consistent with a
near-native environment surrounding the heme within Hb in the Hb/clay/
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[C,C,Im][PF,] composite. CV measurements of the ME showed that the Felll/
Fell redox couple peaks exhibited a quite small separation of 40 mV at a sweep
rate of 0.2 V/s, revealing a very fast electron transfer. The electrochemical
response remained unchanged after 30 consecutive cycles. After storage at
4°C for 2 weeks, the peak currents lost only 2% of the initial response. The
Hb/clay/[C,C,Im][PF,] ME showed good electrocatalytic activities toward
H,0,, TCA, and nitrite. The amplitudes of the reduction peak for Hb/clay/
[C,CIm][PE{] films in CV scans were linear with H,O, concentration in the
range of 8.0 X 107 to 2.0 X 10* M and for nitrite spanning 2-21 mM.

3.4.2.6  Ilonic liquid-coated modified electrodes

Examples of MEs wherein the IL itself is coated unmodified onto the working
electrode, with no additional components, save for enzyme, also exist [44,45].
For instance, by using the IL 1-(2-hydroxyethyl)-3-methylimidazolium
tetrafluoroborate, [HOC,C,Im][BF,], as the supporting electrolyte (0.17 M
in H,0), well-defined and quasi-reversible redox peaks for myoglobin (Mb)
were obtained at a BPG electrode with fast electron transfer, as evidenced
by the narrow separation between anodic and cathodic peak potentials
(66 mV) [44]. Such behavior was absent when PB was used in place of the IL
solution. The peak current was found to slowly increase over time follow-
ing immersion of the BPG electrode in [HOC,C,Im][BF,]/Mb/H,O solution,
reaching a maximum after 2.5 h. A plausible explanation for this behavior
is the slow chemisorption of Mb onto the BPG. The resulting ME could be
stored for up to 2 weeks in an IL solution during which the Mb retained it
activity. This Mb/[HOC,C,Im][BF,] ME showed excellent catalytic activity
for the reduction of O, and could be used to directly detect up to 60 uM O, in
aqueous solution with a detection limit of 2.3 X 108 M.

Ding et al. immobilized cytochrome c (cyt ¢) and 2-methyl-n-butyl-
pyridinium BF,, [2-C,C,pyl[BF,], on the surface of a BPG electrode [45].
Studies of BPG electrode immersion into [2-C,C,pyl[BF,] solution containing
cyt ¢ illustrated that 5 h was required to reach optimal enzyme loading.
Differential pulse voltammetry was applied to detect H,O, in the range of
1-16 pM with a 5.16 X 108 M detection limit using this ME. In addition, the
ME was stable for over 400 cycles and, when stored in buffer at 4°C, boasts a
shelf life of 2 weeks.

3.4.2.7 Nafion/ionic liquid modified electrodes
Doping Nafion with IL yields a bilateral advantage in the construction of
MEs. That is, ILs boost the conductivity of Nafion and, in turn, the Nafion
membrane allows for better structural integrity and adherence to the elec-
trode surface. Chen et al. prepared such MEs by sonicating equal volumes of
Nafion solution and [C,C,Im][PF], and coating the homogenous mixture
onto a GC electrode [46]. They verified the attachment of the material to the
electrode through X-ray photoelectron spectroscopy (XPS) measurements.
Further characterization of the electrode through ac impedance and CV
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measurements, using [Fe(CN)J*~ as a probe, demonstrated that the IL pro-
motes electron transfer, counterbalancing the blocking of electron and mass
transfer by Nafion. These electrode materials proved to be very stable, with
only slight changes in the CV spectra observed after 30 cycles; HRP-incorpo-
rated MEs made using this approach were electrocatalytic in the reduction of
O, and H,0,.

3.4.2.8 Carbon paste/ionic liquid modified electrodes

CPEs display shortcomings associated with poor fabrication reproducibility
and mechanical fragility compared to bare metal electrodes, limiting their
overall utility. Typically, paraffin is used as a liquid binder, however, it is
nonconductive and thus weakens the electrochemical response. To circum-
vent this hurdle, Wang et al. used a [C,C,Im][PF,]/paraffin o0il mixture as
binder [47]. Unmodified CPEs were made using an 85:15 (w/w) mix of car-
bon paste to paraffin oil as a base, with varying volumes of [C,C,Im][PF]
included for IL/CPE construction. The optimal ratio was found to be
70:12:18 carbon paste/paraffin oil/[C,C,Im][PF,]. This mixture was packed
into a Teflon electrode holder, using a copper wire for electrical contact.
Enzymes studied for electrocatalytic acitivity in this work included Mb, Hb,
and HRP. Incorporation of [C,C,Im][PF,] resulted in improved sensitivity,
dynamic range, and response time. SEM images reveal that, in paraffin oil,
the carbon powders form a granular surface where the individual granules
can be discerned. By contrast, [C,C,Im][PF,] addition produces a more uni-
form topography in which the carbon granules are presumably bridged
by IL ions, vastly improving conductivity in the paste. The electrocatalytic
responses of the incorporated enzymes were investigated and all three
showed activity for H,0O, reduction in amperometric studies. The linear
ranges were 9.04 X 107° to 1.53 X 10° M (Mb), 1.29 X 10* to 1.90 X 10° M
(Hb), and 7.57 X 107 to 1.04 X 103 M (HRP). The associated limits of detec-
tion were 2.7 X 107,39 X 107, and 2.3 X 10 M, respectively. The authors
also determined Michaelis—Menten constants of 3.43, 0.21, and 0.10 mM for
Mb, Hb, and HRP, respectively. These values are at least an order of magni-
tude lower than typical literature values, providing evidence that ILs can
provide a microenvironment favorable for electron transfer and protein-
substrate affinity. Not only did the IL/CPE sensor exhibit high catalytic
efficiency, but it took only 5 s to achieve steady-state current upon additions
of H,0O,. Additionally, the researchers found that varying the pH from 3.5 to
9 had relatively little effect on enzyme performance, suggesting a remarkable
shielding of the enzyme by the hydrophobic IL. They also showed that the
electrocatalytic response increased as the temperature was increased to 50°C,
contrary to conventional bioelectrodes which are frequently characterized by
optimal operating temperatures closer to ambient temperature. Finally, the
IL/CPEs remained stable for 3 months when kept dry at 4°C while stability
decreased during buffer storage, suggesting that dry storage methods should
be considered when further developing IL-based bioelectrodes.
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In a similar study, Wei et al. [58] substituted [C,C,Im][PF] for paraffin as
the binder for a CPE. In this work, the enzyme Hb was not directly incorpo-
rated in the carbon paste/[C,C,Im][PF;] mixture but was instead entrapped
within a sodium alginate (SA) hydrogel film on the surface of the CPE. Once
again, the presence of the IL increased the electron transfer rate, provided a
biocompatible surface, and allowed for direct electron transfer without the
requirement for a traditional mediator. SEM images of the ME suggest that
[C,C,Im][PE] ions bridge the carbon flakes, giving rise to higher conductivity.
The electrocatalytic behavior of Hb was investigated in the reduction of H,O,.
Catalytic peak currents were linear for 1-100 pM H,O, and a limit of detec-
tion of 1 M was determined. The electrocatalytic reduction of nitrite was
also reported, however, the useful range and detection limit were not given.

3.4.2.9 Gold nanoparticle/ionic liquid-based modified electrodes

Zeng and coworkers combined the advantages of gold nanoparticles
(GNPs), such as high surface-to-volume ratio and biocompatibility, with
those of [C,C,Im][PF,] to create a ME for glucose detection in serum and in
beer [48]. These researchers combined citrate-capped GNPs, N, N-dimethyl-
formamide (DMF), [C,C,Im][PF], and GOx and transferred a volume of the
mixture to the surface of a polished GC electrode. In the absence of DMF (or
replacing DMF with acetonitrile, ethyl acetate, or acetone), the redox peaks
of GOx were weak, unstable, or absent altogether. This suggests a synergistic
interaction between GNPs, [C,C,Im][PF], and DMF, allowing electron trans-
port to the electrode surface. The ME was electrocatalytic toward glucose
and peak current was linear in glucose concentration in the 0.1-1 uM and
2-20 uM regimes. The authors successfully detected glucose within serum
and beer samples at micromolar concentrations, demonstrating the real
world capability of GNP/IL MEs.

3.4.2.10 Polyaniline modified electrodes
Kan and coworkers electropolymerized aniline to form polyaniline (PANI)
on the surface of a platinum sheet using [C,C,Im][C,SO,], as the electrolyte
[49]. Uricase was electrically doped into the PANI film by immersing the
ME in a buffer solution containing uricase and sweeping the potential to
0.6 V, thus pulling in the negatively charged uricase. The resulting uricase/
PANI ME was electrocatalytically responsive toward uric acid, with the
measured current depending upon uric acid concentration, pH (2-12), and
temperature (up to 40°C). The linear dynamic range for uric acid detection
was 107 to 10 M. Potential interferents such as acetaminophen, glutathione,
l-cysteine, and ascorbic acid had no adverse effects on uric acid detection.
The PANI sensor polymerized in [C,C,Im][C,SO,] also exhibited far superior
stability during storage compared to PANI prepared in HCl solution. In fact,
when stored at 4°C, the current response decreased by only 18 and 50% after
157 and 260 days, respectively, whereas the HCl-prepared uricase/PANI
electrode lost 39% of its activity within just 4 h.
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3.4.3 Bioelectrochemical sensors using ionic
liquids as electrolyte medium

As mentioned previously, ILs can act as excellent electrolyte media. When
considering their tunable physicochemical properties and their reported
ability to stabilize biomolecules [50], it comes as no surprising that research-
ers have begun to investigate their use as electrolytes in bioelectrochemical
sensors [51-53]. Pang et al. first immobilized HRP onto a GC electrode using
an aragose hydrogel [51]. When using dry [C,C,Im][BE,] as the electrolyte,
no obvious redox peaks for the HRP/agarose electrode could be observed.
However, with the addition of 4.5% water, the HRP became electrocata-
lytically active toward H,O,. The addition of DMF to the agarose hydrogel
containing HRP further increased its activity, suggesting the benefit of a
mediator in this instance. The activity of the HRP/agarose ME in water-
containing [C,C,Im][BF,] increased with increasing temperature up to 65°C,
and the reduction peak current was linear with H,O, concentration from
the limit of detection 6.10 X 107 M to 1.32 X 107* M. The same group sub-
sequently extended this investigation to include the proteins Hb, Mb, and
catalase (cat), with similar results [52].

The direct electrochemistry of heme protein-based MEs employing
dry [C,C,Im][BE,] as the supporting electrolyte was realized by Xiong and
coworkers using DMF/chitosan MEs containing the entrapped redox pro-
teins [53]. In this research, they entrapped the heme-containing proteins
Hb, Mb, cat, and cyt ¢ in DMF/chitosan organohydrogel films on a GC elec-
trode and, when immersed in water-free [C,C,Im][BF,], redox peaks cor-
responding to the heme center were observable for each protein studied.
Electrocatalytic reactions toward H,O, were followed for each protein and,
in general, responses were linear in the micro- to millimolar H,O, range.
Glucose, uric acid, ascorbic acid, l-cysteine, and L-tyrosine caused no inter-
ference due to their low solubility. When stored in [C,C,Im][BF,] at 4°C, the
electrodes retained 98% of their initial response for 36 h.

3.5 lIonic liquids in actuators, microfluidics,
and microreactor devices

3.5.1 Electroactive actuators

Ionic polymer transducers, such as those based on Nafion, offer several
advantages over other electrochemical transducers, including the ability to
generate large strains under small applied voltages, compatibility with con-
formal structures, and high sensitivity to motion when used in charge
sensing mode. However, one primary disadvantage of this type of trans-
ducer is dehydration and the corresponding loss in performance of these
materials when operated in open air. It has been shown previously that
this dehydration problem can be overcome by using ILs as the electrolyte.
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In addition, ILs posses a wider electrochemical stability window in com-
parison to water and as a result, larger actuation voltages can be applied, in
theory. The method for plating metal electrodes is known to have a signifi-
cant impact on actuator performance. Combining these two ideas, Akle et al.
have developed a new method for fabricating high-strain ionomeric/IL
actuators based on the use of ILs in concert with metal powder—painted elec-
trodes [54]. Their direct assembly plating method involved the uptake of
[C,C,Im][TfO], by a Nafion membrane, followed by painting the membrane
with a polymer/metal mixture containing a solution of 5% (w/v) Nafion
(47 wt%), glycerol (47 wt%), and metal powder (6 wt%). To assess the effects
of particle conductivity and relative surface area on performance, elec-
trodes were fabricated using a mixture of Au (low surface area-to-volume,
high conductivity) and RuO, (high surface area, low conductivity). By
varying the ratio of these two metal powders, the electrode composition
was correlated to the transducer properties, including strain and electrical
impedance. By studying various electrode compositions, the authors found
that the RuO, electrode is superior to Au in producing strain at an equivalent
applied voltage. Results for electrical impedance indicate that there is a tradeoff
between capacitance and resistance. That is, the RuO,-only electrode pro-
duced a higher capacitance because of its larger surface area, and resulted in
lower impedance at low frequencies. However, it also produced higher
impedance values at frequencies above 10 Hz because of the higher resistivity
of RuO, compared with Au. Thus, adding small amounts of Au to the elec-
trode decreased the high-frequency resistance but it also decreased the low-
frequency capacitance due to its smaller specific area. In a second set of
experiments, the electrode composition was varied whilst maintaining a
constant metallic volume fraction (40%) in the electrode. The authors found
that the strain response followed the same trend as that obtained by vary-
ing the metal weight percent. That is, the 100% RuO, device exhibited the
highest low-frequency capacitance and Au addition maintained the low-
frequency capacitance while also decreasing the high-frequency impedance
to ~30 Q. Further increase in the Au content reduced the capacitance, caus-
ing a decrease in strain generation. The authors also tested the repeatability
of the plating process by testing three identical transducers created by paint-
ing four layers of 100% RuO, with a metal-to-polymer weight ratio of 2.5:1, as
this composition was determined to give the most optimal performance.
The authors claimed little variation in the strain/volt frequency response
but no specific standard deviation was provided. The researchers also
determined the long-term stability of the three identical transducers. When
the samples were actuated with 1 and 2 V peak potentials, they did not
exhibit any notable degradation in response after more than 250,000 cycles.
In comparison, water-swollen ionic polymer transducers operated for 3600
cycles resulted in a 96% decrement in motion due to solvent loss via evapo-
ration. These results vividly demonstrate the long-term stability of iono-
polymer transducers feasible simply by eliminating water and using IL in its
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place. We note that, when samples were actuated with 3 V, there was a decrease
in performance which is likely tied to degradation of [C,C,Im][TfO].

3.5.2  Microfluidic devices

ILs are attractive liquids for use in microfluidic devices because they possess
negligible vapor pressure, doing away with unwelcome evaporation effects.
Takayama and coworkers recently designed a novel hydraulic microfluidic
valve system employing an IL as the hydraulic fluid (Figure 3.6) [55]. The
device is similar to a multilayer soft lithography (MSL) pneumatic valve
system but, in this case, the valves are pressurized mechanically by mov-
able Braille pins as opposed to externally delivered, high-pressure gas. The
pins are aligned below the flow channels and are separated in-between by
a flexible barrier. Each pin movement compresses an on-chip piston that
pressurizes the connected control channel. Because of the reversible pres-
surization of the control channel, it can close and reopen areas of the fluidic
channels located directly below. In this device, [C,C,Im][BF,] served as the
piston fluid and was shown to play a vital role in the reliable operation of
the hydraulic system. Because the hydraulic channel volume is relatively
small, volume losses due to evaporation and gas permeation effects can
significantly alter the system’s operation. The authors overcame these issues
by utilizing an IL as the hydraulic fluid. As anticipated, no IL volume change
within the microfluidic channels (or when open to the atmosphere) occurred
over the course of more than a week. One drawback presented by this system
is its slower opening and closing response times (~0.3 to 2 s) compared with
pneumatic valves, however, the authors showed that minimizing the control
channel length could improve response times.

<<
<

Figure 3.6 (See color insert following page 414.) (a) Schematic of the hydraulic
valve and a top-down view with an open valve. Control channels are in pink and
fluidic channels are in blue. The clear bulk material is polydimethylsiloxane (PDMS),
including the flexible membrane between the control and fluidic channels at their
intersection (schematics are not drawn to scale). The piston has an average diameter
of ~910 pm and a height of 152 pm, whereas valve intersections are typically
100 X 100 pm? with 9 pm high fluidic channels and ~16 pm high control channels.
The valve and piston can be centimeters apart. (b) The same schematic with a vertical
translation of a piezoelectrically driven Braille pin and a top-down view with a close
valve and a pressurized control channel. (c) A top-down view of four intersections of
pressurized control (red) and fluidic (blue) channels. All channels are 9 um high and
100 pm wide except for the lower right control channel that is 40 pm wide. (d) A top-
down view of the Braille pins aligned underneath pistons (left) and microfluidic
valves (right). (¢) A PDMS device with multiple hydraulic valves mounted onto a
palm-sized USB-powered and controlled Braille display module with 64-pin actua-
tors. (Reprinted from Gu W., Chen H., Tung, Y.C., Meiners, ].C., and Takayama, S.,
Appl. Phys. Lett., 90, 033505-033508, 2007. Copyright 2007 American Institute of Phys-
ics. With permission.)
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De Mello et al. implemented ILs as a temperature control system for a
microfluidic device based on Joule heating [56]. This device consisted of
a working channel structure surrounded by a separate, but parallel, heat-
ing channel. Initially, the researchers filled the heating channel with a con-
centrated KCl solution and applied a dc current. It was found that heating
caused point boiling and arcing and the resulting chlorine plasma rapidly
etched the glass microstructures. The authors then turned to ILs as a poten-
tial heating medium because of their high conductivity and excellent thermal
and electrochemical stability. Using [C,C,Im][Tf,N] and [C,C,Im][PF,], they
first applied a dc current to the IL-based heating system and found that the
applied voltage had a significant effect on the heating rate. Applying voltages
under 3 kV produced the predicted hyperbolic relationship between rates
of heat generation and loss, whereas higher voltages (>3.5 kV) resulted in
S-shaped temperature responses with time, a result attributed to a signifi-
cant decrease in IL viscosity with increasing temperature. Constant current
use was found to cause fouling and degradation of the electrode, however,
the use of ac current (50 Hz) produced smooth and controllable heating with
minimal degradation of the heating medium near the electrodes. It was
found that variable heating rates were achievable with a precision between
0 and 5°C min™. In addition, through simple feedback control, the authors
showed that the temperature could be controlled to within 0.2°C between
room temperature and 140°C. Furthermore, the researchers demonstrated
that the microchannel elements could be maintained at a fixed temperature
for extended periods (10 min). Overall, the authors reported that microfluidic
devices incorporating the IL-based heater are simple to construct, require
minimal volume (~750 pL per channel), and are optically transparent.

Kim and coworkers implemented ILs in a microfluidic device designed
for the enantioselective separation of (S)-ibuprofen [57]. In this study, a
three-phase flow microfluidic device was used for the separation of
(S)-ibuprofen from the racemic drug using a lipase-facilitated IL flow (ILF).
Schematic views of the enantioselective transport and the microfluidic
device are shown in Figure 3.7. The aqueous feeding phase consisted of
racemic ibuprofen and Candida rugosa lipase (CRL), an enzyme that selec-
tively catalyzes the esterification of (S)-ibuprofen. The middle phase is made
up of the [C,C,Im][PF,] in which the resulting ester from the CRL-catalyzed
esterification selectively dissolves. The aqueous receiving phase consists of
porcine pancreas lipase (PPL) which catalyzes the back-hydrolysis of the
ester, producing native ibuprofen and ethanol, both of which are water soluble.
The authors showed that ILF played an essential role in dissolving the
resulting ester and separating the aqueous feeding and receiving phases.
The thickness of the ILF could be precisely controlled by the applied flow
rate. The ILF flow rate also affected the transport of (R,S)-ibuprofen.

Specifically, as the IRF flow rate was increased, the transport of (R,S)-
ibuprofen from the ILF to the receiving phase decreased. In both the feeding
and receiving phases, the transport ratio of (S)-ibuprofen was calculated to

© 2009 by Taylor & Francis Group, LLC



Chapter three:  Ionic liquid advances in sensor technology 131

Feeding phase Eﬁ:seévmg
(RS)- (RS)-
ibuprofen ppL ibuprofen
o +
—H,0 +H,0O
EtOH EtOH

(A)

Receiving phase

ILF

RO L@
(8) “ -

Feeding phase

Figure 3.7 (See color insert following page 414.) (A) Enantioselective transport of
(S)-ibuprofen by means of ionic liquid flow within a microfluidic device. (B, Bottom)
Photographs of the three-phase flow in the microchannel: (a) center near the inlets of
the microchannel, (b and ¢) arc of the microchannel, and (d) center near the outlets of
the microchannel. Flow rates of the aqueous phase and the ionic liquid flow phase in
(a—d) were 1.5 and 0.3 mL/h, respectively. (Reprinted from Huh, Y.S,, Jun, Y.S., Hong,
YK, Hong, WH., and Kim, D.H.,, J. Mol. Catal. B, 43, 96-101, 2006. Copyright 2006
Elsevier. With permission.)

be twice that of (R)-ibuprofen, demonstrating that the lipase-catalyzed
reactions drove the selective transport of (S)-ibuprofen through the IL.
Additionally, the authors showed that the optical resolution ratio in the
feeding phase was higher as compared to that of the receiving phase, indi-
cating that CRL selectively catalyzed the esterification of (S)-ibuprofen and
then preferentially transported the (S)-ibuprofen ethyl ester from the feed-
ing phase into the ILF. The enantiomeric excess in the receiving phase was

© 2009 by Taylor & Francis Group, LLC



132 Ionic liquids in chemical analysis

reported to be about 77% at different ILF rates. The authors also compared
the microfluidic separation to that of a supported liquid membrane
(SLM)-based system. It was found that the SLM system allowed for a greater
amount of (R,S)-ibuprofen to be transported from the feed phase to the
receiving phase because of turbulence flow and sufficient reaction time
(20-40 h) in both the feeding and receiving phases. However, the micro-
fluidics-based system separated (S)-ibuprofen efficiently for a shorter work-
ing time (30-60 s).

Garrell and coworkers reported the ability to manipulate IL droplets,
along with organic solvents and aqueous surfactant solutions, in air on a
digital microfluidic platform [59]. The device was composed of two plates:
the bottom plate consisted of an array of conductive electrodes, a dielectric
layer, and a hydrophobic Teflon-AF coating; the top plate had a single indium
tin oxide (ITO) electrode and Teflon-AF coating. The liquid droplet was sand-
wiched between the two plates at a particular spacing. The researchers
found that, for organic solvents, the feasibility of droplet actuation is loosely
correlated with the liquid’s dipole moment, dielectric constant, and conduc-
tivity. In general, liquids were found to be movable if their dipole moments
were >0.9 D, dielectric constants >3, and/or conductivities >10° S m™. The
authors also demonstrated that [C,C,Im][PF] and [C,C,Im][BF,] could be
translated in their digital microfluidic device. They also found that the mov-
ability of the droplet depends on the ac frequency used for actuation. In par-
ticular, they determined that the movability depends on a liquid’s complex
permittivity (>8 X 10'), as well as the interplate distance. The actuation of IL
droplets in microfluidic devices may lead to novel microfluidic reactions,
sensors, separations, and extractions, particularly given the recent introduc-
tion of magnetic ILs [60,61].

3.5.3  lonic liquid microreactor

Vaultier and coworkers have developed an open digital microfluidic system
in which electrowetting on dielectric (EWOD) actuation is used to displace
IL droplets [62]. ILs are implemented instead of volatile organic solvents to
overcome the problem of solvent evaporation which makes necessary a
blanket or oil covering. Chemical synthesis using minute amounts of
reagents (<1 pL) was accomplished using this approach. The final products
were analyzed either by external detection using mass spectrometry (MS)
or high performance liquid chromatography (HPLC) (off-line) or directly
on-chip by electrochemical measurement. The chip was comprised of a
network of Au electrodes structured on silicon. A dielectric layer was incor-
porated to avoid electrochemical reactions during the actuation of electrodes
along with a hydrophobic layer, which provided a surface compatible with
electrowetting. An Au microcatenary enabled the polarization of the droplet
and its guidance during displacement. Through the use of the Lippmann-—
Young equation, the authors confirmed that the electrowetting of ILs is less

© 2009 by Taylor & Francis Group, LLC



Chapter three:  Ionic liquid advances in sensor technology 133

efficient in comparison to aqueous salt solutions. However, the efficiency of
electrowetting of the ILs is on the order of deionized water, and the anion
and cation choice markedly influences the electrowetting efficiency. A
hysteresis study was conducted from the advancing and receding angles on
the electrowetting curves. The amount of hysteresis was found to depend on
the nature of the anion and the values were determined to be 2-3° for
[C3CN][Tf,N]; ~7° for [C,C,Im][BF,]; and 8° for [C,C,Im][PF,]. ILs have
smaller contact angles (8, = 70-94° for ILs; 110° for water) and lower surface
tensions (34—46 mN'm for ILs; 72 mN'm for water) in comparison to water
[63]. On this basis, the authors expected different behaviors for ILs compared
to water. In fact, the ILs did display a wider working interval and the IL
droplet motion differed from water droplet motion in that the entire water
droplet translated together, whereas for the IL droplet the face of the droplet
began to move prior to mobilization of the back of the droplet when the next
electrode was switched on. The authors attribute this disparity to the high
viscosity of the ILs along with their relatively high wettability and lower
surface tension. The speed of IL droplet movement could be controlled with
the applied potential but was limited to 1-10 mms, while water droplets
were more mobile (up to 120 mm™s). The authors applied their digital micro-
fluidic setup to perform Greico’s reaction, comparing results to that from a
macrovolume setup. The final products were analyzed using HPLC and MS.
The conversion rate was reported to be 98-100% and the results correlated
well to reactions performed in macrovolume. On-line chip analysis was also
performed and a cathodic peak at —1.46 V was obtained versus the Au refer-
ence electrode, corresponding to the reduction of the final product.

3.6  Concluding remarks

A rapidly emerging field in analytical research involves the development of
sensors, electrodes, and diagnostic devices centered around ILs as alterna-
tives to molecular solvents and conventional materials. In this chapter, we
have reviewed and discussed some recent research results for various sen-
sor formats that derive significant advantage from the incorporation of an
IL component. Examples from optrodes to actuators, including modified
enzyme electrodes and lab-on-chip efforts are discussed. To date, work has
focused mainly on ILs as drop-in substitutes—active medium, membrane,
electrolyte, or coating—in an existing analytical method or sensor construct.
Additionally, ILs are just beginning to open the door to novel analytical
methods that are not possible using classical solvent systems. Although the
molecular basis for the design of ILs with desired properties lags somewhat
behind these efforts, ultimately, the term task-specific IL will find meaningful
relevance in the analytical sciences. Most excitingly, novel applications may
emerge in areas that were not even considered in the original concept. The
foundation is being laid but perhaps the best is yet to come! We certainly
believe this to be so.
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4.1 Introduction

Ionic liquids (ILs) are nonmolecular solvents that have captured the interest
of many in academics and are currently being introduced into a number
of industrial processes worldwide. The widespread interest in ILs has
drawn scientists of an interdisciplinary nature resulting in an enhanced
understanding of these unique solvents. ILs possess a plethora of unique
physicochemical and solvation properties that can be varied and tuned
for specific applications. The unique solvation properties have produced
exciting results when employed as replacements of traditional molecular
solvents [1,2]. In addition, most ILs possess negligible vapor pressure and
high thermal stability, which designates them as important green solvents
that produce few volatile organic compounds. Furthermore, IL-based solvent
systems typically exhibit enhanced reaction kinetics resulting in the efficient
use of time and energy [1].

The exciting possibilities of producing unique task-specific ILs (TSILs) exist
by simple modification of the cation and anion structure [3,4]. The resulting
IL can be used to carry out designated applications or to serve a functional
purpose in a method or device. In the field of gas chromatography (GC), new
stationary phases that exhibit unique separation selectivity, high efficiency,
and high thermal stability are in high demand and are particularly sought
after. ILs possess many properties that allow them to function as multipurpose
stationary phases that exhibit an unique dual-nature retention selectivity.

This chapter is broken into two sections that synergistically have been
responsible for the development of IL-based GC stationary phases. The first
section describes how the IL stationary phase can be probed to characterize
ILs in terms of their multiple solvation interactions and thermodynamic
properties to better understand solute-solvent interactions and mixed
organic solvent-IL interactions, respectively. The second section of this chap-
ter addresses the systematic approach to develop ILs as a new and viable class
of achiral and chiral GC stationary phases. Much of this development has
been focused on coated and immobilized IL stationary phases that produce
highly efficient separations while exhibiting unique separation selectivity
and low bleed at high temperatures. Sections detailing how the combina-
tion of cations and anions can be tuned to add further selectivity for more
complex separations will also be presented. Properties including viscosity,
thermal stability, and surface tension largely dictate the quality and integ-
rity of the stationary phase coating and are additional characteristics that
will be discussed. A flow diagram guides the structural development of ILs
for the separation of analytes based on desired selectivities and temperature
requirements.
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4.2 Examination of ionic liquid solvation interactions
and thermodynamic properties using
gas—liquid chromatography

4.2.1 lIonic liquids as stationary phases in gas chromatography

Three general approaches have been used to characterize ILs in terms of their
solvation interactions with solute molecules as well as the determination of
important thermodynamic properties of IL/organic solvent mixtures. In almost
all cases, the characterization method utilizes the IL as the stationary phase by
either coating it on the wall of a capillary column (e.g., wall-coated open tubular
column) or by coating the IL on a support to produce a packed column. Probe
molecules capable of undergoing known interactions with the stationary phase
are then used to probe the interaction capabilities of the stationary phase. The
probe molecules’ retention times (ty), retention volumes (Vy), or retention fac-
tors (k) can be chromatographically determined to understand the type(s) and
magnitude(s) of solute-solvent interactions. For example, a stationary phase
containing phenyl groups can undergo - interactions with aromatic analytes,
thereby increasing their retention. In another example, retention times of acidic
analytes are higher on basic stationary phases and vice versa. Each method
provides distinct advantages compared to other spectroscopic methods of eval-
uating solute—solvent interactions, particularly in cases where the ILs cost and
purity are important considerations. The manufacturing of a GC column for
evaluation typically requires small quantities of the IL (~10 to 100 mg). In addi-
tion, the interaction capabilities and thermodynamic parameters can be easily
determined at various temperatures by simply examining the retention behav-
ior of probe molecules at the desired temperature(s). Furthermore, the IL-based
stationary phase can be conditioned at high temperatures to remove water and
any trace impurities thereby allowing for evaluation of the neat IL.

4.2.2  Rohrschneider—McReynolds classification system

To fully characterize and categorize the solute selectivities of GC stationary
phases, Rohrschneider and McReynolds pioneered one of the earliest
characterization methods [5,6]. The Rohrschneider-McReynolds system is
the oldest and widely accepted stationary phase classification systems that
is based on the retention of five probe molecules; namely, benzene, butanol,
2-pentanone, nitropropane, and pyridine. Each probe molecule is used to
represent a distinct or a combination of interactions with the stationary
phase. Benzene measures dispersive interactions with weak proton acceptor
properties; butanol measures dipolar interactions with both proton donor
and proton acceptor capabilities; 2-pentanone measures dipolar interactions
with proton acceptor but not proton donor capabilities; nitropropane mea-
sures weak dipolar interactions; and pyridine measures weak dipolar inter-
actions with strong proton acceptor but not proton donor capabilities.
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Equation 4.1 describes the Rohrschneider-McReynolds system in terms
of the five probes and their corresponding phase constants; namely, benzene
(X"), butanol (Y'), 2-pentanone (Z’), nitropropane (U’), and pyridine (S') with
the overall difference in the Kovats retention index (AI).

Al = aX’ + bY’ + ¢Z’ + dU’ + e @.1)

The value of each phase constant (i.e, X, Y, Z, U, and S’) is determined by
subtracting the retention index of the probe on a squalane stationary phase
(Isg) from the retention index of the probe on the stationary phase being
characterized (I;p). For example, the phase constant of benzene (X") would be
calculated as shown in Equation 4.2.

X’ = Al (benzene) = I1p(benzene) — Is(benzene) “4.2)

To complete the determination of all constants, a value of 1 is assigned to
each of the test solutes. In the case of benzene, X/, its coefficient from Equa-
tion 4.1 would have the value of a = 1, whereas the remaining coefficients
would be set equal to zero (i.e, b = 0,c = 0,d = 0, and e = 0). This process
is repeated for the remaining solutes. The magnitude of each phase constant
indicates the importance of the interaction in solute retention. Additionally,
the overall polarity of the stationary phase can be determined by taking the
average of all five phase constants.

Armstrong and coworkers determined the Rohrschneider-McReynolds
constants for two imidazolium-based ILs: [C,C,Im]|Cl and [C,C,Im][PF,] [7].
The structures and physicochemical properties of these two ILs are shown
in Table 4.1. A comparison of the phase constants for [C,C,Im][PE] and
[C,CIm]CI to two common commercial GC stationary phases, namely, DB-5
(phenylmethylpolysiloxane; 5% phenyl) and OV-22 (phenylmethyldiphenyl-
polysiloxane; 65% phenyl) indicates that the average polarity of the two ILs is
very similar to that of the OV-22 stationary phase. Both ILs exhibited signifi-
cant proton accepting and dipolar interactions with solute molecules. It was
also observed that different anions influenced the magnitude of the phase con-
stants, but did not affect the overall polarity of the stationary phase. Despite
the fact that the overall polarities of the studied ILs were similar to each other
and other polysiloxane stationary phases, their separation selectivities were
very different. Interestingly, both ILs separated nonpolar analytes like a non-
polar stationary phase and polar analytes like a polar stationary phase. This
dual-nature selectivity makes them unique and powerful stationary phases for
separating a wide variety of different analytes. In the case of the [C,C,Im]Cl],
analytes such as alcohols and carboxylic acids were tenaciously retained,
owing to the hydrogen bond basic properties of the anion.

The Rohrschneider-McReynolds approach is helpful in illustrating dif-
ferences between ILs in terms of the types of interactions they exhibit with
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Table 41 Names, Structures, and Physicochemical Properties of Selected Ionic Liquids Evaluated as Gas-Liquid Chromatographic
Stationary Phases
Melt- Surface
ing System Constants Tension
Point From Solvation Viscosity (dyne/ Thermal
Number Ionic Liquid (°C) Parameter Model (cP) cm) Stability Comments
1 [C,CIm]CL Solid 40°C[8] 70°C[8] Solid 54 ~145°C (1) Exhibits poor coating
2 65 r=024 r=029 (28°C) [21] characteristics on bare
N /\1 /\/\ ~ [45] s=225 s=2.00 wall glass capillary
N N Cl a=703 a=>523 columns
\ / b=0 b=0 (2) Tenaciously retains
M p =063 [=045 alcohols and carboxylic
1-butyl-3-methylimidazolium chloride ) ;i;li =145
2 [C,C,Im][Tf,N] —4 40°C[8] 70°C[8] 52 (20°C) ~185°C (1) Exhibits tailing of
N/\N /\/\ (CF:SO,),N-[NTE; | [45] r=0 r=20 [45] [21] alcohols and carboxylic
@ P2 2 s=189 s=1.67 acids
\ / a=202 a=175 (2) PAF* = 2.50
1-butyl-3-methylimidazolium b=036 b=0.38
bis[(trifluoromethyl)sulfonyl]imide =063 [=056
3 [C,C,Im][TfO] 16 40°C[8] 70°C[8] 90 (20°C) ~175°C PAF* = 1.08
ANAN [45] r=0 r=0 [45] [21]
N @ N CF3805” s=186 s=173
\ / =302 a=271
1-butyl-3-methylimidazolium b=0 b=0
trifluoromethanesulfonate (triflate) I=061 [=052
4 [C,CIm][PF] -8 40°C[8] 70°C[8] 312 429 170°C (1) Ionic liquid produces
N/\N /\/\ [45] r=0 r=20 (20°C) (63°C) [21] hydrogen fluoride (HF)
@ PFg s=191 s=170 [45] [46] due to hydrolytic
\ / a=189 a=1.58 decomposition of PF
1-butyl-3-methylimidazolium b=0 b=0 [24]
1=062 [=052 (2) PAF* = 1.31

hexafluorophosphate

(continued)
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Table 4.1 (Continued)

Melt- Surface =
ing System Constants Tension s
Point From Solvation Viscosity (dyne/ Thermal
Number Ionic Liquid (°C) Parameter Model (cP) cm) Stability Comments
5 OH CHg 54 NA Solid NA NA (1) First chiral ionic liquid
= | + [37] to be used as a gas
H N—__ chromatographic chiral
| CHg stationary phase
CHs (2) IL begins to racemize at
temperatures =140°C
CHj3
and loses
NTE; enantioselectivity for
some alcohols
(1S, 2R)-(+)-N,N-dimethylephedrinium
bis[(trifluoromethyl)sulfonyl]imide
6 [BeC,Im][TfO] 27 70°C[21] 100°C[21] NA NA ~220°C  Exhibits high selectivity
[21] r=021 r=0 [21] for separation of
s=180 s=170 polycyclic aromatic
=262 a=241 hydrocarbons,
b=018 b=0 polychlorinated
H3C\ /\ /CHZ =048 [=047 biphenyls, and aromatic §
N @ N sulfoxides &
\ / CF;S03 =l
1-benzyl-3-methylimidazolium triflate ;‘;
7 [MPC,Im][TfO] 45 70°C[21] 100°C[21] NA NA ~250°C  Exhibits high selectivity 3
OCH; [21] r=054 r=028 [21] for separation of polycyclic =N
s=206 s=205 aromatic hydrocarbons, §
a=283 a=263 polychlorinated biphenyls, é'
b=059 b=0.16 and aromatic sulfoxides =
HSC\N©N 1=040 1=038 S
2
_ <
\ / CF;S0; Z.

1-(4-methoxyphenyl)imidazolium triflate
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2 &

N N

/ N

NTf; NTf,
1,9-di(N-methylpyrrolidinium)nonane
bis[(trifluoromethyl)sulfonyl]imide
[CevIm][TE,N]
/\ N /@N /\/\/\
(CF550,),N™

1-vinyl-3-hexylimidazolium

bis[(trifluoromethyl)sulfonyl]imide

[Co(vim),] 2[T£,N]

B AN N N N N AN N

7 N@N N@N
NTf; NTf;

1,9-di(3-vinylimidazolium)nonane
bis[(trifluoromethyl)sulfonyl]imidate

>—8, 40°C[22] 70°C[22] 502 422
<0 r=027 r=034 (30°C) (23°C) [22]
[22] s= 1.71 s=152 [22] [22]
a=198 a=1.65
b=032 b=035
=062 [1=048
NA NA NA NA NA
NA Partially crosslinked NA NA NA

stationary phase [42]
0.10% Cy(vim)—

NTf,; 0.10%

Cy(vim),~NTf,;

40°C 70°C
r=20 r=20
s=160 s=157
a=184 a=153
b=045 b=037
=071 [1=0.60

>400°C  Dicationic IL exhibiting

high thermal stability

(1) Used as a monomer for
producing immobilized
ionomer films for high-
temperature separations

(2) Monomer readily
undergoes polymeriza-
tion in presence of
light and heat

(1) Used as a crosslinker
for producing
immobilized ionomer
films for high-
temperature separations
Crosslinker readily
undergoes
polymerization in
presence of light and
heat

2
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probe molecules. However, the model has deficiencies that preclude it from
fully characterizing individual solvation interactions. The method utilizes
probe molecules that are too volatile (e.g., benzene, 2-pentanone, and nitro-
propane) and often elute with the dead volume of the column or exhibit short
retention times. In addition, the retention of probe molecules is not dictated
by a single solvation interaction but is most often due to several simultaneous
interactions. Therefore, using this method, it is not possible to deconvolute
the phase constants into individual solvation interactions.

4.2.3  Solvation parameter model

To further understand the solvation interactions imparted by the cation and
anion, a method must be capable of describing more than a single polarity,
solvent strength, or phase constant. A single parameter polarity scale has
the disadvantage of describing a weighted average of all solute—solvent
interactions [8]. The solvation parameter model (linear solvation free energy
relationship [LSFER] model), developed by Abraham [9,10], has been used to
characterize liquid- or gas-phase interactions between solute molecules and
liquid phases. The solvation parameter model, as described by Equation 4.3,
is a linear free energy relationship that involves the following three-step
solvation process of a solute: (1) a cavity of suitable size is created in the
solvent (IL); (2) the solvent molecules reorganize around the formed cav-
ity; and (3) the solute molecule is introduced into the cavity followed by
solute—solvent interactions. The model possesses several inherent charac-
teristics that make it a valuable tool for characterizing complex solvation
interactions such as those that take place between a solute molecule and
an IL. The model utilizes a large number of probe molecules that are capa-
ble of undergoing a multitude of solvation interactions with the stationary
phase solvent. Each probe molecule is broken down into individual solute
descriptors which define the magnitude of each possible interaction. Sol-
ute descriptors are currently available for hundreds of probe molecules [9].
These solute descriptors are defined as: E is an excess molar refraction cal-
culated from the solute’s refractive index; S is the solute dipolarity/polariz-
ability; A and B are the solute hydrogen bond acidity and hydrogen bond
basicity, respectively; and L is the solute gas—hexadecane partition coeffi-
cient at 298 K. In gas-liquid chromatography (GLC), the dependent variable
is log k, the adjusted relative retention time. A judicious selection of probe
molecules with overlapping interactions allows for the examination of all
possible solute—solvent interactions.

logk=c+eE+sS+aA+DbB+IL 4.3)

The solute descriptors for each analyte and the corresponding retention
factor (measured at a specific temperature) are subjected to multiple linear
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regression analysis (MLRA) to obtain the system constant coefficients of each
solute descriptor in Equation 4.3 (i.e, ¢, s, 4, b, and I). The system constants
from Equation 4.3 are defined as: ¢ is the ability of the IL to interact via solute
7- and n-electrons; s is a measure of the dipolarity/polarizability of the IL;
a defines the IL hydrogen bond acidity; b is a measure of the hydrogen bond
basicity of the IL; and I describes the dispersion forces. The magnitude of the
dispersion forces term indicates how well the IL will separate homologs in a
homologous series (e.g., n-alkanes).

In initial work, a total of 17 different ILs were evaluated by the solvation
parameter model [8]. Ten of these ILs were comprised of imidazolium or
pyrolidinium cations paired with different anions. Many of these compounds
represent the traditional class of IL solvents that have been used extensively
in organic synthesis reactions or in other analytical uses. The remaining
seven ILs consisted of substituted ammonium cations that have proven to
be successful analyte matrices in matrix-assisted laser desorption ionization
(MALDI) mass spectrometry [11].

To delineate the effect of the anion on IL-solute interactions, ILs with
different anions and the same cations were examined. Table 4.1 lists the
system constants obtained for ILs composed of the [C,C,Im] cation paired
with various anions (ILs 1-4). The most dominant solvation interactions
observed in IL solvents include strong dipolarity (s), hydrogen bond basicity
(1), and moderate-to-high cohesive forces (I) which were relatively constant
for all ILs examined, but were slightly larger for ILs containing longer alkyl
substituents. The hydrogen bond basicity (1) was extremely high for the
[C,C,Im]Cl. This observation is fully supported by the fact that [C,C,Im]|Cl
tenaciously retains analytes that are proton donors (i.e., alcohols and
carboxylic acids) [7].

By changing the nature of the cation while maintaining the same anion,
the hydrogen bond basicity was observed to remain constant, indicating that
this solvation interaction is predominantly anion-controlled. None of the
common ILs studied exhibited appreciable hydrogen bond acidity (b-term).
The extent of solute interactions via w—r and n-m electrons (r-term) with the
IL is primarily dependent on two factors: (1) the nature of the cation and
anion combination (e.g., [C,C,Im]Cl) and (2) the length of the alkyl chain
incorporated on the cation (e.g., 1-octyl-3-methylimidazolium and 1-hexyl-
3-methylimidazolium cations). The latter ILs exhibited sufficient abilities at
retaining analytes that contained electron-rich aromatic systems.

4.2.4  Measurement of ionic liquid thermodynamic parameters

GC employing IL stationary phases has proven to be a powerful tool for
the determination of important thermodynamic properties involving mix-
tures of ILs and organic solvents. Heinz and Verevkin have published
an extensive number of thermodynamic parameters for pyridinium- and
imidazolium-based ILs using a variety of organic solutes [12-14]. Paramount of
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all thermodynamic parameters is the activity coefficient at infinite dilution
(), which provides information about the intermolecular energy between
a solute and a solvent. Activity coefficients at infinite dilution are important
for characterizing the behavior of liquid mixtures, predicting the existence
of azeotropes, estimation of mutual solubilities, and the selection of solvents
for extraction and extractive distillation.

To determine the activity coefficient at infinite dilution, packed columns
were prepared containing the IL-coated chromosorb support [12-14]. The
examined mixture of probe molecules was then injected under infinite
dilution conditions. The value of y* can be calculated from Equation 4.4, as
defined by Cruickshank and coworkers [15]:

n3RTj CBu VP 2BV s
o .

Iny=, =1
Vi3 H[VNpg rRT M RT

where y/% is the activity coefficient of solute i at infinite dilution in the sta-
tionary phase (index 3); p! is the vapor pressure of the pure liquid solute; p,, is
the outlet pressure; n, is the number of moles of the stationary phase on the
column; V) is the standardized retention volume; B;; and B,, are the second
viral coefficient of the solute and the mixed viral coefficient of the solute (1)
with the carrier gas (2), respectively; V) and V7 are the liquid molar volume
of pure solute and the partial molar volume of solute in the IL at infinite dilu-
tion; and | is the compressibility factor.

The partial molar excess enthalpy at infinite dilution, HF*, can be deter-
mined by Equation 4.5.

dlnyy | _ HP~
(8(1/T)j R (*.5)

The magnitude of y* is highly dependent on the structural composition
of the IL. Notable trends of these two thermodynamic parameters have been
observed for various solute mixtures in IL solvents.

* Alkanes, alkenes, and alkylbenzenes in [4-C,C,pyl[BF J. Activity coefficients
of linear n-alkanes increase with increasing chain length. The branching
of the alkane skeleton reduces y* in comparison to equivalent normal
hydrocarbons. Values of y” for benzene and alkylbenzene are lower in
comparison to those of alkanes and alkenes. Intermolecular interac-
tions between the IL and the solute become stronger with an increasing
number of polarizable electrons present in double bonds and aromatic
rings [12].
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* Polar solutes in [C,C,Im][Tf,N] and [C,C,C,Im][Tf,N]. y* for n-alkanols
increase with increasing chain length. Branching of the alkane struc-
ture reduces the value of y* compared to the linear alcohol. The more
polar the solute is, the higher the solubility in the IL. Values of HE”
increase with increasing alkyl chain length. The introduction of double
bonds decreases the value of HE”. Molecules containing an aromatic
ring possess negative values of HE”, but values increase when larger
alkyl groups are substituted on the aromatic ring. Values for HE” are
negative for acetone, ethyl acetate, and trichloromethane [13].

4.3  Chromatographic characteristics of ionic liquid
stationary phases: a comprehensive guide into
tuning the structure of ILs for gas
chromatographic separations

Poole and coworkers were the first to evaluate liquid organicsalts as stationary
phases in GLC in the early 1980s [16-19]. Ethylpyridinium bromide, possess-
ing a melting point of 110°C, was used above this temperature to selectively
separate various organic compounds containing large dipoles or functional
groups capable of hydrogen bonding. Below the melting point, this stationary
phase acted as an adsorbent and exhibited poor efficiency and peak asym-
metry [16]. The temperature range of the molten salts was expanded by eval-
uating new classes of stationary phases including tetra-n-hexylammonium
benzoate, 1-methyl-3-ethylimidazolium chloride, tri-n-butylbenzylphospho-
nium chloride, and tetra-n-butylammonium tetrafluoroboroate [18]. Whisker-
walled and sodium chloride modified surfaces were used in wall-coated
open tubular (WCOT) columns to improve the wetting ability of the molten
salts on the glass surface [19].

In addition to providing highly selective separations, there are a multitude
of other desired characteristics that a gas chromatographic stationary phase
should possess. These properties include high viscosity, low surface tension
allowing for wetting of the fused silica capillary wall, high thermal stability,
and low vapor pressure at elevated temperatures. The stationary phase
solvent should also not exhibit unusual mass transfer behavior.

The remaining sections of this chapter will address the recent development
of imidazolium- and pyrrolidinium-based ILs as new classes of high-
stability and high-selectivity stationary phases. The structural makeup of
the cation/anion and their unique combination will be discussed in detail to
provide insight into how IL stationary phases can be developed for specific
separations and applications. While this discussion will focus primarily on
imidazolium- and pyrrolidinium-based IL stationary phases that have been
presented in the literature, a working knowledge of how to design or tune an
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IL to possess desired physical properties in addition to providing optimal
chromatographic results will be gained.

4.3.1 Thermal stability characteristics of ionic liquids

One of the most chromatographically useful properties inherent to many
ILs lies with their high thermal stabilities. In GC, the thermal stability of the
stationary phase is one of the most important considerations as it governs
the onset of column bleed and ultimately dictates the lifetime of the station-
ary phase. Column bleed refers to the volatilization/decomposition of the
stationary phase at high temperatures. The characteristic rising baseline and
plateau effect observed in gas chromatographic separations at high temper-
ature is attributed to the bleeding of the stationary phase. While column
bleed is observed on all stationary phases at high temperatures, the degree
of bleeding ultimately determines the lifetime of the column and, when
excessive, has a detrimental effect on the efficiency of the column.

It is well known that halide anions lower the thermal stability of ILs due
to their nucleophilic nature and their ability to decompose by Syl or 532
nucleophilic decomposition [20]. ILs that are not thoroughly purified and
examined using ion chromatography for the presence of trace levels of halide
anions will produce significant column bleed at relatively low-column tem-
peratures. Excessive decomposition/volatilization of [C,C,Im]Cl has been
observed starting at 145°C [21].

For ILs based on the 1,3-dialkyl imidazolium cation, it was found that
the thermal stability can be increased to 220-250°C by incorporating large,
bulky cations paired with triflate anions [21]. The structure of these two ILs
is shown in Table 4.1 as structures 6 and 7. In addition to exhibiting higher
thermal stabilities compared to imidazolium-based ILs employing short alkyl
chains, improved control over the separation selectivity was demonstrated
for solutes containing nonbonding and 7-electrons as well as hydrogen bond
basic character. This is likely due to the ability of the electron-rich phenyl
ring in IL 7 being able to interact strongly via 7—r interactions with aromatic
solutes, whereas the phenyl ring in IL 6 is insulated from the imidazolium
ring by the methylene group, slightly decreasing its propensity for 7—m inter-
actions. This example nicely demonstrates the ability of tuning two ILs for
enhanced thermal stability while also producing two stationary phases that
exhibit quite unique selectivities.

Most recently, it was found that the thermal stability of geminal dicationic
ILs is considerably higher than their monocationic analogs [22]. Figure 4.1
illustrates the increase in thermal stability of dicationic ILs containing the
[Tf,N] anion (traces D-G) compared to the monocationic 1-butyl-3-methyl-
imidazolium ILs containing Cl-, PF;, and Tf,N~ anions.

Shreeve and coworkers have recently synthesized a class of polyethylene
glycol functionalized dicationic ILs that exhibit high thermal stabilities and
unique tribological behavior [23].
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Figure 4.1 Thermal stability diagram obtained by coating seven ILs onto the
capillary wall followed by heating and detection of volatilization/decomposition
products using a flame ionization detector. The geminal dicationic ILs (D-G)
have higher thermal stabilities than those of the traditional monocationic ILs (A-C):
@A) [CCIm]CL (B) [CCIm][PE]; (C) [C,CIm]TEN] (D) [Co(Cupyn),J2[TE,N];
(E) [Co(C{Im),I2[TE,N];  (F)  [Cpp(BeIm),]2[TE,N];  (G)  [Co(Cipyr),I2[Tf,N].  (From
Anderson, J.L., Ding, R, Ellern, A., and Armstrong, DW.,, J. Am. Chem. Soc., 127,
593-604, 2005. With permission.)

4.3.2  Development of highly viscous stationary phases

Ideal stationary phases in GC possess high viscosities as well as exhibit
small changes in viscosity with large ranges in temperature. To attain high-
viscosity ILs that exhibit high thermal stability, several trade-offs must be
considered. As observed in Table 4.1, ILs possessing the highest viscosities
typically contain halide anions that exhibit superior hydrogen bond coor-
dinating behavior. However, these ILs tend to exhibit lower thermal stabili-
ties (see Section 4.3.1) and tenaciously retain analytes capable of hydrogen
bonding to the basic stationary phase. ILs possessing [PF,] anions tend to
be viscous, but these salts tend to undergo partial hydrolytic decomposition
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to produce hydrogen fluoride (HF) and other complex oxo- and hydroxo-
phosphates [24]. Therefore, ILs containing the triflate and bis[(trifluoro-
methyl)sulfonyl]limide anions tend to be the most popular due to the fact
that they typically exhibit high thermal stabilities. Despite the lower viscosi-
ties and melting points of ILs comprised of these two anions, the viscosities
can typically be increased by slight modifications to the cation structure. An
example of such a modification is illustrated by ILs 2 and 8 in Table 4.1 where
an order of magnitude increase in viscosity is observed for the dicationic IL
compared to the monocationic IL.

4.3.3  Surface tension modifications for producing
wall-coated open tubular columns

To carry out gas chromatographic separations in WCOT columns, it is vital
that the stationary phase be evenly coated as a thin film on the wall of the
capillary column. In addition, the stationary phase should not form droplets
during the coating process or chromatographic separation when the oven
temperature is rapidly varied. Obtaining highly efficient columns using the
static coating method is truly an art, but matching the polarity of the IL to
that of the capillary wall is the most important step to producing success-
fully coated capillary columns. Fortunately, the tunability of ILs allows for
structural modifications that make them highly soluble in the coating solvent
in addition to the ability to wet the surface of glass. The surface tension of
the IL is crucial in forming a thin and homogeneous coated layer. To obtain
optimum wetting of the capillary wall for untreated fused silica, ILs should
possess surface tension values in the range of 30-50 dyne/cm [25]. According
to Table 4.1, ILs containing halide anions (e.g., [C,C,Im]Cl) exhibit the highest
values of surface tension whereas ILs containing the [Tf,N] anion gener-
ally exhibit the lowest surface tension values. Indeed, it has been observed
experimentally that two separate WCOT columns incorporating [C,C,Im]Cl
and [C,C,Im][Tf,N] stationary phases can differ in efficiencies by up to 1500
plates/m [7,21]. ILs that have high surface tensions and do not sufficiently wet
the capillary wall may be coated onto capillaries that have been subjected to
various salt pretreatment methods. Such pretreatment methods have shown
promise in producing higher-efficiency columns [7,19].

Another approach to reducing the surface tension as well as incorporating
additional solvation properties into the IL can be carried out by dissolving
surfactants in the IL [26,27]. Above the critical micelle concentration (CMC),
it has been shown that surfactants form micellar aggregates which can be
used to provide unique chromatographic selectivity [26,28]. This approach
is described in more detail in Section 4.5 of this chapter. The surfactant can
be added at concentrations of up to three times the CMC of the particular
IL/surfactant mixture resulting in a lowering of the surface tension to nearly
35-38 dyne/cm, constituting an approximate 30% decrease in the surface
tension for most ILs. This reduction in surface tension plays a key role in
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producing coated capillary columns with homogeneous films that exhibit
column efficiencies typically over 3250 plates/m [26,28].

4.3.4 Anion and cation effects on chromatographic selectivity

Separation selectivity is one of the most important characteristics of any chro-
matographic stationary phase. The functionality of the cation and anion and
their unique combinations result in ILs with not only tunable physicochemical
properties (i.e., viscosity, thermal stability, and surface tension), but also unique
separation selectivities. Although the selectivity for different analytes is domi-
nated by the solvation interactions imparted by the cation and anion, all ILs
exhibit an apparent and unique dual-nature selectivity that is uncharacteristic
of other popular nonionic stationary phases. Dual-nature selectivity provides
the stationary phases the ability to separate nonpolar molecules like a nonpolar
stationary phase but yet separate polar molecules like a polar stationary phase
[7,8]. Typically, GC stationary phases are classified in terms of their polarity
(see Section 4.2.2) and the polarity of the employed stationary phase should
closely match that of the analytes being separated. ILs possess a multitude of
different but simultaneous solvation interactions that give rise to unique inter-
actions with solute molecules. This is illustrated by Figure 4.2 in which a
mixture of polar and nonpolar analytes are subjected to separation on a 1-benzyl-
3-methylimidazolium triflate ([BeC,Im][TfO]; IL 6 in Table 4.1) column [21].

From this chromatogram, the nonpolar alkanes (shown as peaks4, 6,9,and
10), which presumably are only able to interact via dispersion interactions,
are well separated with high efficiencies. However, solutes such as aromatics,
alcohols, and carboxylic acids are also separated with high selectivity but
exhibit longer retention times with lower efficiencies.

A thorough and systematic evaluation of imidazolium-based ILs with
different combinations of cations and anions revealed that the anion con-
tributes the most to the unique selectivity exhibited by the IL stationary
phase [21]. In addition, the anion is observed to play a critical role in the
separation efficiency of various solutes. This behavior is accentuated for sol-
utes capable of hydrogen bonding. ILs containing anions that are moderate
to highly hydrogen bond basic (i.e.,, C1I~ and [Tf,N]") produce considerable
peak asymmetry when separating analytes such as alcohols and carboxylic
acids [21]. A measure of peak asymmetry is given by the peak asymmetry fac-
tor (PAF). A PAF value of 1.0 is assigned to a peak exhibiting no asymmetry.
The PAF of p-cresol at 60°C is shown in Table 4.1 for four ILs: [C,C,Im]C],
[C,CIm][T£,N], [C,C,Im][TfO], and [C,C,Im][PF,]. Although ILs based on the
[Tf,N] anion typically exhibit high thermal stabilities, large PAF values are
common for analytes such as alcohols and acids when they are subjected to
stationary phases employing this anion. ILs possessing the triflate or PF;
anion typically exhibit acceptable PAFs for similar solutes.

Recent work by Davis and coworkers [29] has shown that sulfone and
sulfoxide functionalized imidazolium cations are able to enhance particular
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Figure 4.2 Chromatogram illustrating the dual-nature separation selectivity
exhibited by IL stationary phases in the separation of a mixture of polar and nonpolar
molecules. 1, CH,Cl,; 2, methyl caproate; 3, octyl aldehyde; 4, dodecane; 5, octanol;
6, tridecane; 7, naphthalene; 8, nitrobenzene; 9, tetradecane; 10, pentadecane; and 11,
octanoic acid. Conditions: 80°C for 3 min, 10°C/min to 130°C on 10 m [BeC,Im][T{O]
column. (From Anderson, J.L. and Armstrong, DW., Anal. Chem., 75, 4851-4858, 2003.
With permission.)

solvation interactions with solute molecules, most notably the hydrogen bond
acidity and basicity. Therefore, it may be possible to use the same approach
to design ILs in which particular solvation interactions are not dominated
independently by the cation or anion but are rather imparted in a coopera-
tive fashion by both components.

4.3.5  lIonic liquid purity and chromatographic performance

It is well established that small levels of halide impurities in ILs can limit
their applications in various catalytic processes [1,30,31]. The minimization
of halide and water content in the IL constitute two vital purification steps
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that must be considered prior to coating or immobilizing the stationary
phase. The presence of contaminating halide anions will result in the tena-
cious retention of alcohols and carboxylic acids as well as to lower the ther-
mal stability of the IL. ILs that are subjected to coating or immobilization
should possess water content below 30-50 ppm, as typically measured by
Karl Fischer titration. The presence of water during the coating or immobili-
zation step may produce pooling of the stationary phase as well as alter the
wetting ability of the IL to the capillary wall. Moreover, it has been observed
that when ILs with high water content are coated onto WCOT columns by the
static coating method, the evaporation interface will cease movement, result-
ing in a failure in the coating process. Trace levels of any molecular solvents
(e.g., isopropanol, ethyl acetate, and ethanenitrile) commonly used in the
preparation or cleanup of ILs will result in poorly coated capillary columns
exhibiting inferior separation efficiency.

Synthetic routes employed to obtain the IL product generally take sev-
eral forms: (1) quaternization of a tertiary amine (e.g., 1-methylimidazole
and tributylamine) by an alkylhalide followed by metathesis exchange of
the anion; (2) treatment of precursor halide from method 1 above with a
silver salt to form the water-immiscible silver halide; (3) acid-base neutral-
ization; (4) direct alkylation of a phosphine and amine by an alkyl triflate
or dialkyl sulfate. Methods 3 and 4 typically produce halide-free ILs, but
the range of ILs that can be made by these steps are limited. To eliminate the
presence of halides, especially in methods 1 and 2 above, it is imperative that
the IL be extensively purified [32] and characterized prior to its application
as a stationary phase. Halide impurities can be quantitatively determined by
the Volhard method using chloride selective electrodes [32], spectrophoto-
metric methods using fluorescent probes [33], ion chromatography [8,34,35],
and electrochemistry [36]. Hardacre and coworkers have demonstrated the
limit of quantitation for chloride to be <8 ppm using ion chromatography
with suppressed conductivity detection [35].

4.4 Ionic liquids as chiral stationary phase solvents

The ability to design chiral ILs in which the cation and anion is of fixed
chirality represents additional tuning features of ILs. Two approaches
have incorporated ILs as new stationary phases for chiral GC. One method
involves the use of chiral ILs as stationary phases in WCOT GC [37]. In the
second approach, chiral selectors (e.g., cyclodextrins) were dissolved in an
achiral IL and the mixture coated onto the wall of the capillary column [38].
Both approaches can separate a variety of different analytes, but the observed
enantioselectivities and efficiencies do not rival those observed with com-
mercially available chiral stationary phases (CSPs).

Armstrong, Welton, and coworkers [37] demonstrated the first application
of a chiral IL (see IL 5 in Table 4.1) as a CSP. The chiral ILs evaluated were
based on the N,N-dimethylephedrinium cation in which the configuration
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of the two stereogenic centers were varied to give rise to the (1S,2R)-(+)-
N,N-dimethylephedrinium, (1R,2S)-(—)-N,N-dimethylephedrinium, and (15,2S)-
(H)-N,N-dimethylephedrinium analogs paired with the bis[(trifluromethyl)
sulfonyllimide anion. The CSPs were found to exhibit enantioselectivity for
four classes of analytes: chiral alcohols (including diols), chiral sulfoxides,
chiral epoxides, and acetylated amines. As expected, the elution order of the
chiral analytes could be reversed by employing the opposite enantiomer of
the chiral IL. It was observed that the configuration of the chiral center played
a significant role in the observed enatioselectivity. For example, the (1S,2S) IL
exhibited no enantioselective separation of chiral alcohols but exhibited sim-
ilar enantioselectivity to the (15,2R) IL in the separation of chiral sulfoxides.
It was found that prolonged exposure of the IL to oven temperatures equal to
and more than 140°C resulted in enantioselectivity losses for some classes of
molecules whereas other analytes exhibited no changes. These enantioselec-
tivity losses were attributed to the formation of a dehydration product. The
stereochemically fixed hydroxyl group was found to be imperative in sepa-
rating all chiral analytes but is not sufficient alone for the enantioseparation
of chiral alcohols, epoxides, and acetylated amines.

A chiral selector can also be dissolved in the IL solvent and be subsequently
coated on the capillary wall [38]. In this approach, the achiral [C,C,Im]Cl
was used to dissolve permethylated -cyclodextrin (3-PM) and dimethylated
B-cyclodextrin (B-DM). The chromatographic separations obtained from
these two columns were compared to two commercially available CSPs
based on B-PM and B-DM dissolved in polydimethylsiloxane. From a set of
64 chiral molecules separated by the commercial f-PM column, only 21 of
the molecules were enantioresolved by the IL-based B-PM column. Likewise,
from a collection of 80 analytes separated by the p-DM column, only 16
analytes could be separated on the IL-based B-DM column. The authors
also noted a considerable enhancement in the separation efficiency of the
IL-based CSPs. This result, coupled to the loss of enantioselectivity for most
separations, suggests that the imidazolium cation may occupy the cavity of
the cyclodextrin preventing the analyte—cyclodextrin inclusion complex-
ation that is crucial for chiral recognition. The ability for ILs to form inclu-
sion complexes with cyclodextrin molecules has been recently studied by
Tran and coworkers using near-infrared spectrometry [39].

4.5  Ionic liquid-based micellar gas chromatography

In the early work by Davis and co-workers, it was shown that fluorous
surfactants based on imidazolium cations could be developed to promote
the formation and stabilization of perfluorocarbons in conventional ILs [40].
It was later demonstrated that ILs exhibit solvatophobic interactions with
nonionic, anionic, and zwitterionic surfactant molecules prompting their
aggregation within the solvent [26-28]. Interestingly, the CMC values for the
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studied surfactants were all higher than the CMC values for the same sur-
factants in aqueous solutions. The solvation properties of the IL-micellar
solvents were determined by evaluating these phases using the solvation
parameter model [26,28]. It was found that solute molecules partition to the
micellar IL stationary phase in three ways: (1) partitioning to the monomer
surfactants on the surface of the IL; (2) partitioning with the micelle in the
bulk IL; (3) partitioning with the IL itself. To further evaluate the partition-
ing of analytes to the micelles in the IL, a three-phase model was developed
treating the carrier gas (G), IL, and micelle (M) as the three phases in which
an analyte can partition [28]. This allows for the determination of three parti-
tion coefficients (Kg;, Kgy, and Ky ,,) that can be determined based on the
chromatographic data. Sodium dodecylsulfate (SDS) and dioctylsulfosucci-
nate (docSS), examples of anionic and zwitterionic surfactants, respectively,
were evaluated in the [C,C,Im]Cl. In addition, the solvation effects of two
nonionic surfactants, polyoxyethylene-100-stearylether (Brij 700) and poly-
oxyethylene-23-laurylether (Brij 35) were examined in [C,C,Im][PF,]. To fully
characterize and delineate the role of the micellar aggregates in altering the
selectivity of the stationary phase, a large number of probe molecules capa-
ble of undergoing a variety of solvation interactions were used. It was found
that most probe molecules examined exhibited highest partitioning to the
micellar phase. Therefore, these analytes exhibit a proportional increase in
retention as the number of micelles in the stationary phase is increased. It
was also observed that the SDS and docSS surfactants increased the hydro-
gen bond basicity and dispersion-type interactions of the [C,C,Im]CL. In an
analogous manner, 7—7, n—m, dipolar, and hydrogen bond basicity inter-
actions were enhanced following the dissolution of Brij 35 and Brij 700 in
[C,CIm][PE]. The ability to modulate the type and magnitude of solvation
interactions through the addition of surfactants further extends the utility of
ILs as highly selective, dual-nature stationary phases.

4.6 Binary mixtures of ionic liquids as
high-selectivity stationary phases

Mixed stationary phases have been widely used in GC due to the unique
selectivity that is mostly not achieved with neat stationary phases. Although
neat IL-based stationary phases exhibit unique selectivity compared to many
nonionic stationary phases, it is not always possible to completely resolve all
analytes during the separation, particularly in complex mixtures.

To examine the utility of stationary phases composed of IL mixtures, a
complex mixture of alcohols (both cyclic and aliphatic) and analytes with
aromatic functionality were subjected to separation [41] on a stationary phase
consisting of the [C,C,Im][Tf,N]. Under optimized conditions, the stationary
phase was selective for most molecules, but exhibited poor resolution. Owing
to the fact that most ILs containing the Tf,N~ anion are weak hydrogen
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bond bases (see Table 4.1), columns were prepared by forming IL mixtures
in which the stationary phase was enriched with different weight percent-
ages of [C,C,Im][C]] and [C,C,Im][Tf,N]. It was found that the hydrogen
bond basicity increased linearly as the concentration of chloride anion (in
the form of [C,C,Im]Cl]) was increased. In addition, the retention factors of
short-chained alcohols increased by as much as 1100% when the separation
was carried out on the column containing the highest percentage of chlo-
ride anion compared to that of the neat [C,C,Im][Tf,N]. Through tuning the
composition of the stationary phase mixture, the separation selectivity and
resolution of most analytes were varied. In addition, most alcohols exhibited
a reversal of elution order as the stationary phase hydrogen bond basicity
increased. The ability to tune the separation selectivity, resolution, and elu-
tion order of analytes in a systematic and predictable manner by utilizing
stationary phases based on IL mixtures further extends the utility of ILs in
gas chromatographic separations.

4.7 Immobilized ionic liquid-based stationary
phases for high-temperature separations

The discussion of IL-based stationary phases up to this point has centered
around ILs that are either coated as a thin film on a capillary wall or on a
solid support. Although ILs exhibit a variety of properties that allow them to
be unique stationary phases, their most significant drawback lies with their
drop in viscosity with increasing temperature. This results in an increased
propensity for flowing of the IL within the capillary, which often produces
pooling of the stationary phase and nonuniform film thickness throughout
the column. These factors often contribute to diminished analyte retention
time reproducibility as well as detrimental effects on separation efficiency.

In an attempt to preserve the unique dual-nature selectivity of ILs while
producing a stationary phase that is resilient to flowing at high temperatures,
a method of immobilizing ILs as thin films in WCOT columns has been
developed [42]. Figure 4.3 illustrates the steps used to form the immobilized
IL stationary phase.

The desired IL. monomers are mixed with a free-radical initiator (azobisiso-
butyronitrile, AIBN) in dichloromethane and coated onto the wall of the cap-
illary column using the static coating method. The capillary is then sealed
at both ends and heated to initiate polymerization. Finally, the capillary is
unsealed and placed in a gas chromatograph and subsequently conditioned
to remove any excess AIBN that did not completely decompose or react.

Three types of stationary phases based on the free-radical reaction of
monocationic and dicationic vinyl-substituted imidazolium cations were
studied [42]. Two examples of such monomers are given by ILs 9 and 10
in Table 4.1. The formation of a linear IL polymer stationary phase was
performed by the free radical polymerization of monocationic monomers.
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Coating of capillary
s | column using static
Coating solution \ coating method

(1) Monocationic/dicationic
monomers (~20% w/w) in
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(2) 2,2’-azobisisobutyronitrile  Filling of gas chromatography capillary column
(AIBN) at ~3.5% by weight  with ionic liquid monomer/initiator solution
of ionic liquid.

Gas chromatograph Oven
—
(1) Unseal capillary column. (1) Seal ends of capillary column.
(2) Place column in gas chromatograph and purge (2) Place column in oven and subject
with carrier gas for ~10 h. column to polymerization.

(8) Condition to high temperature.

Figure 4.3 Scheme illustrating the development of immobilized ionic liquids by
thermally induced free radical polymerization of vinyl-substituted imidazolium-
based monocationic and dicationic monomers.

These stationary phases exhibited the lowest thermal stability, producing
significant column bleed and dramatic decreases of efficiency above 300°C.
Partially crosslinked stationary phases were synthesized by polymerizing
a blend of monocationic and dicationic crosslinking monomers. Using this
approach, the stationary phase consisting of an equal ratio (w/w) of ILs 9
and 10 (see Table 4.1) exhibited the best thermal stability up to ~280°C. The
third matrix consisted of a completely crosslinked IL polymer formed by the
polymerization of geminal dicationic IL monomers. This matrix exhibited
high stability and enhanced efficiencies at separation temperatures over
350°C. By carefully choosing the appropriate monomers and AIBN-initiator
concentration, stationary phases can be easily designed for separations
encompassing various temperature ranges. For example, monocationic IL
matrixes are best suited for low-temperature separations, whereas partially
crosslinked and fully crosslinked stationary phases are ideal for moder-
ate (100-280°C) and high (200-380°C) temperature gas chromatographic
separations, respectively. An evaluation of the polymerized IL stationary
phases by the solvation parameter model revealed that the solvation inter-
action parameters were largely unchanged compared to their monomeric
analogs [42].
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4.8  Choosing the appropriate ionic liquid stationary phase

The extensive range of available cations and anions could provide up to
10'8 different ILs [43]. Indeed, this is a daunting number of ILs. This chapter
has highlighted the important physicochemical and solvation properties
that can be tuned by the employed cation/anion combination or structural
changes to the cation and anion. This approach can be beneficial to those
who are developing IL-based stationary phases for unique applications
such as multidimensional GC, in which the IL column provides the unique
separation selectivity [44].

Of the imidazolium-based IL stationary phases (both coated and immobi-
lized forms) that have been presented in the literature and discussed in this
chapter, their utility is dependent on either the application or the desired
analytes to be separated. Figure 4.4 displays a flow diagram that can be fol-
lowed to choose the appropriate IL from Table 4.1.

The fact that the ILs presented in this chapter have been largely developed
for high-temperature separations in GC makes them also viable solvent
systems in other high-temperature applications.

4.9  Conclusions and future directions

The various properties exhibited by ILs make them ideal stationary phases in
GLC. ILs exhibit a unique dual-nature selectivity that allows them to separate
polar molecules like a polar stationary phase and nonpolar molecules like
a nonpolar stationary phase. In addition, the combination of cations and
anions can be tuned to add further selectivity for more complex separa-
tions. Viscosity, thermal stability, and surface tension are vital properties
that dictate the quality and integrity of the stationary phase coating and
are additional characteristics that can be controlled when custom design-
ing and synthesizing ILs. Furthermore, thermal stability and the integrity of
stationary phase film can be improved by immobilizing the IL by free radical
polymerization to form stationary phases suitable for low-, moderate-, and
high-temperature separations. Chiral ILs have been shown to enantioresolve
chiral analytes with reasonable efficiency.

The study of ILs in GLC has yielded important information regarding
solute—solvent interactions providing valuable insights into their complex
solvation interactions and thermodynamic properties for mixed solvent sys-
tems. Moreover, ILs have proven to be an important new class of stationary
phases for the separation of a wide variety of different analytes. IL stationary
phases will soon be commercially available which will inevitably promote
further improvements in separation selectivity, thermal stability, immobili-
zation bonding chemistry/stationary phase stability, and will broaden the
range of separated compounds. IL-based stationary phases also hold great
promise in GC mass spectrometry where the dual-nature selectivity of
the stationary phase eliminates the need for frequent changing of columns.
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Figure 4.4 Flow diagram for choosing the appropriate neat ionic liquid or
immobilized ionic liquid composition for a particular analyte separation. Note that
the most important characteristics for choosing the appropriate stationary phase are
separation selectivity and thermal stability. Both of these properties can be effec-
tively tuned and optimized by controlling the cation and anion combination.

© 2009 by Taylor & Francis Group, LLC



162 Ionic liquids in chemical analysis

In addition, stationary phases that exhibit low bleed are extremely important
for mass spectrometric applications as well as high-temperature separations.

Further research on mixed IL stationary phases will allow for the chroma-
tographer to tune the stationary phase composition to provide enhanced con-
trol over the separation selectivity and analyte elution order, particularly for
complicated analyte mixtures. The development of models that correlate ana-
lyte retention with the IL composition will prove useful for multidimensional
GC. Micellar GC utilizing IL solvents presents an exciting class of highly selec-
tive stationary phases. The development of CSPs will likely mature as more
chiral ILs are synthesized and evaluated from the chiral pool.
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5.1 Introduction

Ionic liquids (ILs) are increasingly being used in analytical chemistry [1-5].
Although the foundations for the application of ILs in gas chromatography
has been fairly well-established through the pioneering work of Poole [6-10]
and Armstrong [11-13], the applications of ILs in liquid chromatography (LC)
are thus far fairly limited. This review will focus on liquid chromatographic
applications related to ILs with an emphasis on imidazolium- or pyridinium-
based ILs.

The analysis of ILs may afford considerable insight into the physico-
chemical properties underlying the rich potential interaction chemistries of
ILs [14] and suggest possibilities for future applications. Simultaneously, the
unique features of ILs provide some intriguing new possibilities in the area
of separations that have yet to be realized. Hence, topics to be covered in
this chapter include analysis of ILs by LC, applications of ILs in liquid-phase
microextraction (LPME), in high-performance LC (HPLC) as mobile-phase
additives, and in capillary electrophoresis (CE) as buffer additives as well as
applications of surface-confined ILs (SCIL) as novel stationary phases for LC.

5.2 Structural features of ionic liquids relevant
to liquid chromatographic applications

As noted by Boehm and coworkers [15], with the exception of size exclusion
chromatography, most chromatographic processes are ultimately the culmi-
nation of averaging and amplification of all the potential intermolecular inter-
actions that a solute can undergo with a stationary phase. Hence, intelligent
application of novel chromatographic media requires an inventory of all the
potential structural features of both analytes and bonded ligands likely to
play a role in these interactions between the analytes and the ligands. In most
of the liquid chromatographic applications of SCILs, the emphasis has been
on ILs containing dialkylimidazolium moieties. In this case, the IL cation can
be thought of as a fuzzy ion with a delocalized charge. Thus, the presence of
the cation/anion pair introduces the potential for electrostatic interactions.
However, as will be shown, the imidazolium aromatic ring also promotes
interactions with neutral aromatic species through hydrophobic and 7
interactions under aqueous conditions. Further, the imidazolium ring can also
serve as a scaffold for introducing additional functionality (e.g., alkyl versus
sulfonate), thereby providing additional interactions such as hydrophobic,
steric, or electrostatic contributions. Thus, these materials offer a broad range
of analyte—selector interaction chemistries that may afford more universal
separation schemes to be realized than are presently available.

Thus far, emphasis in characterizing the role of the IL in separations has
been in assessing the role of cation. Examination of the role of the anion
on various physicochemical properties (e.g., viscosity and water solubility)
[16] of ILs with identical cations suggest that the anions may be important
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as well but thus far, their role in chromatographic properties is less well
understood.

5.3 Analysis of ionic liquids

As discussed in Chapter 1, the substitution of anions or cations can dra-
matically impact the chemical and physical properties of ILs. Further, the
presence of small amounts of contaminants (e.g., water and halides) [17] can
also dramatically alter the properties of ILs. Thus, assays for the analysis of
ILs are critically important for their characterization. Given their nonvolatile
nature, it is not too surprising that HPLC and CE play prominent roles in
this area [18,19]. Although this topic is covered in considerably more detail
elsewhere in this book, the emphasis here will be on what the analysis of
ILs reveals about their potential intermolecular interactions which may be
exploited in their liquid chromatographic applications.

5.3.1 Ligquid chromatographic analysis of ionic liquids

5.3.1.1 Reversed-phase liquid chromatographic
analysis of ionic liquids

Not surprisingly, ILs have been analyzed using alkyl-based reversed phase
[20] as well as cation-exchange chromatography [21,22]. However, the rich
potential interaction chemistries of ILs may also be inferred from the reten-
tion behavior of imidazolium- and pyridinium-based ILs on phenyl-based
stationary phases which can supply aromatic 77— interaction capability [23].
The multiple modes of interaction between the imidazolium and the phenyl
phase are illustrated in Figure 5.1. In this study, it was reported that the
role of aromatic 77— interactions in the separations of IL cations could be
mediated by the addition of acetonitrile.

Generally, IL assays focus on determining either the cation or the anion,
independent of the counter-ion. However, it has beenreported thatin reversed-
phase chromatography, different ILs sharing the same cation but different
anions can be separated in salt-free mobile phases [20]. The differential inter-
actions responsible for these separations could arise from a variety of mecha-
nisms including differences in either the ion pair formation constants or ion
pair lipophilicities. Differences in anion sorption into the stationary phase
were also suggested to play a role as evidenced by the fact that retention of
different ILs sharing the same cation but different anions correlated with
the lipophilicity of the anion (e.g., hexafluorophosphate salt retained longer
than the tetrafluoroborate). The reported elution order seemed to parallel the
aqueous solubilities of the corresponding salts [24]. Nevertheless, the authors
of this study cautioned against using this method for quantitation of ILs.

In reversed-phase chromatography, the addition of buffers or salts to the
mobile phase reduced the separation of a mixture of ILs with different cations
and anions to a separation based on the hydrophobicity of the cation [25]. Plots
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Figure 5.1 Scheme illustrating potential interactions between methylimidazolium
cation and phenyl-based reversed-phase stationary phase. Arrows indicate hydrogen
bonding, hydrophobic, and 7—m interactions. Anion is not shown for clarity. (Adapted
from Stepnowski, P, Nichthauser, J.,, Mrozik, W., and Buszewski, B., Anal. Bioanal.
Chem., 385, 1483-1491, 2006.)

of log k" versus carbon number in a homologous series of n-alkyl substituted
imidazoliums were linear [20]. The impact of increasing the acetonitrile
concentration in the mobile phase on retention of imidazolium ILs also
followed classical reversed-phase behavior (e.g., reduced retention), consistent
with another report on a reversed-phase chromatographic assay in which the
addition of trifluoroacetic acid to the mobile phase was required to promote
ion pair formation. Not surprisingly, pH had little impact on retention of
these IL cations because their ionization is independent of pH.

5.3.1.2  Ion-exchange liquid chromatographic analysis of ionic liquids
Paralleling reports by Anderson and coworkers [26] in gas chromatographic
applications of IL stationary phases, analysis of IL cations using a propyl sul-
fonate bonded phase on a silica-based support exhibited multimodal retention
[21]. For instance, the influence of acetonitrile on retention for a series of related
